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Abstract

The main subject of this doctoral thesis of the supermassive black hole at the centre

of the Milky Way galaxy: Sgr A∗. The means by which the study of this object and

the various astrophysical systems that populate the core of the Galaxy was carried out, is

through high energy observations of the region with the space observatories XMM-Newton

and INTEGRAL.

With XMM-Newton, I was able to focus in on the radiation from processes closely tied

to the central black hole itself, and in particular, perform a detailed study the spectral

and temporal characteristics of the emission during X-ray flares originating very near the

event horizon of this massive black hole. Of the two X-ray flares detected by XMM-Newton

in March and August 2004, both of which reached peak luminosities of ∼ 1035 ergs s−1,

corresponding to roughly a factor of 40 above the quiescent X-ray luminosity, the latter

proved to be very interesting indeed. This flaring event lasted nearly 10 ks, hence allowing

a meaningful investigation of the possible periodic or semi-periodic quality of the emission.

A fine power spectral analysis uncovered the clear presence of a semi-periodic signal

centred on 1330 s (22.2 min). The theoretical statistical probability that this peak in the

periodogram is caused by random fluctuations in a white noise background is ∼ 10−10.

The probability is found to be ∼ 10−6, when calculated empirically using simulations of

event lists having the same statistical properties as the flare data itself. This is the most

convincing result yet; some flares in Sgr A∗ exhibit semi-periodic qualities.

With INTEGRAL, I have brought to light the first detection of soft γ-rays above

20 keV from the central parsecs of the Galaxy. The central portion of the Galaxy was

observed extensively and with the analysis of the first two years of data obtained with

INTEGRAL, the central Galactic centre source, IGR J17456–2901, was found to be weak

but persistent, with a 20–200 keV luminosity of L≈ 5× 1035 ergs s−1, and a power-law

spectrum with photon index Γ≈ 3. The nature of this source, that appears as point-like

for the IBIS/ISGRI imager on INTEGRAL, is certainly not that of a single or collection of

point sources detectable by Chandra or XMM-Newton. A good candidate is the supernova

remnant Sgr A East, and the thorough investigation of this possibility is underway.
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Résumé

Le sujet principal de cette thèse de doctorat est le trou noir supermassif situé au

centre de la Voie Lactée : Sgr A∗. C’est grâce aux observatoires spatiaux XMM-Newton

et INTEGRAL que nous avons pu réaliser des études de cet objet et des divers systèmes

astrophysiques qui peuplent le coeur de la Galaxie, au moyen d’observations à haute

énergie.

Grâce à XMM-Newton, j’ai pu me concentrer sur l’émission provenant de processus

intimement liés au trou noir central et, en particulier, effectuer une étude détaillée des

caractéristiques spectrales et temporelles de l’émission au cours de sursauts-X provenant

de regions très proches de l’horizon de ce trou noir massif. Des deux sursauts-X détectés

par XMM-Newton en mars et août 2004 atteignant tous les deux une luminosité au pic de

∼ 1035 ergs s−1, ce qui correspond environ à un facteur 40 au dessus de la luminosité qui-

escente en rayons-X, le deuxième c’est avéré très intéressant. Ce sursaut a duré prèsque

10 ks (3 h), ce qui m’a permis d’effectuer une recherche significative des possibles qualités

périodiques ou semi-périodiques de l’émission. Une fine analyse de la densité de la puis-

sance spectrale a mis en évidence la présence d’un signal semi-périodique ayant une période

centrale de 1330 s (22.2 min). La probabilité statistique théorique que ce pic dans le

périodogramme soit dû à une fluctuation aléatoire du fond poissonien est de ∼ 10−10.

La probabilité empirique calculée en utilisant des listes d’événements simulés ayant les

mêmes propriétés statistiques que les données du sursaut est de ∼ 10−6. Ce résultat est,

à ce jour, le plus convaincant en son genre : certains sursauts de Sgr A∗ possédent des

caractéristiques semi-périodiques.

Enfin, c’est grâce à INTEGRAL que j’ai eu la chance de présenter la première détection

de rayons-γ mous au delà de 20 keV provenant des parsecs centraux de la Galaxie. Les

parties centrales de la Galaxy ont été longuement observées par INTEGRAL, et l’analyse

des données des deux premières années nous permet de conclure que la source centrale,

IGR J17456–2901, est faible mais persistante, avec une luminosité de L≈ 5× 1035 ergs s−1

dans la bande 20–200 keV, et un spectre en loi de puissance avec un indice spectral en

photon de Γ≈ 3. La nature de cette source, qui apparâıt comme ponctuelle aux yeux

de l’imageur IBIS/ISGRI sur INTEGRAL, n’est certainement pas celle d’une seule ou

d’un ensemble de sources ponctuelles détectables par les observatoires Chandra ou XMM-

Newton. Le vestige de supernove Sgr A East semble être un bon candidat. Ce sujet fait

l’objet d’une enquête détaillée.

* * *

Ayant écrit ma thèse en anglais, j’allonge lgrement ce résumé pour y présenter de

manière plus détaillée le contenue de ce document et mon apport à la recherche sur le

thème du centre Galactique.

Cette thèse est divisée en deux parties. La première présente le contexte scientifique

dans lequel se situent mes travaux de recherche ; la deuxième présente mon travail. Le

chapitre 1 sert d’introduction historique à l’étude des noyaux de galaxies et trous noirs

super massifs. Le chapitre 2 est beaucoup plus volumineux et présente, en première partie,

l’environement du centre Galactique par un voyage imaginaire depuis la Terre jusqu’au

trou noir central : Sgr A∗. La deuxième partie de ce chapitre est consacrée à Sgr A∗,

cet objet unique en son genre dans la Galaxie, et la troixième et dernière partie résume

certaines notions de bases de la physique liées au phénomène d’accrétion en astrophysique.

iv



Résumé v

Le chapitre 3 contient une présentation chronologique de toutes les observations à

haute energie du centre Galactique. Après un survol des premières observations en X

et γ au cours des années soixantes et soixante-dix, je décris les resultats obtenus sur le

centre Galactique depuis Einstein, lancé en 1979, jusqu’à XMM-Newton et Chandra, des

observatoires lancés au début des années 2000 qui sont actuellement très utilisés. J’ai

subdivisé ce survol en trois parties : les années quatre-vingts, les années quatre-vingt-

dix et les dévelopements récents des cinq dernières années. Les observations des années

quatre-vingts ont beaucoup stimulés les discussions portant sur le centre galactique et en

particulier, sur le trou noir central. Les années quatre-vingts-dix ont donc vu l’émergence

de modèles théoriques cherchant à expliquer ce que nous observions. Je présente, de

manière synthétique, ces modèles et leurs évolutions au cours du temps.

Dans les chapitres 4 et 5 je présente mes travaux de recherche en détails, et dans

le chapitre 6 j’en discute et arrive à en tirer certaines conclusions. A la base de tout

ce travail, a la source de la motivation de mieux comprendre la source qu’est ce trou

noir supermassif, il y a le mystère de Sgr A∗. C’est en grande partie ce mystère qui m’a

accroché au sujet. Je conclu donc ce résumé en vous le présentant, pour vous inspirer

vous aussi a poser des questions et a en chercher les réponses.

La masse de données observationnelles sur le centre galactique et sur Sgr A∗ est telle

qu’une majorité écrasante de scientifiques est à présent convaincue que cet objet unique

en son genre dans la Galaxie est bel et bien un trou noir supermassif; des alternatives

ont été proposées mais graduellement rejetées en temps que possibiliés réelles, grâce aux

contraintes dont le nombre ne cesse de crôıtre.

Nous savons que les étoiles massives qui se trouvent dans le parsec central autour du

trou noir émètent des vents dont le taux de perte de masse est d’environ 10−3M� yr−1.

Nous savons aussi que le taux d’accrétion au rayon de capture (r≈ 1017 cm) est d’environ

10−4M� yr−1. Par contre, le taux d’accrétion à l’horizon du trou noir ( rs ≈ 1012 cm) doit

forcément être inférieur à environ 10−7M� yr−1, une limite imposée par les mesures de

polarisation de l’émission millimétrique et sub-millimétrique qui s’élève à 10% ; si le taux

d’accrétion près du trou noir était plus élevé, cette fraction de polarisation serait bien

plus basse. Alors, qu’arrive-t’il à ces 10−3M� yr−1?

Le problème s’aggrave considérablement si l’on considère que même un taux d’accrétion

de 10−7M�yr−1, avec une efficacité de conversion d’énergie de 5% pour le trou noir central,

devrait produire une luminosité d’environ 1038 ergs s−1; Sgr A∗ a une luminosité totale,

(sur tout le spectre électromagnétique), d’environ 1036 ergs s−1. Comment se fait-il donc

que ce trou noir de 3.5× 106M� soit si peu lumineux? Qu’est-ce qui le rend si silencieux?

Voilà une question bien intéressante. Bonne lecture!
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chose, mais en réalité, je sais que dans le monde de la recherche scientifique, nous passons
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Foreword

I originally intended to write a very concise thesis, meant to be useful only to those

who might come across it due to some professional interest. For various reasons, it evolved

and gradually took on a somewhat different form, suitable to a wider audience and much

more complete in its overall presentation of the study of the Galactic centre. Nonetheless,

I attempted to write using a style that is precise, succinct and yet colourful, to make the

reading enjoyable.

My belief is that our purpose as scientists is not restricted to simply doing research

and refining our conceptions of the physical world as we tend to perceive it. I feel that

there is a deeper motivation that drives the mind of scientific inquiry, one rooted in a

genuine and instinctive need to inquire into the very nature of things and of ourselves.

I also believe that all forms of deep inquiry lead to partial understandings and various

points of view that are all merely different facets of the same jewel. For this reason, none

of these understandings and details are important in themselves, but all are essential to

a more complete view of the nature of this world. Since my preference in the writting

of scientific texts is to leave such subtle motivations as light, possibly even imperceptible

nuances, I let you begin the reading of this thesis without further delay. In an attempt

to point to something more vast and pervasive than the contents of this doctoral thesis, I

transmit these beautiful, simple, and yet penetrating words of the late Zen Master Eihei

Dogen in the form of a poem he entitled Original Face, and translated by my Zen teacher,

Anzan Hoshin roshi, and his father in Dharma Joshi Dainen zenji:

Spring, cherry blossoms.
In summer, the cuckoo’s song.

The bright moon in autumn and
in winter, snow,

cold, clear.

All last night
and into the morning

snow falls in these deep mountains.

To see the autumn leaves
... scattering at home.

Dewdrops on a blade of grass;
so little time

before sunrise.

May the autumn wind
slow as it blows along the field.
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Chapter 1

Introduction

The region located at the centre of the Milky Way galaxy is one of the best studied and

also one of the objectively most interesting for the wealth and diversity of phenomena and

astrophysical objects it contains. The mass of scientific material that has been compiled on

the Galactic centre (GC) since the first observations in the late 1930’s is, as a consequence,

very extensive, and in many respects, overwhelming. This richness is of course a reflection

of an ever growing number of observations that help elucidate and hence gradually deepen

our understanding of the source and origin of the various elements that compose this region

of the Galaxy, as well as the complex web of relationships that exists between them.

Investigations have been carried out at all wavelengths across the electromagnetic

spectrum, and all have yielded complementary pieces of the overall picture we now have

of the Galaxy’s central region. It is through the naturally concerted efforts on the part

of many scientists, both observers, phenomenologists and theorists, that our collective

understanding grows. This doctoral thesis is the result of efforts directed in the same

tradition, aimed at a deeper understanding of the workings of the supermassive black

hole Sagittarius A∗ (Sgr A∗) and its surrounding medium. This primarily observational

investigation was done at high energies, in X-rays and soft γ-rays, with the XMM-Newton

and INTEGRAL observatories: two missions of the European Space Agency. Since the

angular resolution of current X-ray instruments like XMM-Newton is about 150 times

smaller than that of the soft γ-ray observatory INTEGRAL, the nature of the investiga-

tion that can be carried out with these instruments is, as a consequence, quite different.

Therefore, the types of interactions and phenomena observed at these different spatial

and energy scales may or may not be related, but are always complimentary. This will

become apparent as I describe my own work, which has helped to uncover two related,

yet different facets of the supermassive black hole and of its neighbourhood.

The essence of what we have learnt from my work on these data can be summarised

as follows: I have detected the first highly significant X-ray quasi-period present in a

flare from Sgr A∗ observed simultaneously by XMM-Newton in the X-ray range and with

the Hubble Space Telescope at near-IR frequencies. This is a clear signature of orbital

motion, quite possibly associated with an accretion disc around the supermassive black

hole, and thus very suggestive that some flares are associated with matter orbiting in the

central potential well. Moreover, the minimum time variations in the flare’s light curve

constrain the emitting region to a few Schwartzschild radii. On larger spatial scales and

higher energies, I have detected the first soft γ-ray emission from the nuclear region above

20 keV. This tells us that the central few arcminutes are the seat of processes that give

1
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rise to non-thermal emission, certainly from leptonic as well as hadronic interactions, that

appears in the form of a diffuse, yet compact region around or near the central black hole.

This emission could well be related to the supernova remnant Sgr A East.

Before engaging in our journey to the Galactic centre and into the world of high

energy astrophysics to contextualise my own work in this field, I present the two elements

on which the relevance of this thesis lies: the objects that we call black holes and those

named quasars.1

The expression ‘black hole’ was coined by John Wheeler in 1972. Until then, physicists

talked about dark, black or frozen stars to describe systems with a gravitational field that

could prevent even light from escaping its confines. Although these strange objects are

the ultimate incarnation of Albert Einstein’s theory of relativity (Einstein 1916), their

existence was contemplated at least as early as 1783 when the English geologist John

Michell wrote:

If the semi-diameter of a sphere of the same density as the Sun were to
exceed that of the Sun in the proportion of 500 to 1, a body falling from an
infinite height towards it would have acquired at its surface greater velocity
than that of light, and consequently supposing light to be attracted by the same
force in proportion to its vis inertiae (inertial mass), with other bodies, all
light emitted from such a body would be made to return towards it by its own
proper gravity.

In simpler terms, he found that a star with a radius 500 times larger than, and with a

density equal to that of the Sun, would have an escape velocity at its surface that exceeds

the speed of light. Since this seems to be the first written account of its kind, the idea

that black holes could exist in principle is often attributed to him. Pierre-Simon Laplace,

the great French mathematician, also considered this in his treatise Exposition du systeme

du monde in 1796.

It was not until 1915, however, with the emergence of the General Theory of Rela-

tivity, in which gravity and all forms of energy are interpreted not as acting on objects

externally, but rather as shaping the four dimensional space-time whose curvature then

dictates the motion of particles in it, that a solution to Einstein’s field equations naturally

revealed a case where matter collapses to a point: a mathematical singularity. The exact

solution for a spherical mass was derived by Schwartzschild (1916), just a few months

after the publication of Einstein’s paper on General Relativity and sent to Einstein by

mail. The Schwartzschild solution was later used by Oppenheimer and Snyder (1939),

and Oppenheimer and Volkoff (1939) who found it implied that gravitational collapse

down to a dense neutron core and even beyond to a point would occur if a given mass

is confined to a small enough volume. For example, a star like the Sun would undergo

such a collapse if its mass were confined to a radius of about 3 km. This size, which is

proportional to the mass of the object, is called the Schwartzschild radius ( rs) or event

horizon, and is defined as the distance from the centre of the mass beyond which not even

light can escape due to the intense curvature in space-time generated by the enormous

density. Such an event, in Einstein’s theory, would lead to mathematical singularity: a

point where the solution to the equations diverges and implies infinite densities and the

1 For a brief historical review and presentation of the basics of quasar research, see Elvis (2001).
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complete ceasing of time. Unfortunately, no matter how precise and detailed a description

we have of the state of the system beyond the event horizon, it is a region from which

no light emanates, a region not accessible through observations and thus impossible to

study directly. This physical limitation, makes any direct tests of theories such as General

Relativity very difficult indeed.

The features of the space-time around a point mass as described by the metric tensor

(defining the distance between two points), also imply that there is a last orbit beyond

which no stable dynamical solution can exist. This effect is purely relativistic and cannot

be accommodated within the context of pure Newtonian gravity; the last stable orbit

for matter is located at 3 rs. Interestingly, in the 1920’s and 30’s when Subrahmanyan

Chandrasekhar showed that a non-radiating body with a mass of 1.44M� (now known as

the Chandrasekhar limit) would collapse upon itself under its own self-gravity because no

known force could prevent it from doing so, people talked about frozen stars in reference

to such gravitationally collapsed objects. This terminology comes from the fact that if

we were to observe the collapse of a star, the light emanating from the imploding system

would appear to gradually slow down and “freeze” upon reaching the event horizon.

The star would therefore look frozen: fated to have the same appearance to an external

observer until the end of time. He also understood that a dying star with a mass similar

to that of the Sun would collapse to what is called a white dwarf. For such a mass,

Fermi’s golden rule implied that the pressure from electron degeneracy was large enough

to prevent further collapse. For masses of a ∼1.5–3M�, the gravitational energy could

overcome the repulsive force due to electron degeneracy and force the object to collapse

to even higher densities and to a radius of about 10 km at which point the pressure from

neutron degeneracy would prevent further contraction under self-gravity. However, for

masses beyond a few solar masses, nothing can prevent the total collapse of the dying

star. From this awesome implosion, a black hole would emerge with its event horizon

marking the boundary beyond which no information can be retrieved.

Given that people like Einstein, author of the Theory of Relativity, and Eddington, an

eminent astronomer of the Royal Society, did not believe solutions leading to singularities

in the fabric of space-time were physical and thus that objects like frozen stars could

exist, how did the collective mindset of the physical and astrophysical community evolve

to the point that it has today where it seems to be considered almost heretical to deny the

existence of black holes in the universe? This leads us to the second of the two elements

mentioned above: quasars.2

Starting with the “pre-history” of quasars, astronomers knew or suspected that un-

usual things were happening in the nuclei of some galaxies as long ago as 1917 when

Slipher found extraordinarily broad emission lines coming from the centre of the galaxy

NGC 1068 (Messier 77), and one year later when Curtis (1918) found something that

could be interpreted as a jet pointing straight out of the centre of elliptical galaxy M87.

The large width of the emission lines was naturally interpreted as being caused by Doppler

broadening associated with the high velocity of the gas. Seyfert’s 1936 Ph.D. thesis con-

tained descriptions pertaining to extremely rapid gas motion in the nuclei of some galaxies

inferred also from the Doppler scaled width of their peculiar emission lines. His work had

enough impact to leave a classification scheme in which galaxies are categorised as Seyferts

2I use the word ‘quasar’ to designate all galactic nuclei, independently of the wide range of spectral
differences.
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I or II depending on their spectral appearance: type I displayed both broad and narrow

lines, whereas type II displayed only narrows lines.

The end of World War II brought, among other things, a lot of old or unnecessary radar

equipment which found its way into the hands of astronomers and led to a blossoming

in the field of radio astronomy. The sky was seen in a totally different light and looked

vastly different: it was not dominated by stars. By 1953, several radio sources had been

detected and some were seen to come in pairs and located on either side of a galaxy seen

at optical wavelengths. This, of course, suggested some kind of ejection from the host but

little evidence was available to turn this conjecture into a firm conclusion.

It was not until 1963, more than 45 years after Slipher’s discovery, that we began to

uncover the nature of quasars and active galactic nuclei. After obtaining optical spectra

of the emission corresponding to the location of a number of these radio stars, some

were found to look like those of normal stars but at large distances (determined by the

redshifts of their spectral lines). Some others, however, showed an unusual series of broad

emission lines. In the afternoon of February 5, 1963, after three years of work on these

sources, Maarten Schmidt noticed that in one of them, 3C 273 (273rd source in the third

Cambridge catalogue), four of the six lines in the optical spectrum showed a pattern of

decreasing strength and decreasing spacing from red to blue. In constructing the energy

level diagram for these lines, he decided to check their spacing pattern by taking the ratio

of each line’s central wavelength to that of the nearest line in the Balmer series. The ratio

of the first line located at 5630 Å to the Hβ was 1.16. The second ratio was also 1.16.

When Schmidt found the third ratio to be 1.16 once more, it became clear to him that

he was looking at the Balmer spectrum redshifted by 16%.

He was stunned by this discovery which implied, from the Hubble Law, that this star-

like object had to be at a huge distance, and hence had to have a prodigious luminosity.

Minutes later, he saw his colleague Jesse Greenstein who was working on another similar

source, 3C 48, and had just completed a manuscript of its spectrum. Looking at the data

together, they found that it had exactly the same features but in this case the lines were

redshifted by 37%. Although the interpretation of the large redshifts seen in the spectra of

these sources was an extraordinary challenge, they found no reasonable alternative to that

of cosmological redshifts, large distances, and thus enormous luminosities and power. The

results for 3C 273 and 3C 48 were published six weeks later in four consecutive articles

in the journal Nature (Hazard et al. 1963; Schmidt 1963; Oke 1963; Greenstein and

Matthews 1963).

The name ‘quasar’ was a natural and relatively prompt evolution of the first term

used to designate that these objects looked like stars but were not. Hence quasi-stellar

objects or quasi-stars. So these quasars were very distant and very luminous, but what

brought on a heightened level of difficulty in finding a source of power for them, was that

their luminosity varied on timescales of days to months. It quickly became obvious that

the nuclear energy that fuels stars was not efficient enough to power these objects that

gave off as much energy as a whole galaxy but were smaller than our solar system. In

addition, the fact that the bipolar lobes in radio galaxies were found to store vast amounts

of energy, like huge reservoirs, implied that the quasars producing these had to have been

active for times ranging from a few to hundreds of millions of years, depending on the

quasar’s luminosity. We will consider the energetics in quasars in a little more detail in

the next chapter when I discuss some basic concepts related to gravitational energy. In
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1969, Lynden-Bell proposed an elegant solution to the unusual energetics of these objects:

quasars were supermassive black holes surrounded by an accretion disc responsible for an

important part of the extremely bright and energetic emission associated with them.

Interest in this field grew quickly for several reasons. One is that these quasars were

among the only known objects that evidently evolved over cosmic timescales and thus

provided probes into the global evolution of the universe. The other is that their small

size, great distance and hence huge luminosity, required the presence of enormous black

holes whose formation is still not well understood. It is interesting to note that the derived

large distances for these objects, based on the assumption of the validity of cosmological

redshift as a means to determine the distance of an object, was fiercely debated for many

years until quasars were found in galaxies for which the spectra of the normal stars

surrounding them showed the same redshift. This excluded that the apparent redshift

was due to other phenomena, collectively called non-cosmological redshifts.

A few decades of research brought numerous discoveries and led to a somewhat different

overall picture of the characteristics and distribution of quasars. For instance, besides the

radio-loud quasars, a much larger number of radio-quiet ones were seen to exist at the

centre of galaxies. The sole important distinction between them being that the ratio of

radio to optical luminosities were 102–104 times larger in the radio-loud quasars. The

rest of the spectrum, from far-IR to X-rays, is essentially the same. It was also found

that the number of quasars brighter than a given luminosity, Φ, was proportional to their

distance to the power of 5 up to a redshift of z≈ 2.5 (Φ(L > L0)∝ (1 + z)5). This means

that these objects were 30 times more common when the universe was a fourth of its

age. Finally, the launch of X-ray and IR space observatories revealed not only many more

quasars heavily obscured by dust, but that 80% of all quasars were of this kind, hidden

behind thick layers of dust. These could only be seen in X-rays above 2 keV and at IR

wavelengths between about 10 and 100µm.

The last unexplored part of the spectrum was the ultraviolet, since UV light, fortu-

nately for living beings, cannot penetrate the atmosphere. In the 1980’s the International

Ultraviolet Explorer collected the first UV (0.12–0.3µm) spectra from quasars. The results

were surprising since these revealed the first signature of a important thermal compo-

nent in an otherwise almost completely non-thermal spectral appearance from long radio

waves up to very energetic X-rays. The feature detected in the UV spectrum was a broad,

stretched out blackbody-like peak extending from blue wavelengths to soft X-rays. For

obvious reasons, it was called the Big Blue Bump, and seems to be a generic characteristic

of quasars.

Interestingly, a few years before, Shields (1978) who had studied the spectrum of

3C 273, proposed that the continuum in the spectra of quasars from the optical up to the

UV could be characterised as the sum of blackbodies emitting at different temperatures

and peaking in the UV range. These many components would be associated with the

accretion disc around a supermassive black hole of ∼108M� and give rise to the “power-

law” appearance of the spectrum. This ground work allowed Malkan and Sargent (1982)

to derive a temperature of 20 000–30 000 K associated with the Big Blue Bump in 3C 273.

By the mid 1980’s, we had observed so many different types of quasars, from very

active to very quiet, very bright to very dim, very distant to as close as the centre of

our own Galaxy, some with broad emission lines others with narrow lines, and so on.

This shaped quasar research into a field in many ways analogous to botany. In 1985,
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Antonucci and Miller revolutionised this field of research by presenting the results of

photopolarimetric observation of a single galactic nucleus: the Seyfert type II galaxy

NGC 1068. Their paper, with more than 925 citations to this day, presented a picture

that unified the apparently large disparity in the features of galactic nuclei.

These authors found that the non-stellar continuum from NGC 1068 was polarised

at ∼16%, independently of wavelength. They detected broad Balmer lines and Fe II

emission with polarisation &15% and the same position angle as that of the continuum:

perpendicular to the nuclear symmetry axis determined from the radio morphology. The

realisation that the polarised spectrum looked very similar to those of Seyfert type I

galaxies, made them come to the conclusion that the continuum and broad line cloud

emission was due to scattering, probably by free electrons, originating from a region

located inside a geometrically and optically thick disc, and scattered into the line of sight

by electrons above and below the disc. In addition, all narrow lines were seen to have low

polarizations, unrelated to that of the continuum. The fact that both the polarization

and position angle varied with wavelength within the O III λ5007 Å line, entailed that

the velocity field in the spatially unresolved narrow line region is organised and thus not

chaotic. The importance of this result may be more apparent from the two paragraphs of

the short Bulletin of the American Astronomical Society meeting in 1984. They wrote:

There is a great deal of structure in the polarization spectrum of the Seyfert
2 galaxy NGC 1068, some of which can be explained by dilution of a featureless
continuum by unpolarized starlight. The polarized flux plot reveals the meaning
of the remaining structure. The plot looks like the spectrum of a Seyfert 1,
with broad symmetric Balmer lines and Fe II emission! NGC 1068 has a 16%,
wavelength-independent polarization in the nonstellar continuum. This plus
the similar polarization of the broad lines indicates probable polarization by
electron scattering. Like other Seyfert 2s, the polarization is perpendicular to
the radio structure axis.

Proper allowance for the newly discovered broad component of the permitted
lines indicates that the narrow permitted components are polarized like the
forbidden lines, contrary to previous reports. We suggest that the continuum
source and the newly discovered broad line region are inside a physically and
optically thick disc, which is perpendicular to the radio structure axis. We
observe only radiation travelling out the polar directions and scattering into
the line of sight.

So Seyfert type I and type II would be the same kind of galaxy, simply viewed from

different angles. Maybe even all active nuclei and quasars shared the same nature but

were just angled differently with respect to our line of sight. The obvious presence of an

enormous, thick torus around the nucleus and the geometrical configuration of the system

were the key to unification. We now believe that quasars are supermassive black holes with

masses ranging from 106–109M�, and apparently always related to the mass of the host

galaxy’s bulge, thus implying a tight connection between galaxy formation and the growth

of the black hole at their centre. The spectra of quasars are essentially non-thermal (flat)

and do not readily show a characteristic temperature. The emission at radio, optical and

X-ray wavelengths can be characterised by power-laws (straight lines in ploting the log of

the flux vs. the log of the frequency) with different indices (or spectral slopes). The only
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spectral feature that reveals a thermal nature is the distinct Big Blue Bump, generally

accepted to be the peak of a superposition of blackbody spectra arising from the different

parts of the accretion disc around the central object, and corresponding to the hottest and

innermost portion of the disc. Powerful jets with lifetimes of several million years, give

rise to strong non-thermal emission from radio wavelengths up to γ-ray energies. There

are many radio-loud, a lot more radio-quiet and even more heavily obscured quasars. It

appears that almost every spiral and elliptical galaxy hosts a supermassive black hole at

its heart (see Antonucci 1993 for a review).

This concludes the introduction to my thesis. I have presented in simple terms and

with some historical details, the two key elements required to place my research into

context. Sgr A∗ is a supermasive black hole, located at the centre of the Milky Way,

and although it is not a quasar and is hardly active, it is by far the closest such object

to us. Its relative proximity allows us to study its behaviour as well as its influence

on the environment surrounding it through very detailed observations at all accessible

wavelengths. Maybe we will eventually come to understand the evolution of supermassive

black holes and how this is linked to galaxy evolution and structure formation in the

universe. Independently of the timescale over which this will take place, what we learn

from the detailed study of Sgr A∗ will be absolutely essential in coming to a complete

picture in this magnificient quest.

In chapter 2, we will travel through the Galaxy on a journey to the Galactic centre.

This will be useful in gaining a more intuitive understanding of the synergy that reigns in

the central region, but also how all interactions and conditions are so intimately related

to one another and to the global environment of the Galaxy as a whole. As the journey

ends, we arrive near the location of the central black hole and we take a closer look at

what we know about Sgr A∗: the object that constitutes the main focus of this thesis.

This includes details about its discovery as well as a description of the evidence that led

to its demonstration as a black hole. I make use of this setting to discuss some notions

about gravitational energy, and present the basic principles of accretion physics, which

are highly relevant to the study of compact objects such as black holes.

In chapter 3, we will take a step back in time and review all of the X-ray and γ-

ray observations of the GC, paying particular attention to the developments that took

place throughout the 1980’s and 1990’s up to the end of 2002 when the INTEGRAL γ-

ray observatory was launched. This happens to correspond very closely with the start

of my doctoral studies at the ‘Service d’Astrophysique’ of the French Atomic Energy

Commission ‘Commissariat a l’Energie Atomique (CEA)’. Also included in this chapter,

is a presentation and discussion of the various models elaborated in order to explain the

radiative characteristics of Sgr A∗.

Chapter 4 leads us into my work with the data acquired by the XMM-Newton X-ray

observatory during a multiwavelength campaign carried out in 2004 to study correlated

variability in the emission from the central black hole. This chapter first presents the

instruments, then the analysis methods, followed by the spectral and temporal results,

the most interesting being the detection of a quasi-period during a flare detected simul-

taneously by XMM-Newton and the Hubble Space Telescope at near-IR frequencies.

Chapter 5 carries our study of the central region to a different energy domain, that of

the soft γ-rays. This also entails a different, larger, spatial scale. Here, my work with the

INTEGRAL data over the course of two and a half years is presented. As in chapter 4,
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I first introduce the instrument that collected the data I used, the IBIS/ISGRI telescope,

then discuss several aspects of the analysis of these data before moving on to the results.

Chapter 6 is devoted to the scientific discussion of the results, and of their implications

on our view of Sgr A∗ and the GC region as a whole. In particular, we find that the quasi-

period is a very strong indication that there is matter orbiting around the central black

hole at relatively close distances, on the one hand, and that the high energy emission

detected by INTEGRAL above 20 keV is very likely directly related to the supernova

remnant Sgr A East, on the other.

Finally, in chapter 7, I briefly outline what we can expect from the next generation

observatories, and especially Simbol-X and HESS 2, that will hopefully be in operation

within the next 5 years or so. Let us now set sail for the Galactic Centre.



Chapter 2

The Galactic Centre Region:

Complexity and Synergy

At the heart of our Galaxy, the Galactic centre region was until relatively recent times

very well hidden behind thick, light absorbing layers of interstellar dust. Although the

obscuring dust is still present, our means of observation have evolved to allow us to probe

the various parts of this central region. Astronomical observations, carried out over a

wide range of frequencies have revealed an array of different structures and interacting

systems that make it one of the most interesting and complex parts of the Galaxy.

This complexity stems simultaneously from the wide variety of astrophysical objects

and systems that co-exist in this confined region of space and from the synergy of their

interactions. In this chapter, I present an overview of the region at the centre of the

Galaxy and of the objects that populate it in a way that attempts to bring forth these

two aspects of complexity and synergy, the central theme for the GC. The synergy among

the constituents of this region appears more clearly through an appreciation of the broad

features of the Milky Way in which the central region is embedded. I will attempt to do

this in the first part of the chapter (§ 2.1).

Travelling through space from the Earth to the GC would certainly be a dangerous

adventure but undoubtably an awe inspiring experience. We will try to imagine what this

journey would be like while reviewing the main features of our Galaxy as we make our

way to its centre. This will allow us to gradually gain a more complete and hopefully

intuitive understanding of the environment that makes the centre of the Milky Way such

a unique and interesting region.

As we leave the Earth, rise above the Galactic plane and move toward the centre of

the Galaxy, we first look at the large scale features like the Galactic Disk and its spiral

structure. Then, pursuing our path to the heart of the Galaxy, we review its estimated

size, mass, and stellar content, before presenting some details about the distribution of

molecular matter and dust. Our journey ends with the description of the immediate vicin-

ity around Sgr A∗, the central black hole, and of its closest neighbours. In the second part

(§ 2.2), devoted to this object, I review the evidence we have accumulated for its nature

as a supermassive black hole (§ 2.2.1), information about its characteristics gathered from

observations (§ 2.2.2), and using this context of our study of Sgr A∗, I present some basic

notions in accretion physics (§§ 2.3.1 and 2.3.2).1

1The contents of this chapter are heavily inspired by several review papers on the Galactic centre,

9
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2.1 A Journey to the Galactic Centre

2.1.1 From Earth to the Central Parsecs

Leaving the Earth and the Solar system, we are looking at the Galaxy edge on, and

therefore, it appears as a bright disc with a central bulge. To our eyes, this disc is obscured

over a narrow central strip that runs along its length, but at infrared (IR) wavelengths we

see something like the image shown in figure 2.1: a composite map constructed from the

near-IR emission detected by the COBE satellite at wavelengths 1.25, 2.2 and 3.5µm.

Figure 2.1 The COBE view of the Milky Way in near infrared.

Rising above the Galactic plane, we gradually see a beautifully illuminated, disc-like,

spiral with a four-armed structure, first suggested to be such in 1976 by Georgelin and

Georgelin. In an attempt to illustrate the overall view of the Galaxy, figure 2.2 shows

two images of M31: the Andromeda galaxy, seen at optical wavelengths (top panel), and

in the infrared at 24µm where mostly dust emission is detected (bottom panel). Since

Andromeda is similar to our own Galaxy, it gives a good idea of what the Milky Way

would look like to a distant observer.

We are now well above the Galactic plane, and have seen that the Milky Way has

a flat disc-like part: the Galactic disc, and a large spheroidal lobe in its centre: the

Galactic bulge. We also notice that the sea of stars below us extends much farther in

the direction of the bright central part. Our vantage point, at the distance of the Solar

system from the GC, allows us to see that we are located a little more than half way out

from the hub of the spiral towards the outer edge of the Galaxy, approximately 26 000

light years (ly) or 2.5× 1017 km from the nucleus. We would have to travel about 23 000 ly

in the other direction to find ourselves at the edge of the Galactic disc. Therefore the

diameter of the disc is about 100 000 ly. I need to point out a small caveat in regards to

the terminology used, admittedly somewhat simplistic, for our notion of the Galactic disc

is that of an exponential disc. Therefore, its observed size, depends on the sensitivity of

the instruments on which we base our estimates.

The Milky Way is composed of ∼150 billion stars, concentrated mainly in the plane

of the Galaxy, and of ISM, mostly hydrogen gas, of which about 50% is in its molecular

form (H2) and contained in giant molecular clouds. The chemical composition of the

interstellar gas by mass is ∼70% hydrogen (neutral, ionized and molecular), a few percent

especially Mezger et al. (1996), Morris and Serabyn (1996), Melia and Falcke (2001) and references
therein. For this reason, many references have been omitted from this text for the sake of readability.
The books by Kato, Fukue, and Mineshige (1998) and by Frank, King, and Raine (1992) were the primary
source for the section reviewing basic concepts in accretion physics.
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Figure 2.2 The Andromeda Galaxy in visible light (top panel), and in infrared (bottom panel), at a
wavelength of 24µm which traces the dust in the galaxy, imaged by the Spitzer Space Telescope. Notice
that the brightest filamentary structures in the IR map, correspond to dark lanes in the optical image
since dust absorbs the more energetic radiation and re-emits part of the energy as heat.
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of heavier elements produced by supernovae including metals, and the rest is helium,

accounting for slightly less than 30%. Ionized hydrogen (H ii) is visible by virtue of the

fact that when the electron, freed from the forces that bind it to the proton by energetic

radiation, eventually recombines with another proton and cascades down from the highest

energy levels associated with the outer atomic shells to the lowest levels. Every transition

is accompanied by the emission of a photon with a specific energy corresponding to the

difference between levels. These give rise to a series of spectral lines known as the Balmer

lines and are seen in the visible range of the electromagnetic spectrum. Neutral hydrogen

(H i) has its electrons in the lowest energy level and thus does not emit spectral lines.

However, of the two possible electron and proton spin configurations: aligned and anti-

aligned, the latter is favored for it permits the hydrogen atom to rest in its lowest energy

state. The transition from aligned to anti-aligned spins, results in a release of energy

in the form of light waves of 21 cm, detectable by radio telescopes. Finally, molecular

hydrogen (H2) exists primarily in environments that are dense and cold enough to allow

two hydrogen atoms to combine, and does not emit in the optical nor in the radio wave

bands. Assuming that the existence of a certain kind of molecule in a given region

implies the presence of others, we can conveniently use carbon monoxide (CO), that emits

radiation at 2.6 mm through a molecular structure transition, as a tracer for molecular

hydrogen. Note that otherwise, cold H2 can only be studied through its absorption lines

around 0.1µm in the far ultraviolet. Warm or hot H2 can be detected through rotational

transition lines, those at 17µm (J=2 to J=0) and 28µm (J=3 to J=1) are often used.

The stars in the disc make up almost 90% of the entire stellar mass of the Galaxy,

estimated at ∼1.1× 1011M�, and therefore ≈ 1011M�. The total mass of the Galaxy

of ∼1012M�, however, is totally dominated by the dark matter halo whose presence

and mass are inferred from the rotation curves of stars (see Battaglia et al. 2005 for a

recent update). The interstellar matter that fills the space between stars, and follows the

Galaxy’s spiral structure, contributes a mass of ∼3× 109M�, a mere few hundredths of

the stellar mass content. So as we observe the magnificent display of light, colours and

structure, assuming that we have the ability to see IR emission as a rich burgundy glow,

we notice that the space between this multitude of bright point-like stars is gleaming

with different shades and intensities of this deep red. This is due to the dust and grains

contained in the ISM that absorb energetic ultraviolet (UV) light from the stars, get heated

by it, and re-emit this energy as IR light or heat.

These dust particles not only radiate IR light as a blackbody (perfect emitter) at

∼20 K, but also give rise to emission lines at very specific energies as electrons excited by a

fraction of the photons that irradiate the dust field decay to their ground states. Moreover,

this 20 K is the mean of a broad distribution of temperatures primarily determined by the

larger dust particles with sizes of a few hundred microns, since they are large enough to

get an approximately uniform exposure in time. As the size of a dust grain decreases, so

does the exposure, and thus the average temperature drops. However, it is the smallest

dust particles that reach the highest temperatures, because when a photon happens to

meet one, the small size and hence mass permits the grain to reach temperatures of ∼50 K

or more for a short time, since the cooling is quick for the same reason as the heating is

effective.

In the Galactic disc, nearly 70% of the total IR luminosity comes from grains in

the diffuse ISM heated to temperatures of ∼15–22 K by the interstellar radiation field,
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whose emission is dominated by medium mass stars, about 25% comes from dust grains

associated with molecular gas heated to about 20 K, and about 5% from warm (∼29 K),

extended, low-density H ii regions (Cox and Mezger 1989; Sodroski et al. 1994). From

the ratio of the disc’s total stellar to IR luminosity, we find that about one third of

the radiation from stars is absorbed and re-radiated by dust. Since the intensity of the

interstellar radiation field is proportional to the temperature of the dust to the power

of 6, the derived dust temperatures are T ∼ 15 K for regions at a radial distance around

8.5 kpc (about the distance of the Earth from the GC), T ∼ 22 K at distances of about

3.5 kpc from the GC (a little more than half way from the Earth), and T ∼ 29 K in the

central 400 parsecs.2

The Molecular Ring and Galactic Bulge

As we continue soaring over the Galactic disc towards the centre of the Galaxy, we

see the surface density of the interstellar molecular hydrogen steadily increase from a

distance of about 12 kpc inward. It reaches a maximum near 4 kpc from the GC, and

then rapidly decreases beyond this point. H i, on the other hand, shows a rather constant

surface density in the same radial range: from 12 kpc to 3 kpc from the centre.

The near circular symmetry of the distribution of molecular gas in the range from 3 to

7 kpc with its marked peak at a radius of 4 kpc, is called the Galactic disc molecular ring.

Inwards from 3 kpc, we notice that the spiral structure in the Galactic plane dissolves, and

that the surface density of both H i and H2 drops to very low values. On the other hand,

we see a clear brightening and an obvious increase in the number and density of stars.

Their distribution is approximately isotropic with respect to the centre, and their density

increases proportionally with decreasing distance from the nucleus. This enhancement of

stars over the central, spheroidal region of radius 3 kpc traces what was introduced earlier

as the Galactic bulge.

It is now generally believed that a galaxy first evolves into a flat, often spiral, bulge-

less structure, to a disc-like shape with a central bulge component, and eventually to

an ellipsoidal or even nearly spheroidal geometry. We understand this evolution to be

primarily driven by mergers with other galaxies. Therefore, the Galactic bulge, and

naturally, the overall shape of the Milky Way, are probably the result of one or more

mergers. Consequently, the star population is undoubtedly mixed, and the oldest stars

found in globular clusters do not necessarily reflect the age of the Galaxy since these may

well have formed outside of it. The star population in the bulge comprises mostly old

stars; very few signs of star formation are present in this part of the Galaxy.

Estimates for the age of our Galaxy of ∼13± 1 billion years are consistent with the

age of the universe derived from data collected with the Wilkinson Microwave Anisotropy

Probe as being 13.7± 0.2 Gy (Spergel et al. 2003). The large scale distribution of molec-

ular matter in our Galaxy is shown in the beautiful CO map presented by Dame et al.

(2001) and reproduced in the top panel of figure 2.3. The bottom panel presents the ve-

locity of the gas also traced by the CO emission at 2.6 mm. The latter clearly depicts the

motion of the gas in the Galaxy and therefore the Galactic rotation. We see the Galactic

2A parsec (pc) is equal to 3.26 ly and is defined as the distance at which 1 astronomical unit, (1 AU
= Earth–Sun distance = 150 million km), subtends an angle of 1′′. The distance from the Earth to the
GC is around 8 kpc.
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Figure 2.3 Top panel: Map constructed from the CO emission at 2.6 mm from 1–0 transitions integrated
over velocity with a resolution of 9′ in the plane and about 15–30′ at higher latitudes. Bottom panel:
Longitude-Velocity map of CO integrated over a strip of ≈ 4◦centred on the Galactic plane, smoothed
in velocity to a resolution of 2 km s−1 and in longitude to about 12′ (Dame, Hartmann, and Thaddeus
2001).

disc molecular ring as the bright, tilted, bar-like structure across the centre of the map,

and the Nuclear bulge seen as the very central peak with gas velocities reaching values

close to 300 km s−1.

Star formation in our Galaxy occurs primarily in the Galactic disc. It has been shown

that virtually all star formation takes place in giant molecular clouds, but whether it

occurs in the spiral arms or inter-arm regions evidently influences both the formation rate

and the type of stars that emerge. For example, spontaneous formation of stars of all

masses (0.1–100M�), occurs in the inter-arm regions, and induced star formation above

a critical mass (Mcrit = 1–3M�), occurs in the arms. Clemens et al. (1988) derived a

star formation rate of about 4M� yr−1 with about 1.1M� yr−1 of the ISM permanently

transformed into low-mass stars. In the bulge, on the other hand, the gas-to-stellar mass

ratio of 1% indicates that there is very little available gas and hence very little present-day

star formation. The stars of the bulge span a wide range of ages from ∼1 to 14 Gy, and

their concentration in heavy elements, in some cases considerably above solar abundances,

indicates that the gas from which these are formed has been enriched over time by the

products of supernova explosions.

The Nuclear Bulge and the Central Molecular Zone

We now dive from the outer parts into the central region of the bulge, and as we

slowly approach the core of the Galaxy, we first notice that neutral hydrogen re-appears

from radii of about 1.5 kpc inward, forming a disc that is sometimes referred to as the



Chapter 2: The Galactic Centre Region: Complexity and Synergy 15

H i Nuclear disc. We also notice that a very bright and compact central region gradually

reveals itself as we approach the nucleus. This densely populated region, a few hundreds

of parsecs in size, is called the Nuclear bulge. It is here that a central stellar bar has

formed, forcing by its rotation, the gas around it to move in highly elliptical orbits. The

stellar bar plays a key role in supplying gas to the central region. This will be discussed

later when we look at the structure and dynamics of the gas very near the Galactic nucleus

(GN).

The presence of a stellar bar was first proposed by Sinha (1979) and Liszt and Bur-

ton (1980), to explain the kinematics of H i and CO in the centre of the Galaxy. Direct

evidence for its existence was first presented by Blitz and Spergel (1991). A convinc-

ing confirmation of this result was very recently offered by Benjamin et al. (2005), who

analysed a data sample collected in the course of the GLIMPSE (Galactic Legacy Mid-

Plane Survey Extraordinaire) survey with the Spitzer Space Telescope, comprising over

30 million stars. The length of the stellar bar is estimated to be ∼8 kpc, and its general

features, together with observations of several other barred galaxies and numerical simula-

tions, seem to suggest that it has spontaneously formed and disintegrated approximately

three times since the formation of our Galaxy.

The central molecular zone (CMZ), contained in a radius of ∼200 pc (∼1.5◦) around

the GN, produces 5–10% of our Galaxy’s IR and Lyman continuum luminosities and

accounts for roughly 10% of the Galaxy’s molecular gas content. In this region, about

half of the molecular gas is trapped in very compact clouds of mass 104–106M�, with

average densities & 104 cm−3, and typical gas kinetic temperatures of ∼70 K but ranging

from 30–200 K. The other half of the gas not contained in clouds has typical densities3

of ∼102 cm−3. In the Nuclear bulge, as in the Galactic disc, stars are the main source

for heating the interstellar dust. COBE found that all the Galactic infrared emission

(Fig. 2.1) can be attributed to dust associated with gas detected in radio surveys; and

that very small, transiently heated grains and polycyclic aromatic hydrocarbons, are the

main contributors to the mid-IR emission in the range 5–40µm (Sodroski et al. 1997). In

this region, the stellar luminosity is about twice that of the far-IR, implying that about

half of the stellar radiation is absorbed by dust, compared with about one third in the

Galactic disc.

As we get closer to the CMZ, we are awe struck at the sight of this central region

characterised by turbulent, hot and fast, supersonically moving gas, resulting from the

interactions between powerful stellar winds, several high density molecular clouds and H ii

regions, strong magnetic fields, and a large number of acceleration sites like supernova

remnants, as well as sources of high-energy radiation. The deep gravitational well centred

on the GN within which all these processes are occurring leads to large gravitational shears

that amplify the unusual and extreme conditions and dynamics that pervade this part of

the Galaxy.

Figure 2.4 shows two radio maps centred on the bright Sgr A complex: it spans 3◦ in

Galactic longitude and slightly less than 1◦ in latitude. At the distance of the GC, this

corresponds to a field of view 420 pc wide and 140 pc high, nearly a cross-section of the

CMZ. Looking at the figure lengthwise, the top panel shows a wide field 330 MHz (90 cm)

3The tracers used to determine the distribution of gas in this case are: HCN (detected at sub-mm wave-
lengths) for the very dense clouds with densities nH∼ 105 cm−3, and CO (detected at mm wavelengths)
for lower densities nH∼ 103 cm−3.
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map adapted from Kassim et al. (1999), and the bottom panel is a map constructed from

a deep 1.5 GHz (20 cm) survey of the GC region adapted from Yusef-Zadeh et al. (2004).

Hundreds of different structures are visible, and at first glance, the two maps do not

seem to differ significantly. But at 90 cm, most of the flux is of non-thermal origin and thus

results primarily from synchrotron emission, whereas at 20 cm, thermal emission from hot

gases plays a significant role. In fact, we notice that although most features are present

in both, the ratios of intensities are different. For example, the supernova remnant in

the Sgr D region labelled as such in the bottom panel, has almost identical brightness in

both maps. This is not the case for the H ii region right above it in latitude, even if their

morphologies are alike. The flux ratios show that the spectrum of the H ii region is far

steeper than that of the SNR. Furthermore, we see that both Sgr B1 and Sgr B2 are much

brighter in the 20 cm map, and that these contain several bright spots, also associated

with bright IR emission, and most probably the seat of star formation in these molecular

clouds. In fact, nearly all the bright knot-like spots present in the 20 cm map are almost

completely absent at 90 cm since these are simply hot, H ii regions and have very weak

non-thermal counterparts. On the other hand, the higher angular resolution of the 20 cm

map is evident and allows for a finer morphological study.

Among the other labelled objects we find the Radio Arc that stretches out perpendic-

ularly to the Galactic plane, and the Bridge composed of the several arched filaments that

seem to connect the Arc to the edge of the Sgr A complex. Interestingly, the emission from

the Arc is associated with a population of non-thermal electrons emitting synchrotron ra-

diation, as we would expect from trapped charged particles travelling in magnetic flux

tubes. However, the radiation coming from the Bridge is significantly softer and appar-

ently almost entirely thermal in nature. Moreover, the filaments of the Bridge trace out

dense molecular clouds located between the Arc and Sgr A.

Above the Bridge and Sgr A, there are a few bright filaments whose emission is also

non-thermal in nature; this can be deduced from their brighter and more defined structure

in the 90 cm map. Several other such linear filaments have been catalogued and studied.

Yusef-Zadeh et al. (2004) have devoted their paper, the first one in a series aimed at

the detailed study of these deep 20 cm observations, to the numerous, non-thermal, linear

radio filaments present in the central region.

On the western side (right) of Sgr A, at about the same projected distance from the

nucleus as the Sgr B complex, lies the Sgr C region with its non-thermal filament, H ii

regions and molecular clouds. Below it to the southwest, is another H ii region, very bright

at 20 cm, but whose presence is far less conspicuous in the 90 cm map. Still further west,

is a long filament, unusual in its kind, for it is the only one that appears to have kinks.

The two prominent kinks have inspired its name of the Snake. Its spectrum is similar to

that of the other filamentary radio structures in the region. Unlike the majority, most of

which are shorter and many identified as interacting with molecular clouds, the Snake is

long, extending over 30 pc. It also seems to have its southern end cross the shell of an

SNR, its northern end anchored into an H ii region containing compact radio sources, and

each of its kinks coincident with compact sources.

The westernmost complex present in the maps is Sgr E. It contains numerous compact

regions of gas amounting to∼2000M� seen as point-like sources in the 20 cm image. These

would apparently be ionized by about twenty massive stars. See Yusef-Zadeh et al. (2004)

and references therein for further details on any or all of these radio features. The field of
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Figure 2.4 Radio maps of the GC region spanning approximately 3◦ in longitude and 1n latitude. The
top panel viewed lengthwise is based on 330 MHz (90 cm) observations published by Kassim et al. (1999),
and the bottom panel is from 1.5 GHz (20 cm) observations presented by Yusef-Zadeh et al. (2004) in
the context of a deep radio survey using 20 years of data. The map at 90 cm is primarily constituted of
non-thermal synchrotron emission, whereas at 20 cm emission from hot gases is well detected.
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view showing the inner three degrees across the GC presented in the radio maps discussed

above, is bordered by a ring of gas called the circumnuclear ring: a structure seen in many

other galaxies.

From the Circumnuclear Ring to the Central Parsecs

The circumnuclear ring is a quasi-continuous, fastly rotating, elliptically shaped ring

of molecular gas, moving at velocities of 130–200 km s−1, and located at a radius of about

180 pc from the nucleus. It marks the outer boundary of the CMZ, and at the same

time, the location of an H i to H2 transition from the Nuclear disc to the nuclear re-

gion. Inside the circumnuclear ring, lie an important number of very dense and massive

molecular clouds rotating about the centre with typical velocities of ∼100 km s−1. These

make up a large fraction of the total molecular mass contained in the CMZ, and include

the clouds associated with the H ii regions named Sagittarius A, B, C, D and E, whose

projected location are indicated in figure 2.4. The most massive, with an estimated mass

of ∼3× 106M�, is the Sgr B2 cloud. It has a density of up to 108 cm−3 and the richest

concentration of molecules in the Galaxy, containing even glycine, the simplest amino

acid. Sgr B2 holds about 5% of the gaseous mass present in the CMZ, to which a few

other large clouds contribute up to one third of its CO line flux.

Neither the origin of the circumnuclear ring, nor the geometrical arrangement of these

clouds, have been convincingly demonstrated. However, there are two hypotheses that

seem to conform with the observational data available. The first, proposes that the

presence and motion of the central stellar bar creates a potential that allows for two main

classes of stable orbits. The outer ones have their major axis aligned with the stellar

bar; the inner ones have theirs aligned perpendicular to it. The apparently tightly held

circumnuclear ring would hence rotate around the nucleus on the first set of stable orbits,

and the massive molecular clouds would follow paths constrained by the second set. Since

these two classes of orbits are perpendicular to each other, some orbits will intersect and

lead to turbulent interactions, releasing some of the gas into the unstable zones between

the two sets of orbits. Part of this gas will fall in and stabilise on the inner orbits, possibly

clumping with the massive clouds located there, and some will simply contribute to the

turbulent gas dynamics.

The second hypothesis, put forth by Sofue (1995a, 1995b), states that the circumnu-

clear ring is in fact an expanding molecular shell: an oblate spheroid pinched around its

equatorial waist due to the increased impedance from the higher density in the mid-plane

of the CMZ, with gaps along radial rays intersecting the most prominent interstellar struc-

tures in the region, such as the dense clouds that are massive and thick enough to block

the passage of the expanding shell.4 This shell would be driven by a huge explosion that

occurred near the nucleus about a million years ago, releasing an energy of some 1055 erg.

At this point we may wonder how does gas fall in toward the central object, the

supermassive black hole, source of the deep gravitational well permeating the region. The

total mass of the CMZ is estimated to be ∼ 5× 107M�. Approximately 85–90% of the

total molecular mass contained in the CMZ is concentrated on the inner set of orbits,

to which the giant molecular clouds of this region are likely tied. The remaining 10%

4Part of sentence taken from Morris and Serabyn (1996), where the reader can find a more complete
presentation of the issues relating to the gas dynamics outlined here.
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(∼5× 106M�) is associated with the circumnuclear ring. The inner orbits are far more

stable than the outer ones, but nevertheless, the gas falls in. There are several factors

responsible for this infall: the giant molecular clouds rotate faster than the bar (whose

speed is estimated at 19 km s−1 kpc−1) and therefore must lose angular momentum by

gravitational torques, there is tidal friction with the slowly rotating stars in the bulge,

viscous friction related to the strong (mG), pervasive, vertical, magnetic field in the inner

100 pc, shocks associated with the transitions between the outer and inner sets of orbits,

drag due to the differential rotation with respect to the Galactic disc, including that

from cloud-cloud collisions, and there is dilution of the gas’ angular momentum caused

by stellar material falling in from the Galactic bulge.

Although we cannot determine the relative importance of individual processes, some

of them are quite important on their own, and show that the gas must fall from the outer

orbits on time scales of ∼107 yr, and from the inner ones in ∼109 yr. The total rate of

infall is ∼0.1–1M� yr−1, and the gas is ultimately used for one of three purposes: star

formation (0.3–0.6M� yr−1), encompassed into a thermally driven Galactic wind (0.03–

0.1M� yr−1), or accreted onto the small nuclear disc (0.03–0.05M� yr−1). Of these three

possible fates, star formation clearly dominates.

There are about a dozen identified sites of star formation near the GC. However, the

conditions that prevail this region: high temperature, pressure, large velocity dispersions

and magnetic field strength (in some cases several orders of magnitude higher than in

the Galactic disc), impose very stringent constraints on the star formation and especially

on the initial mass function or IMF (the mass distribution of stars at their birth). In

this central region, the tidal field can overcome the self-gravity of molecular clouds with

densities < 107 cm−3(1.6 pc/r)1.8, where r is the distance from the GN (Güsten and Downes

1980). For this reason, star formation through slow, quasi-static contraction of cloud

cores, probably does not occur often. Rather, their formation is probably induced by

shocks from colliding clouds, expanding supernova shells, and violent gas outflows from

the nucleus. Such scenarios naturally lead to the formation of more massive stars, and

raise the lower mass cutoff above which stars will not form.

Travelling through the bulge, we noticed an important increase in the number of

stars. The main cluster of stars is composed of old and young stars, nearly isotropically

distributed about the GN with a density profile that increases with decreasing distance

to the nucleus as r−1.5, reaching peak densities of ∼106M� pc−3 in what is called the

cusp (Genzel et al. 2003). The distribution is highly peaked towards Sgr A∗ and makes

up about half the total mass contained in the central parsecs of which it dominates the

dynamics up to ∼1 pc: the point where the influence of the black hole becomes more

important. Given the very high extinction along the line of sight from the GC, only the

very brightest stars are seen, even with today’s most sensitive instruments.

In the central few parsecs, we are witness to a most unusual sight. Stars in the central

cluster are swirling around at hundreds, and in some cases, thousands of kilometers per

second. Clouds a little further out have collapsed to densities three or four orders of

magnitude greater than their counterparts in the Galactic disc, and have engaged in a

fast rotation about the nucleus. Temperature and pressure conditions are extreme, and

the young, tightly bound central cluster of stars gives rise to very powerful stellar winds,

fostering extremely turbulent gas dynamics, while the radiation from it is ionizing the

surfaces of the molecular clouds in the vicinity. We arrive at the central cavity.
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Cocooning the nucleus within a radius of ∼1.5 pc, this region bears this name to reflect

the fact that it is practically devoid of molecular matter, most of which has been swept

out by the huge winds of the massive stars in the central cluster. This remarkable cluster

of stars, roughly centred on Sgr A∗, has a large number of stars about a million times more

luminous than the Sun, and contains young, massive emission-line stars having winds with

speeds between 500 and 1000 km s−1. Many are helium rich and thus presumably Wolf-

Rayet stars, past the main sequence. The characteristics of the star population in the

central cluster lend themselves to the interpretation that several of the younger members,

formed during a modest burst of star formation as recently as a few million years ago

(Krabbe et al. 1995), are intermixed with older central stellar cores, of which only the

giant stars have so far been detected. Although the young stars dominate the luminosity

of the central cluster, they account for only ∼104M�, or one hundredth of the total cluster

mass of ∼106M�. The presence of a number of medium-luminosity stars indicates that

another possible star formation event occurred some 108 years ago (see Ghez et al. (2005)

for a recent and detailed look at the stars nearest to Sgr A∗).

Many of the unusual features of the central cluster are shared by the slightly more

distant Quintuplet and Arches clusters. Both of these contain luminous post-main se-

quence stars identified by the emission-line spectra in the near-IR, as well as young, very

luminous, possibly even protostellar objects. The brightest members dominating these

clusters, are likely 50–100M� stars, leading to an estimate for the cluster mass of several

thousand solar masses. It is possible that the violent events that accompanied the forma-

tion of stars in the central parsec, shocked the nearby clouds and induced gravitational

collapse and star formation over a large region encompassing the location of the Arches

and Quintuplet clusters, keeping in mind that the Arches cluster seems to be younger

than the other two.

Interestingly, although these clusters have an important influence on the neighbouring

molecular clouds by ionizing their surfaces with the strong radiation emanating from

them, no nearby clouds have comparable velocities to the stars they harbour. This leads

to the conclusion that their parent clouds may have disolved. There are no other young

clusters similar to these two, but there are many other star formation sites near the GC.

In particular, there is a string of H ii regions embedded in a ridge within the 50 km s−1

cloud, that are neatly aligned along the edge of the non-thermal shell of Sgr A East. This

could be the signature of induced formation of stars provoked by the expansion of the

shell through the cloud but whether this is the most natural explanation is not yet clear.

2.1.2 In the Vicinity of the Galactic Nucleus

Let us now take a look at the circumnuclear disc or CND, the thermal, ionized molec-

ular gas streamers that form Sgr A West, the supernova remnant Sgr A East with its

non-thermal radio shell and very hot X-ray filled centre, and the 50 km s−1 cloud with

which Sgr A East is interacting.

The CND is a clumpy disc composed of∼104M� of gas with temperatures≥ 100 K, and

dust with temperatures of ∼50–70 K. It surrounds the nuclear region, and stretches out

from the edge of the central cavity to a radius of about 7 pc from Sgr A∗ on the western side,

and about 3.5 pc towards the east. It is therefore asymmetric in this regard. Its patchy

appearance indicates that it is most probably non-uniform in its density distribution, and
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is more like a flat ring rather than a disc. The word ‘disc’ is used to differentiate it from

the circumnuclear ring, and also because it is somewhat akin to one, although certainly

not a sharply defined disc.

From the point of view of an observer looking from the Earth towards the GC, the

CND is tilted up by 20◦ with respect to the line of sight, (or 70◦ if we define edge on

to be 90◦), since its southern portion appears to be in front of the centre of the Nuclear

bulge, and its northern part behind. Moreover, since there is a continuous transition in

the gas velocity of the disc and the ionized H ii streamers of Sgr A West forming what

appears like a three armed spiral surrounded by the CND, these two structures most

probably form a dynamical entity. Sgr A West is about 3 pc in diameter and almost

entirely contained within the cavity. There is, however, evidence that the ‘arms’ of this

spiral are in fact not really connected but only appear as such from our perspective. In the

left panel of figure 2.5, we see a radio image of Sgr A East constructed from observations

at 330 MHz (90 cm) in which we can discern the elongated shape of the shell and the bright

spot on its southwestern (bottom right) side. The contours of the ionized H ii streamers

of Sgr A West have been overlaid and clearly correspond to the brightest region. The

bottom panel shows a larger view of Sgr A West from the 8.3 GHz (3.6 cm) map from

which the intensity contours shown in the top panel were derived. The white cross marks

the position of Sgr A∗.

Sgr A East, located at a distance of ∼2 pc behind the Nuclear bulge, seems to have a

connection between both the southern rim of its shell and the western arm of Sgr A West,

and between the gas compressed by the shell and the CND material. These various pieces

of a puzzle that has not yet been solved, could be interpreted as the consequence of

a powerful explosion of which Sgr A East is the remains, and that blew apart a giant

molecular cloud located near the nucleus, expelling its contents which then circularised as

the CND. The Sgr A West streamers would be gas from the a cloud strongly anchored to

the gravitational potential of the supermassive black hole, that has been ionized by the

central cluster’s strong radiation field whose winds cleared the central zone and formed

the central cavity. A extensive discussion of the three-dimensional structure of the inner

10 pc is presented in the work of Lee 2005.

The material in the CND takes ∼104 years to complete one orbit around the nucleus,

and under the assumption that it is in dynamical equilibrium, its virial mass is around

4× 104M�. It is also possible that this flat ring-like structure simply forms and disperses

over timescales of 104–105 years. The inflow rate of matter from the CND into the the

central potential well is estimated to be 3–5× 10−2M� yr−1.

Sgr A East is a mixed morphology SNR whose centre is most likely ∼2 pc behind the

nucleus, but it appears to be less than 50′′ from Sgr A∗ in projection. Its radio shell,

spanning about 3′.5 in projection, has an estimated diameter of ∼9 pc. At its centre lies

what looks like an ejecta-dominated, X-ray emitting region whose spectrum indicates that

the plasma is rich in heavy elements, especially towards the core where Fe abundance is

4–5 times that of the Sun (Maeda et al. 2002; Sakano et al. 2004; Park et al. 2005).

For this reason, it has been classified as a metal-rich mixed morphology SNR. The fact

that Sgr A East is the smallest of the known SNRs of this type and that its radio shell

appears to be quite symmetrical, although slightly elongated along the Galactic plane,

suggests that the ejecta from the explosion have expanded in a very dense but more

or less homogeneous environment. According to a recent analysis of the X-ray features
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of Sgr A East based on XMM-Newton data, Sakano et al. (2004) derived that the total

energy, mass and abundance pattern, are consistent with a single supernova event of Type

Ia, or Type II involving a relatively low-mass progenitor star. Furthermore, the authors

concluded that the morphology and spectral characteristics do not show evidence of a

clear connection between the SNR and past activity in Sgr A∗.

Figure 2.5 Left panel: VLA radio image of the peculiar supernova remnant Sgr A East at 1.4 GHz
(20 cm) with 30′′ resolution, upon which are overlaid the contours of Sgr A West. Image is adapted from
Yusef-Zadeh et al. (2004). Right panel: VLA radio image of Sgr A West at 8.3 GHz (3.6 cm) with 1′′

resolution. The ionized H ii region forming a three-armed spiral anchored by the compact radio source
Sgr A∗ whose position is marked by the white cross, sits right at the centre of the brightest part of the
Sgr A East remnant, and its exact spatial location and extent is represented by the black contours in the
top panel. Image is adapted from Roberts and Goss (1993). Both images are aligned according to J2000
coordinates, hence the plane of the Galaxy runs diagonally from top left to bottom right.

This SNR may be the result of a single explosion, akin to most other supernova events

in terms of its energetics as is suggested by Sakano et al. (2004). Very recent simulations

of the genesis and evolution of Sgr A East indicate that the progenitor was likely a star

of ∼15M� that exploded a mere 1750 years ago (Fryer et al. 2006). The expanding

shell reached the M–0.02–0.07 (50 km s−1 cloud) some 300–400 years ago, colliding with

the dense molecular gas, and producing a bright, energetic flash of X-rays (2–200 keV)

lasting several hundred years. Its echo would have caused the Fe to fluoresce and led to

6.4 keV emission from Sgr B2 and other nearby clouds (Sunyaev et al. 1993; Koyama et

al. 1996). However, Sgr A East does distinguish itself from other Galactic remnants in

three important ways. First, it is located very near the GC, within 50′′ of Sgr A∗, and is

therefore subject to interactions and forces uncommon in the rest of the Galaxy. Second,

its non-thermal shell emission caused by synchrotron radiation from relativistic electrons

has an unusually high surface brightness compared to other Galactic SNR (Green 2004).

Third, OH (1720 MHz) maser emission detected in several locations around the GC, and

particularly at the boundary of Sgr A East and the M–0.02–0.07 molecular cloud, indicates

the presence of strong shocks where rapid acceleration of electrons (and undoubtedly

protons) is taking place in a medium threaded by very strong magnetic fields of order 2–

4 mG (Yusef-Zadeh et al. 1996; Yusef-Zadeh et al. 2002). As pointed out by Yusef-Zadeh,
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Melia, and Wardle (2000), the presence of relativistic electrons and strong magnetic fields

within Sgr A East makes it a unique and potentially powerful Galactic accelerator.

Maybe the explosion that caused Sgr A East, was also responsible for the partial de-

struction of the pre-existing and originally more symmetric CND, leaving it as a raggedy

ring/disc-like structure with holes and non-uniformities. It is also possible that the CND

forms naturally from the capture of ambient gas in the strong gravitational field of the nu-

cleus but that it is short lived, and thus spontaneously breaks up and reforms on relatively

short timescales. This level of detail cannot currently be attained, but the intermingled

natures and fates of these different structures, yield yet another example of the complex-

ity and synergy that reigns in the nuclear region, and that was hopefully revealed to the

reader through our journey to the nucleus of our Galaxy, this unusal object to which we

now turn our attention.
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2.2 The Central Object: Sagittarius A∗

2.2.1 The Best Case for the Existence of Supermassive Black

Holes

The case for the presence of a supermassive black hole located at the centre of the

Galaxy is now compelling to the point that it is not debated much anymore. The most

recent measurements of the proper motion of stars orbiting the GN, yield an inferred dark

mass of (3.7± 0.2)× 106M�. Moreover, the distance of closest approach to the gravitating

point by a star named S0-16 (where the ’0’ indicates that the position of the star upon

discovery was less than 1′′ from Sgr A∗), confines this mass to 1
5000

of a parsec, or ∼ 45

AU, implying a minimum density of 8× 1016M�pc−3. This constitutes the strongest case

yet for the presence of a supermassive black hole at the centre of a normal type galaxy

(Ghez et al. 2005).

As was illustrated in chapter 1, many years of efforts have gone into this work, from

the early 1950’s with investigations of the GC region by radio astronomers, to the present

where extensive multi-wavelength campaigns are carried out once or twice per year. These

have allowed for a gradually increasing level of accuracy in our measurements, and thus

tighter constraints on the parameters of the central source. The compact radio source

that we now refer to as Sgr A∗ was detected in 1974 by Balick and Brown, and although

it had already been associated with the nucleus a couple of decades earlier and soon after

with a supermassive black hole, it is only relatively recently that this hypothesis on the

nature of Sgr A∗ has become very compelling.

Relying not on Sgr A∗, but on the gas orbiting around it and more particularly on the

velocity of compact clouds distributed along the arms of Sgr A West, Lacy et al. (1979,

1980) estimated that the most likely distribution of matter consisted of a point-like mass

of ∼ 3× 106M� in addition to a more extended component of ∼ 3× 106M� (assuming a

density ρ∼ r−2) within 1 pc of the centre. These authors also estimated a lower bound

of 0.1M� per 1000 years (10−4M� yr−1) for the cloud formation rate, and hypothesized

that a gas sink accepting matter at a rate comparable to that of cloud production must

be present.

Astronomers motivated to constrain the central concentration of mass more reliably

then turned their attention to the stars in the central cluster, since these can be considered

as subject only to gravitational forces and thus potentially able to yield much more

stringent limits on the central mass and its size. Such measurements, based on the

velocity dispersion of stars, were performed from the late 1980’s to the mid 1990’s, and

converged towards a value of ∼ 3× 106M�, confined within a radius of ∼ 0.1 pc, hence

implying a density of 3× 109M� pc−3. Genzel et al. (1997) were the first to publish

the graph of the enclosed mass as a function of distance from Sgr A∗, reproduced here in

figure 2.6. These and other authors estimated a mass of ∼ (2.6± 0.6)× 106M�, enclosed

within 0.015 pc, increased the implied density by 3 orders of magnitude with respect to

the previously derived estimates (Eckart and Genzel 1997; Ghez et al. 1998).

Important technological improvements and the detection of deviations from linear

motion in the stars, permitted direct orbital studies near Sgr A∗. More specifically, the

orbits of two stars labelled S0-1 and S0-2 were reconstructed, yielding periods as short

as 35 and 15 years respectively. The orbital solutions gave a distance of closest approach
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Figure 2.6 Graph of the enclosed mass as a function of the distance from Sgr A∗ derived from mea-
surements of the proper motion of stars from 1992 to 1996 at the VTL. Figure is from Genzel et al.
(1997).

of 120 AU for S0-2, and mass estimates of (3.7± 1.5)× 106M� (Schödel et al. 2002) and

(4.0± 0.6)× 106M� (Ghez et al. 2003). Spectral lines detected in S0-2 offered complete

dynamical information while simultaneously exposing this star as a young main sequence

star of mass ∼ 15M� and age less than 10 Myr.

Continued efforts along the same lines of investigation have borne out amazing results

that are now firmly established and, as I alluded to in the first paragraph of this section,

render a serious debate on plausible alternatives to the supermassive black hole paradigm

difficult to imagine. An updated plot of enclosed mass versus distance, is presented in

Schödel et al. (2003) and reproduced in the left panel of figure 2.7. We see that the

enclosed mass is well described by a fit using a point mass of 2.8× 106M� plus the visible

star cluster. Note that the most constraining orbit is that of the star labelled S2 (same

star as S0-2).

The right panel of figure 2.7 illustrates the reconstructed orbits of seven stars that

include the highly eccentric orbit of S0-16 (or S14) which came closest to Sgr A∗, hence

providing the most stringent limit yet on the extent and density of the dark mass for

which the best current estimate is around 4.0× 106M�. The velocity of S0-16 as it came

whizzing by, was measured at an amazing 12 000 km s−1. This is a 15M� star moving at

4% of the speed of light! It is interesting to note that three of the seven stars: S0-1, S0-2

and S0-16, move in the clockwise direction; whereas the other four: S0-4, S0-5, S0-19 and

S0-20, orbit counter-clockwise around Sgr A∗. The dynamical centre of the central cluster

of stars corresponds to the position of Sgr A∗ within ∼1 milliarcsecond (Schödel et al.

2003; Ghez et al. 2005).

Before moving on to a more detailed presentation of Sgr A∗’s observational features,

I present another important argument in favour of the non-stellar nature of this object.

This argument relies on proper motion measurements of the central dark mass. The most

recent study of this kind was performed by Reid and Brunthaler (2004; see also Reid et al.

1999 and Backer and Sramek 1999) using the Very Long Baseline Array at a frequency
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Figure 2.7 Left panel: Enclosed mass in units of Solar masses, as a function of the distance from Sgr A∗,
inferred from the proper motion of stars within less than 1′′ of the Galactic nucleus. Measurements
were carried out between 1992 to 2002 at the VLT. Figure is from Schödel et al. (2003). Right panel:
Astrometric positions and orbital fits of the seven stars that show significant deviations from linear
motion, obtained from measurements between 1995 and 2003 at the Keck telescopes. Figure is from
Ghez et al. (2005).

of 43 GHz and based on measurements that spanned a period of eight years. The proper

motion of Sgr A∗ was measured with respect to two extragalactic radio sources and found

to be 6.379± 0.024 mas yr−1, almost entirely in the plane of the Galaxy. The effects of the

orbit of the Sun around the GC can account for this, and the residual motion of Sgr A∗

perpendicular to the Galactic plane is –0.4± 0.9 km s−1. From a maximum likelihood

analysis of the expected motion of a massive object within the observed Galactic centre

cluster, the authors find that Sgr A∗ must contain more than ∼ 10% of the total central

dark mass, or ≈ 3.5× 105M�. An astrophysical object with such a mass clearly cannot

be of stellar nature. Even the hypothetical intermediate mass black holes of roughly 103–

104M� can be excluded as possible candidates (see Reid et al. 2006 for a description of

the most recent proper motion measurements).

2.2.2 Observational Features of Sagittarius A∗

Sagittarius A∗ is a compact, non-thermal, synchrotron radio source, detected as such

in 1974 by Balick and Brown (1974). It is located in the southern hemisphere constellation

from which it inherited its name. ‘Sagittarius’ comes from the tradition in radio astronomy

to name a source after the nearest constellation, and the letter ‘ A ’ reflects the numbering

scheme for the order in which sources were discovered. Hence, Sagittarius A is the first

radio source discovered in that constellation. In the same way that the first radio sources

discovered in the constellations of Taurus, Virgo, Cygnus, Centaurus and Cassiopeia were

named Taurus A, Virgo A, and and so on. The ‘ ∗ ’, however, is used to distinguish it from

the surrounding radio complex, and also to underline the uniqueness of this point source,

buried in the larger Sgr A complex containing several different sources and components

presented in the first part of this chapter.

The intrinsic size of Sgr A∗ was recently resolved by Bower et al. (2004) as slightly

elongated and dependent on the wavelength at which it is observed. At all wavelengths
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Figure 2.8 Spectrum of Sgr A∗ from radio to infrared wavelengths. As indicated, units on X-axis are
log of frequency, and thus 9 corresponds to 1 GHz or 30 cm, and 14 corresponds to 105 GHz or 3µm. The
peak is in the sub-millimeter part of the spectrum, between 12 and 13, equivalent to the range from 0.3
and 0.03 mm.

down to a few mm, the size of the compact radio source Sgr A∗ follows the well known

lambda squared relation of the interstellar scattering effects. The deviation from this

relationship at mm wavelenghts attests to the fact that we are indeed measuring the

intrinsic size of the source. The wavelength-dependence clearly shows that the source is

stratified due to optical depth effects, and therefore also that the emission from Sgr A∗

arises from a multi-component environment populated by gases and particles subject

to different conditions. The source size as a function of wavelength was derived from

measurements at 3.5, 6.9 and 13.5 mm, and is well fit by a power-law of the form: size∝λα,

with α≈ 1.6 and 2.1, for the major and minor axes respectively. At 7 mm, where the

measurement has the smallest uncertainty, the size of the major axis is 0.7 milliarcseconds

equivalent to ∼25 rs.

Its spectrum from the radio to infrared domains, shown in Figure 2.8, appears to be

heavily absorbed at low frequencies, and exhibits a marked enhancement in the millimeter

to submillimetre region. It is constrained only by upper limits in the far-IR, labelled as

two down-pointing arrows around 1013 Hz or 30µm, and then begins to drop at near-IR

wavelengths. The seemingly bi-valued flux measurements at one given frequency in the

near-IR correspond to “quescient” and flaring states, observed by two groups: one at the

VLT (Genzel et al. 2003), and another at the Keck telescopes (Ghez et al. 2003). It

is important to point out that no quiet or quiescent state has ever been detected in the

near-IR. Rather, what is seen is a continuously variable flux with some peaks that stand

out more significantly than others.

A very interesting and highly informative feature of the light that reaches us from the

vicinity of the black hole, is the polarization fraction as a function of wavelength. We

can consider polarization as an indicator of the orderliness of the system from which the

radiation originates. For example, a highly magnetised plasma will flow in a well defined

way, and the electrons in this plasma will radiate in a very similar way, determined

primarily by the angle between their velocity vector and the direction of the magnetic
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field lines. This well defined configuration, leads to interactions that give rise to radiation

composed of photons whose electric field component is directed in a preferred way. If

these photons reach the instruments of detection without interacting much with different

media along the line of sight, they retain this particular polarization.

Measurements to probe these characteristics in the light reaching us from the Galactic

nucleus were carried out at radio wavelengths (submillimetre) where the instruments allow

us to gather this kind of information. Although no significant polarization is detected up

to ∼100 GHz (3 mm), the linear polarization fraction increases to ∼10% at frequencies of

150 GHz (2 mm), 230 GHz (1.3 mm) and 400 GHz (0.75 mm) (Aitken et al. 2000; Bower

et al. 2003). It appears to vary in position angle (Bower et al. 2005), and consider-

ably in polarization fraction according to very recent measurements carried out with the

Submillimeter Array at 340 Ghz (0.9 mm) (Marrone et al. 2006b; Marrone et al. 2006a).

As mentioned above, this region of the spectrum is characterised by an enhancement or

excess, sometimes referred to as the ‘millimeter to submillimetre bump’, which therefore

also marks the spectral region of maximum radiated energy. This polarized radiation is

synchrotron emission most likely arising in a region very close to the central object’s event

horizon.

The nature of this object is almost certainly that of a supermassive black hole with a

most probable mass of ∼3.6× 106M�, and without a doubt between 3 and 4 million solar

masses. Its very low bolometric luminosity of ∼1036–1037 ergs s−1, has been the source of

a major puzzle for the last few decades to understand why it is so low compared to what

it could be for an object of this mass. Of course the black hole itself does not radiate,

and the radiation we see comes from the region surrounding it, but we know, and have

known for at least 25 years (Lacy et al. 1980), that matter in the form of gas does fall

in towards the nucleus. Estimates on the rate at which the central object is fed by the

infalling gas have changed over the years, and I will come back to this problem later,

but in any case, Sgr A∗ radiates ∼50 to 500 million times less than the maximal allowed

luminosity for a spherical and static accreting object of its mass. We have gradually

come to understand the reasons for this low luminosity through continued observations in

different wavebands combined with theoretical efforts. Nonetheless, this characteristic has

remained the primary motivator for the study and understanding of how this supermassive

black hole actually works, and how its surroundings are affected by it.

In the next section, I present a summary of how we have come to understand that

gravitational energy plays a very important role in the physics of compact objects, and

therefore in astrophysics as a whole. In fact, graviational energy is now generally recog-

nised as what ultimately powers supermassive black holes in the universe.
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2.3 Gravitational Energy and Accretion

2.3.1 Gravitational Energy in Astrophysics

It has been known since the work of Hans Bethe and others, that a star is fueled, during

most of its life, by the energy released from nuclear fusion of four hydrogen atoms into

one of helium. On Earth, we use almost exclusively what we can call chemical energy: the

energy released through breaking the bonds between molecules and atoms. Of these two

sources of energy, nuclear fusion is far greater in efficiency, that we define as the ratio of

the energy released to the total available energy or rest mass: η=E/mc2. The efficiencies

of nuclear fusion and chemical energy release are ηnucl∼ 7.25× 10−3 and ηchem∼ 5× 10−10

respectively5. Now, if we consider the efficiency of gravitational contraction of an object

of mass M , from infinity to a radius r, the energy released is ∼GM2/r while the total

rest mass energy is Mc2. Hence, the efficiency of gravitational energy release is:

ηgrav ∼
G

c2

(
M

r

)
∼ 2× 10−6 for M = M� and r = R� (2.1)

but as high as ∼20% for a neutron star with 1.44M� and r = 10 km. For the gravitational

energy efficiency, the critical parameter is clearly the ratio of mass to radius, M/r.

Assume that the Sun (M� = 2× 1033 g and L� = 3.85× 1033 ergs s−1), has radiated

energy at this rate since its birth some 4.6 billion years ago. The ratio of radiated energy

until today to its rest mass gives the approximate efficiency with which the Sun releases

energy:

ηsun =
L�τ�
M�c2

= 3.125× 10−4 (2.2)

This value is clearly greater than the gravitational efficiency, and much greater than the

chemical energy release efficiency. It is, however, quite comparable to the nuclear efficiency

that emerges as the only feasible powering mechanism.

The importance of gravitational energy as a fuel in powering astrophysical sources

only became apparent with the breakthrough in our understanding based on the study

of the quasi-stellar object 3C 273. As was outlined in chapter 1, Schmidt (1963) detected

this source as a moderately bright star, but in analyzing its spectrum he realised that the

Balmer lines of Hydrogen were shifted by 16% from their rest wavelength. This meant

that the source was not only moving away from us very fast, but that it was ∼2.5× 109 ly

away. He estimated 3C 273’s intrinsic luminosity as ∼1047 ergs s−1. This was not only

∼1000 times more luminous than a typical galaxy, but it was concentrated directly on

the point-like object. Several other quasars were subsequently identified and observed at

radio wavelengths.

These observations revealed jet-like structures, usually two-sided and symmetrically

pointing away from the centre of similar objects, that were named quasi-star (later

5In the case of nuclear fusion, the efficiency, ηnucl, is calculated directly from the mass difference
between four H atoms and one He. Each H has an atomic mass of 1.0079, and He has a mass of 4.0026.
The difference per H atom is therefore 0.00725, which implies that each H atom releases an amount of
energy equivalent to 0.00725 of its total rest mass. In other words, the efficiency of nuclear fusion is:
ηnucl∼ 7.25× 10−3. Perfectly burning 1 kg of a fossil fuel like coal for example, releases ∼2× 1014 erg
compared to its total energy of ∼9× 1023 erg. If we use a higher quality fuel like kerosene which releases
about twice as much energy as coal per unit mass, we derive an efficiency of ηchem∼ 5× 10−10.
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quasars). The jets were used to estimate the ‘lifetime’ of activity at that enormous

level of energy output of the order of a million years. Therefore, the total energy release

over that period of time would be an astounding E∼ 1060 erg. A final detail concerning

the size of the source of the emission was needed to clarify the nature of these intriguing

objects. For this, the light travel-time argument was used: if we observe a variation on a

timescale t in the intensity of a source of size R, then we can safely say that the size of

the source must be smaller or equal to the distance travelled by light during that time.

Therefore R≤ ct, and since variability on timescales of a few days or less are common in

quasars, this implies that the size of the emitting object is around 1 light day or ∼1015 cm.

Since the efficiency of hydrogen burning is around ηnucl∼ 0.007, 108M� of H perfectly

converted to He would produce the required 1060 erg. However, confining such a mass to

a region that is one light day in size, would make the gravitational energy dominant over

the nuclear since the efficiency of the former increases as the mass gets larger and the

radius smaller:

ηgrav =
Egrav

Mc2
=
GM2/r

Mc2
=

2.64× 1060

1.79× 1062
= 0.015 (2.3)

These constraints, led to the conclusion that quasars must be powered by supermassive

black holes.

In 1969, Lynden-Bell proposed the concept of a system composed of a supermassive

black hole and an accretion disc. This concept gradually gained more observational sup-

port over the years, in its application to supermassive but also to stellar mass black holes

and other compact objects such as neutron stars and white dwarfs. I will now review some

of the basic ideas underlying the physics of accretion in the case of a static, spherical,

accreting system, and in the case of disc accretion.

2.3.2 Accretion Onto a Black Hole

Accretion is commonly used to mean growth in size and/or mass by a gradual external

addition. In astronomy it is used in the sense of the coming together or cohesion of matter

under the influence of gravitation to form larger bodies. In the case of astrophysical

objects, it applies to a wide range of systems, and refers to interstellar matter of any form

agglomerating around a denser core. For compact objects, it is used to describe the falling

of matter onto the surface of a stellar remnant like a white dwarf or neutron star, or into

a black hole. Since radiation cannot escape from the intense gravitational field of a black

hole, we do not speak of a surface. Instead we use the concept of event horizon, given by

the Schwarzschild radius for a non-rotating black hole, defined as the distance from the

massive object at which the velocity of a particle must equal that of light in order for its

kinetic energy to balance the negative gravitational potential in which it is embedded.

Despite the fact that the Schwarzschild derivation was performed entirely in the con-

text of the General Theory of Relativity, a fully classical treatment yields the same solu-

tion. The simple classical derivation goes as follows. Requiring Etot = Ekin + Egrav = 0,

we find the radius that satisfies this condition by equating the magnitude of the kinetic,

Ekin = 1
2
mv2, to that of the gravitational energy, Egrav =GMm/r. Setting the velocity to

be that of light (v= c), we find the last stable orbit for light: the Schwarzschild radius,

rs = 2GM/c2. A black hole is characterised by three parameters: its mass, charge and

intrinsic angular momentum or spin. In practice, only the mass and spin are considered.
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Independently of the nature of the accreting object, a particle of mass m sitting

motionless at an infinitely large distance from that object, has zero kinetic energy and

zero potential energy. This is so because the former is a function of the velocity of the

particle, which is zero, and the latter depends inversely on its distance from the massive

object, which is infinite. When the particle finally reaches the surface of the object with

mass M , and radius r, its kinetic energy is once again zero, since it is unmoving on

the surface, but its potential gravitational energy is given by Egrav(r) =−GMm/r. The

change in the particle’s total energy is thus:

Etot(∞)− Etot(r) =
GMm

r
(2.4)

and this is therefore also the amount of energy available to be released in the form of

radiation. This available energy grows linearly as the mass of the gravitating object

increases, but also as its radius decreases.

If we consider not a single particle, but rather a flow of infalling matter, then the

luminosity, or radiated energy per unit time, associated with this accretion is given by

an expression similar to the one above, but where the mass of the particle in grams

(m), is replaced by the rate of accretion in grams per second (Ṁ), and where the energy

conversion efficiency (η) is taken into account. The accretion luminosity is then:

LA = η
GMṀ

r
(2.5)

Note that in the case of a black hole, considered to be surface-less, the above expression

may not hold, but as a first approximation we replace the radius of the object, r, by the

Schwarzschild radius, rS = 2GM/c2, and find the accretion luminosity to be:

LA(BH) = ηṀc2 (2.6)

where the factor 1/2 was incorporated into η, which now clearly measures how efficiently

the rest energy of the accreted material is converted into radiation.

In the case that the accreting matter is supplied by stellar winds, we may wonder at

what distance from the compact object will the gas particles be captured by its gravita-

tional field. This is a very relevant question since stellar wind particles will be released

from the star’s own gravitational field only if their velocity, vw, is at least commensurable

with the star’s escape velocity, typically of the order of 600 km s−1 for a star like the sun,

vw ∼ vesc =

√
2GM∗
r∗

∼ 600 km s−1 (2.7)

but that can reach several thousands of km s−1 for more massive stars. Note that the

accretion or capture radius, rA, depends on the mass of the gravitating object, but also

on the relative velocity of the gas with respect to the accreting source. Clearly, it is more

difficult to capture a fast moving particle than a slow one. The accretion radius and rate

of accretion at that distance from the central object are given by:

rA =
2GM

v2
rel + c2

s

∼ 2GM

v2
w

and ṀA = 4πr2
Aρwvw (2.8)
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where M , is the mass of the accreting body, vrel, is the relative velocity of a stellar wind

particles with respect to the central mass, usually much greater than cs, the speed of

sound given by:

cs =

√
∂P

∂ρ
(2.9)

and can have two values in the case of adiabatic (no exchange of energy) or isothermal

(no change in temperature) propagation:

cad
s =

√(
5P

3ρ

)
ciso

s =

√(
P

ρ

)
(2.10)

For a gas temperature T , we can approximate cs in both cases numerically using:

cs ' 10

√
T

104 K
km s−1 (2.11)

It is also possible to get a rough idea of the spectral range of the emission from

compact accreting objects. We consider an object of mass M and radius R, with an

accretion luminosity LA, and a flow in which the electrons can be characterised by a

Maxwellian distribution. We define the radiation temperature, Trad, such that the energy

of a typical photon is:

Eν̄ = hν̄ ∼ kTrad and thus Trad = hν̄/k (2.12)

We define the black body temperature, Tbb, as that which the source would have if it were

to radiate the given power as a blackbody:

Tbb =

(
LA

4πR2σ

) 1
4

(2.13)

with σ being the Stefan-Boltzmann constant, and the thermal temperature, Tth, as that

which the material would reach if all of its gravitational potential energy were turned

into thermal energy. Hence, equating the accreted gravitational energy of a proton (the

electron’s is negligible) to the thermal energy of the pair, we find:

Tth =
GMmp

3kR
(2.14)

The thermal temperature, is closely related to the virial temperature for a system in

mechanical and thermal equilibrium: Tvir = 0.5Tth.

To establish the approximate range for the temperature of the radiation (Trad), we

note that if the flow is optically thick, the radiation cools as it reaches thermal equilib-

rium with the material surrounding it before escaping to the observer, yielding the lower

limit: Trad &Tbb. If the opposite is true and the radiation from the direct conversion

of gravitational energy escapes to the observer without interacting, then this yields the

upper limit Trad .Tth.

Taking a maximum temperature of Tth∼ 1011 K, typically seen in the hotter parts

of flows around neutron stars and stellar mass black holes, and an accretion luminosity

of LA∼ 1036 ergs s−1 to establish the lower limit for the radiation temperature, we find



Chapter 2: The Galactic Centre Region: Complexity and Synergy 33

that the range of energy for the typical photon is: 1 keV.hν̄. 50 MeV. Hence, compact

accreting objects will generally radiate the bulk of their luminosity in the X-ray to soft

γ-ray band.

In the sections that follow, I derive the maximal luminosity for static, spherically

symmetric accretion most often referred to as the Eddington luminosity. I then use the

formula for the accretion luminosity of a black hole and apply it to Sgr A∗ using two values

for the accretion rate. Finally, I briefly review some of the basic ideas in accretion disc

theory.

Spherical Accretion and the Eddington Limit

In the simplest case of spherically symmetric, steady accretion (also called Bondi-

Hoyle accretion, named after the people who first studied this in the 1940’s and 1950’s),

matter falls onto the compact object from all directions. The mass accretion rate is given

by Ṁ = 4πr2ρv, where ρ and v are the density and velocity of the infalling matter. For

such a system, the maximum accretion luminosity is termed the Eddington luminosity.

Consider the idealised case of a fully ionized hydrogen plasma, consisting of free pro-

tons and electrons, distributed isotropically around a gravitating body of mass M . At a

distance r from the centre of the source of gravity, the inward pulling force due to the

gravitational potential and the outward pushing force caused by the radiation pressure

both act on a particle located there. Clearly, if the force of gravity is greater than the

radiation pressure, matter will be accreted. Otherwise, the gas will be blown away. The

critical accretion and luminosity limit is found when these forces are balanced.

For a luminosity L, the energy flux, f , per unit time and unit area, is the luminosity

divided by the area of the radiating surface:

f =
L

4πr2
(2.15)

Since the total energy of a particle is given by Einstein’s equation: E2 = p2c2 + (mc2)2, in

the case of photons where p = E/c, the momentum flux carried outward by the radiation

is:
f

c
=

1

c

L

4πr2
(2.16)

Now, the effective “area”, or cross-section, of a particle with a mass m and charge e, as

it is “seen” by a photon incident on it, is given by the Thompson cross-section6:

σT =
8π

3

(
e2

4πε0mc2

)2

(2.17)

Therefore, the outward force imparted to this particle by the radiation is:

Frad = σT
f

c
=

σT

c

L

4πr2
(2.18)

6The classical Thompson cross-section is calculated by considering that an electromagnetic wave inci-
dent on a stationary electron transfers some energy to it through the electric force FE = Ee, and sets the
particle in an oscillatory motion. This motion therefore gives rise to cyclical acceleration of the electron,
which in turn results in the emission of dipole radiation. The “cross-section” is in fact the ratio of the
power radiated by the electron to the average incident energy flux: a kind of efficiency of the electron to
convert the energy of the incident wave into dipole radiation.
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The inward force of gravity acting on the same particle is:

Fgrav =
GMm

r2
(2.19)

and although both of these two forces act on all particles, electrons and protons alike, the

large mass difference between these (mp ' 2000me) makes it so that the effect of gravity

is ∼2000 times larger on the protons, while the radiation pressure is nearly 4 million

(20002) times stronger on the electrons. We can therefore find the critical luminosity

limit for which the two oppositely acting forces balance one another by equating these,

and treating the problem as if gravity acted only on the protons and radiation pressure

only on the electrons, with the two species strongly coupled. Solving for L in the following

equation:
GMmp

r2
=
σT

c

L

4πr2
(2.20)

yields the maximal luminosity for a static, spherically radiating object, accreting a fully

ionized hydrogen plasma: the Eddington luminosity

LE =
4πcGMmp

σT

(2.21)

where σT = 6.652× 1025 cm2 (for electrons). Note that this expression does not depend on

the distance from the source, since both forces have exactly the same 1/r dependence, and

if they are equal at some radius r, they are equal everywhere. The Eddington luminosity

for a one solar mass object is:

LE = 1.25× 1038 erg s−1 (2.22)

And since it scales directly with mass, for a 3.6× 106M� black hole like Sgr A∗, it is:

LE = 4.5× 1044 erg s−1 (2.23)

Finally, given that the luminosity associated with an accretion rate, Ṁ , is L = ηṀc2, the

Eddington limit implies that the rate of mass-accretion cannot surpass a certain critical

limit and must therefore obey the inequality:

Ṁ .
1

η

LE

c2
= ṀE (2.24)

The Eddington limit is obviously not very relevant in the study of weakly emitting

systems like the one in which Sgr A∗ is the principle component. Instead, we may find

that the accretion luminosity is a more useful quantity to compute and use as a means

to possibly gain some insight into the conditions around this supermassive black hole.

From equation 2.8, we can get an idea of the accretion rate at the capture radius for

Sgr A∗. Taking reasonable values for the GC: vw = 700 km s−1, rA = 1017 cm, and a stellar

wind density ρw = 10−21 g cm−3, given by assuming that the main source of wind in the

region is the IRS 16 cluster located at a distance of 0.04 pc (∼1017 cm) and having a total

mass loss rate of ṀIRS16∼ 3× 10−3M� s−1, we find an accretion rate at the capture radius

of Ṁ(rA)∼ 1.5× 10−4M� yr−1. This is in perfect agreement with the observation-based

estimates of Lacy et al. (1980) for the amount of gas falling into the central potential
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well. Using this as the accretion rate at the capture radius, the accretion luminosity for

Sgr A∗ is:

LA(Sgr A∗) = ηṀc2 = η (1.5× 10−4M� yr−1)c2 ≈ η · 1043 erg s−1 (2.25)

Hence, the efficiency must be of the order of η∼ 10−6–10−7 to account for the total

observed luminosity of Sgr A∗ integrated over all frequencies at which the source is detected

(∼1036–1037 ergs s−1). On the other hand, if we suppose an accretion rate of 10−7M�yr−1

near the event horizon, imposed as an upper limit by the linear polarization measurements,

and apply a nominal efficiency of 5% for black holes, we find an accretion luminosity of:

LA(Sgr A∗) ≈ 1038 erg s−1 (2.26)

which is quite a bit smaller than the previous estimate, but still ∼10–100 times larger

than Sgr A∗’s bolometric luminosity.

Disk Accretion

As the matter falls in towards the massive accreting object, if it has even a little

angular momentum, it will eventually circularise and start orbiting the central mass while

spiraling inwards. This forms an accretion disc, a term used to describe the disc-like

configuration of mostly hydrogen gas (we think), rotating around an astrophysical object

and characterised by an inward flow. The features of this disc can vary widely from thin,

extended in radius and opaque, to thick, small and transparent. The rotation in the disc

is mainly determined by the balance of gravitational and centrifugal forces. Equating

the two yields the Keplerian rotation law which applies best to thin discs. The angular

velocity of the gas (Ω) is a function of both the mass of the central object (M) and of its

distance from it (r).

Ω =

√
GM

r3
(2.27)

The viscosity of the gas in the accretion disc causes it to heat up and radiate. Moreover,

the viscous interactions between the inner and faster rotating layers of gas with the slower

outer ones, are responsible for the transfer of momentum outward. This causes the inner

layers to slow down and fall in as they lose momentum, and the outer ones to gain speed

and move inward to replace the infalling gas. It seems that the idea of a viscous accretion

disc can be traced back to Lynden-Bell (1969), and a short description of the process is

found in Lynden-Bell and Rees (1971), the paper that contained the prediction for the

existence of a bright compact non-thermal radio source at the centre of our Galaxy. These

authors wrote:

1
9
7
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M
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A crucial point that must be stressed is that in the neighbourhood of a compact
object such as a black hole, the theory of General Relativity shows that the steepening
of the gravitational potential is so radical, that circular stable orbits cannot exist beyond
what is referred to as the marginally stable or last stable orbit (LSO). This property of

relativistic gravitating objects therefore ensures that at least some gas captured in the accretion

disc continues to fall in toward the central object, and imposes a constraint on the size of the

inner edge of the disc. For a Schwarzschild or non-rotating black hole, the inner edge of the disc

can reach the last circular orbit:

rinner ' rLSO = 3rS =
6GM

c2
(2.28)

Therefore from equation 2.5 the accretion luminosity of a disc with a radius that extends

down to rinner is given by:

Ldisc = η
GMṁ

2rinner
(2.29)

Here, ṁ is the mass accretion rate, and η is the efficiency with which the energy is converted

into radiation. If we consider a black hole and simply substitute rinner = 3 rs, we find that:

Ldisc(BH) = η · 1

12
ṁc2 (2.30)

This offers an intuitive interpretation for the disc luminosity as the energy released per unit time

from the conversion of the accreted mass to radiation modulated by the conversion efficiency.

This efficiency of ηgrav = 1
12 , is in fact slightly overestimated, and when relativistic effects (the

effective gravitational potential) are taken into account, it turns out to be 1
18 (5.6%) for a non-

rotating black hole. The angular momentum of the black hole increases the conversion efficiency

to a maximum of ∼42% for an extreme Kerr black hole (maximally spinning and prograde disc).

Interestingly, the luminosity of a black hole accretion disc depends only on the accretion rate

and not on the mass of the accreting object.

Many people helped lay down the foundations of accretion theory, starting in the 1940’s and

1950’s with Bondi and Hoyle, through the 1960’s with Salpeter, Zel’dovich, Novikov, Hayakawa,

Matsuoka, Shklovsky, and then in the 1970’s with Lynden-Bell, Pringle, Rees, Shakura, Sunyaev,

Novikov, Thorne and others. The standard accretion disc model was established by Shakura and

Sunyaev in 1973. In this picture, the gravitational potential is determined by the central object

only, and the self-gravity of the disc is ignored. The disc is steady, axisymmetric, geometrically

thin (its radius, r, is much larger than its half-height, H), and optically thick in the vertical

direction, i.e the mean free path of a photon is much larger in the vertical direction than it

is in the radial. Keplerian motion is dominant, and thus azimuthal velocity is much larger

than radial, hydrostatic balance holds in the vertical direction, and a particular viscous law is

parameterised as:

ν = αcsH (2.31)

where ν is the viscosity and α is a constant having a value between 0 and 1 in which we hide

our ignorance of the viscosity mechanism. It is this constant that gave its name to the idealised

thin-disc of Shakura and Sunyaev, now most often referred to as the α-disc.

Several other configurations of accretion discs have been considered and applied to meet

observational constraints and study various systems. To give an overall picture that will suffice

for the context of this thesis, we can say that in general, if a gas particle moves across the

capture radius of a massive object in a direction other than towards the central object, it will

naturally circularise in an orbit around the centre of mass. The gas particles will gradually

agglomerate and form a disc whose size and shape depends largely on the angular momentum
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of its constituents but also on a lot of other factors. Nonetheless, the outer parts of the disc

may have a tendency to spread vertically, and the viscosity will probably play to make the disc

fatter towards the centre.

Some people argue that as the material progressively loses its angular momentum moving

towards the inner part of the disc, an important spreading out of the gas in the vertical direction

takes place. This very hot gas, mostly composed of electrons that gained their energy by coulomb

interactions with the much heavier protons that gained theirs primarily from the gravitational

energy, could form a grossly spheroidal cloud around the central object: the corona. The

formation and heating of this corona is a complex problem that has not yet been resolved, and

thus many scenarios of corona formation exist, each resulting in different geometries.

In any case, we can safely say that infalling gas having a high angular momentum with

respect to the central object will tend to form a extended disc, and that gas without angular

momentum may not form a disc at all. Naturally, the shape and features of the disc will also

reflect the conditions that pervade the environment around the black hole.

The assumption in the Shakura-Sunyaev model that the disc is optically thick in the direction

perpendicular to its plane leads to one particularly important consequence: each element of the

disc face radiates roughly as a blackbody with temperature T (r) given by equating the viscous

dissipation rate Dvisc(r) per unit area to the blackbody flux Fbb:

Dvisc(r) =
3GMṀ

8πr3

[
1−

√
R∗
r

]
and Fbb(r) = σT 4(r) (2.32)

This yields the temperature as a function of distance from the central object:

T (r) =

(
3GMṀ

8πr3σ

[
1−

√
R∗
r

]) 1
4

(2.33)

The spectrum of the radiation that arises from the disc can hence be described as a super-

position of blackbody components, each associated with a ring in the accretion disc. As the

infalling gas heats up through viscous interactions, there arises a temperature profile along the

disc where the innermost portion is the hottest and the outermost the coolest. The resultant

spectrum is characterised by three distinct regions: a relatively smooth rise of the form 2kTν2/c2

(Raylegh-Jeans region), a flatish middle portion that appears as a stretched out blackbody dis-

tribution resulting from the sum of several different blackbody components which peaks at the

maximum disc temperature Tmax, and a steep exponential fall beyond the hottest portion of the

disc following the Wien form: 2hν3 exp−hν/kT /c2. The maximum disc temperature is given by:

Tmax(r =
49

36
R∗) ' 0.488 T∗ where T∗ =

(
3GMṀ

8πR3
∗σ

) 1
4

(2.34)

The above expression clearly depends on the accretion rate and radius of the compact object

but also on its mass, unlike the luminosity of a black hole accretion disc that depends only on

the accretion rate.

We can use the maximum temperature to determine the peak in the spectrum from the

discs that form around different types of objects like white dwarfs, neutron stars and stellar

mass black holes, as well as supermassive black holes. Doing this, we find that for a neutron

star or stellar mass black hole with M ∼ M�, Ṁ ∼ 10−9M� yr−1 and R∗∼ 106 cm, the tempera-

ture is T ns
∗ ∼ 1.3× 107 K which corresponds to a frequency of νns

∗ ∼ 3× 1017 Hz, hence the X-ray

range. For the typical supermassive black hole in active galactic nuclei with parameters given
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as M ∼ 108M�, Ṁ ∼ 1M� yr−1, and R∗∼ 1014 cm, the temperature is T agn
∗ ∼ 2× 105 K, corre-

sponding to a frequency of νagn
∗ ∼ 4× 1015 Hz, and therefore in the far-UV part of the spectrum

at around 70 nm. This feature in the spectra of AGN is called the “big blue bump”.

Let us consider the case of Sgr A∗, and where we would expect to see the peak of the

emission if an accretion disc were present around it. Its mass is M = 3.6× 106M�, observations

constrain the accretion rate to be lower than 10−7M�yr−1 (6× 1018 g s−1), and the Schwarzschild

radius is R∗∼ 1012 cm. Using Eq. 2.34 once more, we find a temperature of T SgrA
∗ ∼ 5× 104 K,

corresponding to a frequency of ν∼ 1015 Hz or ∼300 nm, and therefore ultraviolet wavelengths.

The “bump” in the spectrum of Sgr A∗, however, peaks near 1012 Hz, and is in fact called the

“mm-bump” for the obvious reason that it peaks at millimeter wavelengths. This is a difference

of three orders of magnitude towards lower frequencies for the peak of the emission! Since the

peak frequency is rather insensitive to changes in the accretion rate and the mass is tightly

constrained, this clearly illustrates that there cannot be a luminous, optically thick accretion

disc around Sgr A∗.

Finally, other interactions within an accreting system give rise to additional spectral compo-

nents. For example, the hot and dense plasma will radiate by thermal bremsstrahlung, emitting

photons with energies determined by the temperature of the gas. If the magnetic field is strong,

then electrons tightly spiralling along field lines will emit polarized synchrotron radiation. Also,

it is possible for a photon that left the disc, to encounter a fast electron moving freely in the

corona, get energised by it to X-ray or γ-ray energies, and give rise to a hard inverse-Compton

component in the overall spectrum. Processes such as self-absorption, where within a given

population of electrons, photons radiated by some are absorbed others, or self-Compton where

photons interact, maybe repeatedly, with fast moving electrons and are boosted to higher ener-

gies, can further alter the final observed spectrum.

In the next chapter, I review the history of high energy observations of the GC. I make use of

the observational context to introduce the main phenomenological models developed to account

for Sgr A∗’s spectral features, and to trace the evolution of these and of our understanding about

the Galactic nucleus. The review covers the years from the first X-ray imaging satellites in the

late 1970’s, up to the end of 2002, marked by the launch of the INTEGRAL mission: a most

natural way to define history from my perspective, since I began my doctoral work just a few

months after the successful launch of INTEGRAL.



Chapter 3

High Energy Observational History

of the GC

Astronomers have observed the centre of the Galaxy for several decades, and every passing

month brings new information and details about the environment and processes that take place

in this region of the Milky Way. High energy observations of the GC, in X-rays for example,

are a more recent development, dating back to the 1970’s, some 35 years ago. This chapter

presents a survey of the high energy observational history of the GC, with emphasis on the

results obtained using imaging instruments.

The scientific context in which the interest in high energy observations arose and grew is

briefly discussed in § 3.1. This is followed by two short accounts that outline the development

of γ-ray and X-ray astronomy in space and the first few historical results (§§ 3.1.1 and 3.1.2).

Section 3.2, reviews the observational results obtained in the 1980’s (§ 3.2.1) and 1990’s (§ 3.2.2),

and in particular, I give a detailed presentation of the results obtained by the first generation

of X-ray imaging instruments Einstein and Spacelab 2, and those that followed in the second

generation with Rosat, ASCA, ART-P, Sigma and EGRET, both in the X-ray and γ-ray domains.

In the last part of § 3.2, I present the main aspects of the various emission models that appeared

during this period in an attempt to explain the somewhat unexpected radiative behaviour of

the Galactic nucleus (§ 3.2.3).

The more recent history and results are presented in § 3.3. This covers the time between

the launch of Chandra and XMM-Newton in 1999, and that of INTEGRAL in 2002. This part

of the chapter, begins with the presentation of these two modern X-ray observatories (§ 3.3.1)

that have allowed high energy astrophysicists to leap forth into an uncharted arena of new

insights about the behaviour of the Galactic nucleus and of its environment. This is followed

by a description of the first detection by Chandra of an X-ray counterpart to the compact radio

source Sgr A∗ (§ 3.3.2), of several subsequent detections of X-ray flares from the central black hole

(§ 3.3.3), and on Chandra’s update on the apparently diffuse X-ray emission seen in the central

region (§ 3.3.4). The chapter ends with a review of the additional observational constraints, and

revision of the evolving emission models for Sgr A∗ which naturally shift and change to adapt

to the observations (§ 3.3.5). A final note is made to set the stage as it was in 2002 just before

the launch of the INTEGRAL satellite, and present the open issues which we aspired to clarify

with the help of this new soft γ-ray observatory.

39



40 Chapter 3: High Energy Observational History of the GC

3.1 The Scientific Context: Why X-rays and γ-rays?

The matter is very simple: since we are in the plane of the Galaxy, our view of the central

region is heavily obscured by dust along our line of sight. Therefore, we can only observe

this region at longer wavelengths for which the dust does not act as a thick veil, and shorter

wavelengths where the energy of the electromagnetic wave (or photons) is high enough to allow

it to travel the distance from the GC unimpeded. In practice, this means that we can gather

information about this region at all wavelengths from radio to infrared (these are long and travel

“around” the dust grains), and from photons at X-ray energies above ∼1.5 keV and beyond, for

which the interstellar medium is transparent.

The story of the Galactic centre as a radio source began, not in the 1970’s with the discovery

of Sgr A∗, but much earlier on, sometime in 1932 when the American radio engineer Karl Jansky

found that the centre of the Galaxy was probably emitting powerful radio waves. I use the word

‘probably’ because his observations didn’t allow a full view of the southern hemisphere. The

discovery of Sgr A was actually made by Piddington (1951) at 1210 MHz, but brought to the

attention of the community as being associated with the nucleus of our Galaxy by McGee and

Boulton (1954). Technological advancements in the field of radio communications, primarily

fueled by military applications, allowed a relatively fast growth of astronomy in this domain.

Its development at X-ray and γ-ray energies, on the other hand, was a little slower.

High energy astronomy was for a long time essentially the study of cosmic rays: very energetic

particles that rain down on the Earth from distant regions of the cosmos, and the quest to

understand their nature and origin. This was first done with balloons carrying detectors, then

with space borne missions, and eventually with ground based facilities using different detection

methods. Somehow, the study of particles and γ-rays led to the evolution of the distinct fields

of particle physics, on the one hand, and X-ray/γ-ray astronomy on the other.

Although intimately related, these two branches of high energy astrophysics gradually grew

apart, for we developed the means to focus X-rays but were never able to do the same with γ-

rays. Hence, the difference in energy between X-rays and γ-rays, has required the development

of different detection techniques. X-rays, collected and focused by grazing incidence mirrors,

are used to make images with an angular resolution of the order of an arcsecond. This is

nearly 150 times finer than what is achieved today on the two most advanced γ-ray instruments:

INTEGRAL, a soft γ-ray space telescope, and HESS, a ground based, very high energy γ-ray

telescope array.

For this reason, the detailed morphological study of the nuclear region and the crowded

field of the central parsecs at high energy has been mostly carried out in the X-ray domain.

Observations in the γ-ray domain have until now mostly provided clues on the underlying physics.

Hence, we have learned quite a lot about the supermassive black hole and its neighbourhood

through X-ray observations, and have only very recently tapped into the new resource of fine

γ-ray imaging as a means to uncover the physics of this object and its interactions with the

surrounding medium. As a natural consequence of this, this chapter discusses the many X-ray

results that have paved the last decades of Galactic centre research, and only one γ-ray detection

of emission within ∼30′ of the Galactic nucleus.

3.1.1 Gamma-ray Astronomy in Space

Gamma-rays from space are mostly absorbed by the Earth’s atmosphere, and for this reason,

they cannot be detected. Hence, γ-ray astronomy developed when it became possible to get

detectors above the bulk of the atmosphere using balloons, at first, and then spacecrafts. In

1961, the first γ-ray telescope was placed in orbit on the Explorer-XI satellite. It detected less
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than 100 cosmic γ-ray photons that appeared to come from all directions, thus implying the

existence of a uniform ”γ-ray background”. Such a background was interpreted as arising from

the interaction of cosmic rays with the interstellar matter. In 1967, the γ-ray detector on board

the Orbiting Solar Observatory (OSO-3) detected 621 events above 50 MeV that were attributed

to the Galactic γ-ray emission, including those that originated from a flare period in Scorpius

X-1 (Sco X-1). This source bears its name from being the first detected X-ray source in the

Scorpius constellation, and is a very bright X-ray binary neutron star systems. A complete sky

survey showed that most of the emission above 50 MeV was concentrated along the Galactic

equator, with an intensification towards the centre of the Galaxy.

Great leaps forward were brought to the field of γ-ray astronomy by NASA’s SAS-2 (Small

Astronomical Satellite, 1972–1973) mission, and especially by ESA’s COS-B (1975–1982) satel-

lite. These provided a new, broad and exciting window onto the high-energy universe by con-

firming earlier findings of the γ-ray background, but also by producing the first detailed map

of the sky at these high energies and detecting a number of point sources that unfortunately

could not be identified with individual stars of cataloged astrophysical objects due to the lim-

ited angular resolution. COS-B gave us the first complete map of the sky at γ-ray energies from

∼30 MeV to 5 GeV, and detailed observations of pulsars and binary systems.

NASA’s plan of a “great observatory” for γ-ray astronomy was born in 1977. The Comp-

ton Gamma-Ray Observatory (CGRO) was designed to take advantage of the major advances

in detector technology during the 1980’s, but due to the dramatic explosion of the Challenger

space shuttle, it was launched almost 15 years later in 1991. The satellite carried four major

experiments, greatly improving on the spatial and temporal resolution of previous γ-ray obser-

vations, and provided large amounts of data that were used to improve our understanding of

the high-energy processes in our Universe. CGRO was de-orbited in June 2000 because of the

failure of one of its stabilizing gyroscopes.

3.1.2 X-ray Astronomy in Space

The development of X-ray astronomy followed a very similar course as did γ-ray astronomy

simply because cosmic X-rays, like γ-rays, cannot be detected from the Earth’s surface which

is protected by the atmosphere. Therefore, we had to await the development of spacecrafts. In

1962, a team of scientists at American Science and Engineering which included the impressive

group of astronomers: Riccardo Giacconi, Herb Gursky, Frank Paolini and Bruno Rossi, suc-

cessfully launched a mission that was the first to detect cosmic X-rays from Sco X-1. Not only

is Sco X-1 extremely bright in X-rays, but it is located about 25◦ above the Galactic plane and

thus perfectly isolated from the majority of bright X-ray sources which are located close to the

plane.

The 1970’s saw the birth and launch of several dedicated X-ray observatories, whose results

led to a fast paced growth of the field of X-ray astronomy. These satellites: Uhuru (also known

as SAS-1), Ariel V, SAS-3, OSO-8 and HEAO-1, totally revolutionized our understanding of the

cosmos. Uhuru, for example, carrying two sets of proportional counters sensitive in the energy

range 2–20 keV and acquiring data from December 1970 until March 1973, performed the first

complete all sky survey and discovered an amazing 339 X-ray source with intensities as low as

one thousandth that of the Crab nebula. The detailed analysis of these data revealed that the

bulk of the sources were binary systems composed a compact of object and a companion star,

but also included supernova remnants, bright galaxies and clusters of galaxies whose diffuse X-

ray emission was seen for the first time. Ariel V was a UK-USA mission that observed the X-ray

sky for more than 5 years from October 1974 until March 1980, covering the entire second half

of the 1970’s. With several different instruments sensitive in various bands from 0.2 to 40 keV,
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it monitored several X-ray sources over many years and discovered many minute-long periods

in pulsars, as well as a number of very bright transient sources that were identified as binary

systems possibly containing black holes.

Generally, we learnt many very interesting things about the nature of X-ray sources, and

in particular from the orbital parameters of systems that yield indirect measures of the mass

for the central object, found that most binary systems harboured neutron stars with masses

between ∼1.4M� and 2M�. Some systems, however, contained dark compact objects with

masses significantly greater and were therefore interpreted as firm support for the existence of

black holes. From the more distant objects like those associated with other galaxies, the X-ray

emission was thought to be emanating from ultra-relativistic gas near a very massive black hole

sitting at the centre of the host galaxy. Finally, astronomers found that diffuse X-ray emission

as was seen in the central region of the Galaxy was in fact present in all parts of the sky and

the term “diffuse cosmic X-ray background” was then coined to describe this radiation. The

exploration of the astrophysical sources of high energy emission in the X-ray range continued

through the 1980’s and 1990’s, gradually revealing finer details about the characteristic of this

emission and of the processes that can give rise to it. I will, however, restrict our discussion to

the central and nuclear regions of our Galaxy, to which I now turn my attention.
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3.2 Early High Energy Space Astronomy and the GC

3.2.1 The First X-ray Images and Spectra of the Central Region

The Einstein Observatory (1979–1981)

In 1981, Watson et al. (1981) presented the first X-ray images with ∼1′ resolution of a 1× 1

square degree field centred near Sgr A. These images were made using the Imaging Proportional

Counter (IPC) on the Einstein observatory (Giacconi et al. 1979). Einstein was the second in the

line of NASA’s three High Energy Astrophysical Observatories: HEAO-1, HEAO-2 and HEAO-

3. HEAO-2, renamed Einstein after its launch, was the first fully imaging X-ray telescope put

into space. The observatory carried two focal plane imagers: the Imaging Proportional Counter

(IPC) with an angular resolution of ∼1′, and the High Resolution Imager (HRI) with a resolution

of a few arcseconds. IPC functioned in the range 0.4–4 keV and had a square field of view with

75′ sides. HRI was sensitive between 0.13 and 3 keV over a slightly smaller field of view with

25′ sides. IPC’s sensitivity exceeded that of previous X-ray experiments by a factor of 100, and

thus allowed astronomers to image and study extended objects and diffuse emission, in addition

to monitoring known point sources and detecting new fainter ones. HRI, however, with a much

lower sensitivity than IPC, did not improve our knowledge of the emission characteristics of

the Galactic centre region in this energy range. Einstein was also equipped with a Monitor

Proportional Counter that did not have imaging capabilities, but gave timing and broadband

spectral data up to 20 keV. This mission, NASA’s first to have a guest observer program, was a

very important milestone in X-ray astronomy and radically changed the view we had of the sky

at these energies.

The Galactic centre was observed three times by Einstein in 1979. Two of these observations

were made with the IPC, six months apart, and with live time exposures of 5500 s and 9000 s. No

variability was detected beyond statistical fluctuations, and since the experimental conditions

under which the images were constructed were very similar, the two observations were summed

to maximise the signal-to-noise ratio of the features present in the images. This was done at

the expense of a slight loss in angular resolution but did not in the least affect the quality of

the results. Finally in order to extract as much as possible from the data, the final maps were

deconvolved and noise filtered.

Figure 3.1 shows the two individual images that resulted from the 1979 observations, and

figure 3.2 is their noise filtered sum shown as a contour map like it appeared in the paper by

Watson et al. (1981). The morphology of the emission in this region is well depicted in the

contour map where the most significant structures are clearly seen. The three brightest spots

are located on the bottom edge of the field, in the centre of the diffuse ellipsoidal emission

in the middle of the image, and on the top edge of this extended region. Two of these are

point sources: 1A 1742-294, a very bright transient X-ray source, and 1E 1743.1-2843, a source

discovered during these observations; the central emissive region corresponds to the radio-bright

Sgr A complex, and more specifically to the Sgr A East remnant. The black cross marks the

position of Sgr A∗.

Other than the detection of a number of known point sources, Einstein detected several

new ones, most of which have been extensively studied since. One in particular, 1E 1740.7-

2942, was eventually identified as a black hole candidate and the first micro-quasar due to its

very high energy emission and bipolar radio jets. However, the main feature in the images

remained the very bright, central source coincident with Sgr A and embedded in a sea of diffuse

emission extending 25′ along the Galactic plane and 15′ perpendicular to it. Watson et al.

(1981) found that this diffuse component had a hard spectrum very similar to that of the point

sources in the region, well fit by a temperature of ∼5 keV coupled with an absorption column
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1E 1743.1-2843

1A 1742-294

1E 1743.1-2843

1A 1742-294

Figure 3.1 The first X-ray images of the GC with ∼1′ resolution taken by IPC on the Einstein obser-
vatory in 1979, on March 7 with a live time of 5500 s (left panel) and September 20 with a live-time of
9000 s (right panel). The X-ray energy range is ∼0.9–4 keV, the position of Sgr A∗ is marked by the black
cross, and two other well known sources are labelled. Note that these are intensity images in counts per
square arcmin and are therefore not corrected for exposure.

of NH∼ 6× 1022 cm−2, and without significant spectral changes across the feature on scales of

arcminutes or greater. They derived its flux as FX = 3× 10−11 ergs cm−2 s−1 in the 0.9–4 keV

energy range, corresponding to a luminosity of LX = 2.3× 1035 ergs s−1 when we integrate over

a sphere with a radius of 8 kpc.

Although they recognised the potential importance of the detection of bright X-ray emission

from the nuclear region, they also understood the inherent and unsurmountable limitations that

the low angular resolution of the instrument imposed upon a deeper and more conclusive study

of the features of this emission. Nonetheless, they carefully considered the characteristics of the

extended emission around the nucleus in an attempt to constrain its nature, and concluded that

it could either be due to faint unresolved point sources or that it could be truly diffuse. In the

former case, they found that at least 3000 sources with luminosities smaller than 1033 ergs s−1

would be required to explain the extended emission. Since main sequence stars have typical

X-ray spectral temperatures of ∼1 keV, i.e. much softer than the observed 2–4 keV, they ruled

out such a class of low luminosity sources as the origin of this harder emission. OB or T-Tauri

stars could supply sufficient X-rays to make up the observed luminosity, but the ionizing power

of the required number of OB stars would be too great and in contradiction with the observed

level of ionisation in nearby H ii regions. The authors thus favoured T-Tauri stars, estimating

that ∼10 000 would be required based on their average luminosity LX = 1030–1031 ergs s−1.

In the case that this extended emission were truly diffuse in nature, the authors considered

the three main radiative processes that could potentially explain it: synchrotron radiation,

inverse Compton scattering and bremsstrahlung. Watson et al. argued that the radio maps,

both at high and low frequencies, clearly attest to the presence of extended thermal and non-

thermal diffuse emission over a region comparable in size and shape to the one seen in X-rays

by Einstein. At low frequencies, where the non-thermal contribution is more important, the

central diffuse region is even larger than at high frequencies. Under the synchrotron hypothesis

with a magnetic field strength of 10µG, a pure power-law extrapolation of the detected 100–

1000 Jy radio flux in the frequency range 0.1–1 GHz to X-ray energies, requires electrons with

Ee∼ 108 MeV. Since the lifetime of such a population of electrons is ∼500 years, a yet unknown

continuous acceleration mechanism would be required.

Considering the inverse Compton hypothesis, the authors argued that if the non-thermal ra-
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Figure 3.2 Contour map of the noise filtered and smoothed sum of the two data sets shown above in
Fig. 3.1 as it appeared in Watson et al. (1981).

dio emission is synchrotron radiation, it likely arises from relativistic electrons. Inverse Compton

scattering of some component of the radiation field, in this case the dominant infrared emission,

against these relativistic electrons would give rise to diffuse X-ray emission. They found that

several realistic combinations of temperature, magnetic field strength and electron power law

index could produce the observed X-ray emission. But in this case as well, a continuous acceler-

ation mechanism is required given that the lifetime of the electrons would be around 3000 years.

They noted that in both cases, the origin of these relativistic electrons is unclear; the nucleus

itself being an unlikely candidate given the large distances and short lifetimes of the electrons

against radiative losses. They mention the possible role of supernova remnants as local particle

accelerators.

Finally, Watson et al. wrote that producing the X-ray emission by bremsstrahlung requires

a hot plasma with temperature 107–108 K (or ∼1–10 keV). Furthermore, approximating the

emission region as an ellipsoid entails average electron densities of ne∼ 1 cm−3. However, since

this temperature is 103–104 times higher than that inferred for the region and this density is

102–103 times lower than that of the H ii region Sgr A West, that scenario is unlikely. Another

argument they invoked against this hypothesis is that a quasi-continuous heating mechanism

would be required to heat the plasma because its cooling time at these high temperatures would

be tcool∼ 6× 107 years.

The only conclusion that these authors drew on the nature of the apparently diffuse emission

from the central molecular complex was one based on the morphological similarity of the X-ray,

radio and IR maps of the region; they concluded that is was probably related to the overall

gas and dust distribution. In the final paragraph, the authors draw attention to what they

believe is perhaps the most important result of their study: the detection of an X-ray source,

1E 1742.5–2859, coincident with the Galactic nucleus. While they warn that this is by no means

certain, they hint that we could be seeing a scaled down version of the kind of activity present

in active galactic nuclei, and that future more sensitive arcsecond observations of Sgr A would

provide immensely valuable information through “local” studies of the active galactic nucleus

phenomenon.
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Hard X-rays with XRT on Spacelab 2 (1985)

As little as six years after the launch of Einstein, another X-ray mission was successfully

put into space, although not for very long. Spacelab 2, equipped with some of the first coded

mask imaging instruments, flew for about one week between July 29 and August 6 1985, with

the aim of complementing Einstein’s observations and exploring the structure of the emission

from the GC region at energies up to 30 keV. Skinner et al. (1987) describe the results of this

observation and point out a number of interesting points.

First, they emphasized the fact that regardless of the mechanisms that can give rise to diffuse,

or apparently diffuse, X-ray emission in the Galactic centre, the density of interstellar matter is

so high in that region of the Galaxy that X-ray scattering must be important. They calculated

that ∼50% of the photons detected by Einstein up to ∼4 keV would have been scattered with

a typical scattering angle of ∼10′. However, since the scattering would tend to occur at small

distances along the path, the structure of the sources would be affected only slightly. Given

that the scattering cross-section varies approximately as E−2, scattering would be much less

important in the working energy range of XRT’s two coded aperture telescopes: the “coarse”

and the “fine” with respective angular resolutions of 12′ and 3′. Second, the authors explain

that Compton scattering by electrons in the ISM would affect about 20% of the photons coming

from the region. This would be insufficient to account for all of the diffuse emission based on

the total intensity of the known point sources of that region.

They report that the 4.25–15 keV X-ray energy flux from the GN together with the diffuse

emission in its immediate surroundings amounts to 6.2× 10−10 ergs cm−2 s−1, which for a dis-

tance of 8 kpc yields a luminosity of 4.7× 1036 ergs s−1. The authors note that this is higher

than previously reported, and that it is likely due to an underestimation of the interstellar

absorption by about one order of magnitude. Even so, and despite the violent and energetic

processes seen in radio observations, the nucleus of the Galaxy is clearly very weak at hard X-ray

energies compared with other nearby sources and in particular the remarkably bright and hard

1E 1740.7–2942 whose emission was seen to extend well beyond 100 keV with Sigma.

Spectroscopy of the Galactic Centre with Ginga (1989)

Koyama et al. (1989) and Yamauchi et al. (1990) used the large area proportional counter

on board the Ginga satellite to observe the GC in the spring of 1988 and roughly one year later.

The satellite performed several scans parallel to the Galactic plane, at various latitudes above

and below it. By analyzing the data in longitude strips, they derived several results relating to

the X-ray emission near the GN. The most important of these, was the detection of an emission

line from He-like iron at 6.7 keV. The modelled two-dimensional map of the 6.7 keV Fe line,

showed that the emission originates from an elliptical region ∼1.◦8× 1◦ in size with the major

axis nearly aligned with the Galactic plane but tilted by 21◦ towards the northeast. Figure 3.3

shows the line intensity profiles as a function of Galactic longitude and latitude, and their spectra

modelled with a bremsstrahlung model plus a Gaussian line.

Based on this detection of highly ionised Fe, these authors interpreted its presence as the

signature of a large scale plasma extending over the central molecular zone and having a tem-

perature of about 8 keV. This high temperature raised two problems: one of related to the

gravitational confinement of this gas, and the other to the power required to heat it to such

extreme temperatures. The velocity of a hydrogen gas at this temperature is enough to over-

come the gravitational potential at the GC, and so this gas would have to leave the region as a

powerful outflow. Even if the plasma were somehow confined, what could heat it to 108 K?
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Figure 3.3 Left panel: Intensity of the iron line emission at 6.7 keV as a function of Galactic longitude
and latitude. Right panel: Spectra overlaid with model used comprising a bremsstrahlung component to
fit the continuum and a single Gaussian line for the iron line profile around 6.7 keV (top). Best fit model
of the morphology of the iron line emission derived from a two dimensional fit of the line intensity profiles
(bottom). Figures taken from Yamauchi et al. (1990).

3.2.2 The Galactic Centre at High Energies in the 1990’s

ART-P and Sigma on the GRANAT Satellite (1989-1998)

The launch of the Granat observatory on December 1, 1989, was the start of a mission that

allowed the first long term monitoring of the sky in the energy range from 3 keV to more than

1 MeV with two coded aperture telescopes: ART-P and Sigma. The lower energy range, 3–

20 keV, was covered by ART-P with an angular resolution of 5′ over a field of view extending

over 3◦× 3◦. The γ-ray range of 35 keV–1 MeV was covered by Sigma having a larger field of

view of 18◦× 17◦, but with a resolution of 15′.

The high, eccentric orbit on which the spacecraft was placed, resulted in the ability to observe

regions of the sky for much longer periods of time, and also to perform recurrent observations,

that in fact revealed a large number of new sources exhibiting large intensity variability. The

ART-P results pertaining to the point sources in the central few degrees were described by

Pavlinsky et al. (1994). Updated results that elaborated on the characteristics and possible

origin of the soft X-ray diffuse component around Sgr A∗ were presented by Sunyaev et al.

(1993). The description of the results pertaining to the high energy emission from this central

region was published by Goldwurm et al. (1994).

The Granat satellite observed the GC every time the conditions allowed (twice per year), and

for long exposures on each occasion. The ART-P results presented by Pavlinsky et al. (1994)

and Sunyaev et al. (1993) are based on data that amount to a total exposure time of roughly
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820 ks accumulated between March 1990 and April 1992. Goldwurm et al. (1994) made use of

a data set with a total exposure of 6.3× 106 s collected from March 1990 to October 1993. In

the paragraphs that follow, I summarise these authors’ findings, keeping the primary focus on

Sgr A∗ and its immediate environment.
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Figure 3.4 X-ray images obtained with ART-P in the 8–20 keV energy range during individual obser-
vations of the GC between 1990 and 1992. The field of view shown here is of 2.◦4× 2.◦4 and we see very
large variations in the intensity of most sources.

Pavlinsky et al. (1994) presented the detection of 12 point sources in the 5◦× 5◦ neighbour-

hood of Sgr A∗, four of which were not observed before. Figure 3.4 shows images of the central

part of the field of view spanning 2.◦4× 2.◦4 obtained with ART-P in the 8–20 keV energy range

during four different observations of the GC, separated by about 6 month intervals. Here, we see

the large intensity variations that most sources in the field exhibit. In particular, notice the large

burst by the Ariel V source and X-ray burster A 1742–294 located about 30′ from the nucleus,

and the radical variability of the black hole candidate and micro-quasar 1E 1740.7–2942 located

about 50′ from Sgr A∗, normally the brightest and hardest source in the nuclear region. Also,

note the presence in the first panel of a source located just 10′ from Sgr A∗: GRS 1741.9–2853.

These authors found that the X-ray emission from the nucleus was at the level of 11 mcrab

in the 8–20 keV during the spring of 1990. This was six times brighter than during the XRT

observations five years before. Moreover, they detected a two-fold decrease in the intensity

of this source between the spring and fall of 1990, but since the ART-P unit used during the

subsequent observations was intended to work at slightly higher energies, emission from the GN

was not detected at a level allowing the authors to draw further conclusions about the source.

Sunyaev et al. (1993) performed a detailed study of the the extended X-ray emission around

Sgr A∗ in the energy range from 2.5 to 22 keV by removing the contribution from point sources,

and found it to be roughly elliptical in shape, with a major axis about 1.◦5 in length, mostly

aligned with the Galactic plane, but with a ∼20◦ tilt. The extent of the source perpendicular

to the plane is smaller and seems to vary significantly as does the overall shape of the emission

with energy. All these general features of the source are in agreement with the Ginga results.

Figure 3.5 shows the contour maps that resulted from their study of the diffuse emission sur-

rounding the Galactic nucleus. The left panel gives the overall 2.5–20 keV image, and the right

panel shows the change in the morphology as a function of energy in four different bands. In

the 8.5–19 keV range, we recover a shape reminiscent of the radio CO map at 2.6 mm tracing

the molecular density (dotted contours in panel c).
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Figure 3.5 Left panel: Overall summed and smoothed image of the GC as seen by ART-P in the
2.5–20 keV energy range, in which individual point sources have been subtracted in order to study the
extended X-ray emission around Sgr A∗. Eight contour levels indicate detection significance from 2σ to
16σ linearly.
Right panel: Summed images of diffuse X-ray emission in four different energy bands showing the appar-
ently energy dependent morphology of the emission. In the 8.5–19 keV image, the 2.6 mm CO radio map
has been overlaid as dashed contours, and the largest molecular complexes of the region are indicated.

The authors bring attention to the fact that the region they labelled ‘B’ in the left panel,

is harder than other parts of the source. Assuming a bremsstrahlung spectrum, they find that

the flux ratio of the low energy to the high energy range, 2.5–8.5 keV/8.5–22 keV, implies a gas

temperature of kTe> 15 keV at the 95% confidence level for this region. Using the same method,

they derive a temperature of around 8 keV for spot ‘A’, which spatially corresponds to the Sgr A

complex, in agreement with the earlier estimates of Yamauchi et al. (1990). They also measured

a total flux of about 10−9 ergs cm−2 s−1 in the 2.5–22 keV range for the 1.◦5 × 1◦ ellipse of diffuse

emission nearly centred on the nucleus. This corresponds to half the flux from the nearby point

sources that were subtracted, and to a luminosity of 7.65× 1036 ergs s−1 for a distance of 8 kpc

to the GC. The flux they derive for the XRT energy range is in very good agreement with the

value reported by Skinner et al. (1987).

In order to explain the distribution and characteristics of the hard X-ray emission, including

the iron line at 6.7 keV, Sunyaev et al. (1993) introduced a new and interesting hypothesis in

regards to the nature of this radiation. They noted that not only is it difficult to find a heating

mechanism for a plasma with a temperature of 8–15 keV, but that such an extremely hot gas

of ∼108 K would not be bound by the potential well of the GC and would hence escape with

a supersonic velocity of around 3000 km s−1 in roughly 3× 104 yr if there were no continuous

heating mechanism. Therefore, based on the energy-dependent shape of the emission region and

noting that bremsstrahlung emission from a plasma at kTe∼ 1 keV could produce the observed

6.7 keV line intensity, these authors proposed that the soft component of the observed diffuse

X-ray emission could be due to such a 1 keV plasma, and that the hard component could result

from the scattering of the hard X-rays from point sources in the region off the cold molecular

gas. The strong resemblance in morphology between the 8.5–19 keV map and the CO radio

contours lends itself very well to such an interpretation since we clearly see that the two major

contributors to the X-ray flux are the largest molecular cloud complexes Sgr A and Sgr B2.

These considerations also brought them to predict the presence of a strong neutral iron line

emission at 6.4 keV tracing the distribution of cold molecular gas near the nucleus, as well as an

absorption edge beyond 7.1 keV in the spectrum of the neighbouring GMCs.
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Finally, considering that scattered emission from the cold molecular gas present in the GC

region must exist, the authors use the observed X-ray flux to set an upper limit on the luminosity

of the nuclear region in the past several hundred years. This is calculated by integrating the

luminosity using a size for the emission region of about 120 pc to constrain the travel time to

about 400 yr, were it crossed at light speed, and taking into account the Thompson scattering

depth of σT∼ 0.1 for that region. In particular, they found that the Galactic nucleus, Sgr A∗,

cannot have had a luminosity greater than approximately 1038–1039 ergs s−1 during the last

several hundred years, and that it cannot have reached the Eddington luminosity for even one

day in the last 400 years.

In a Letter to Nature entitled Possible evidence against a massive black hole at the Galactic

centre, Goldwurm et al. (1994) presented the results of a deep imaging survey of the GC region

performed with the Sigma telescope on the Granat satellite. This work yielded a non-detection of

emission from the nucleus at energies above 35 keV, and therefore raised a challenging question

in regards to the nature of the radiative processes in the vicinity of the supermassive black

hole candidate Sgr A∗. The authors point out that during the Sigma observations of 1991,

the brightest source in the vicinity of Sgr A∗, A 1742-294, was inactive, and the hardest source,

1E 1740.7-2942, was rather dim. A new source was detected just a few arcminutes from Sgr A∗ at

the 5.7σ level, the presence of which could potentially explain the ART-P detection of apparently

variable emission from the nuclear region reported by Pavlinsky et al. (1994). Sigma did not

detect emission from the nucleus, and was able to set only upper limits on its hard X-ray flux.

These upper limits implied that the luminosity of the GN at a distance of 8 kpc from

Earth had to be < 3.5× 1035 ergs s−1 at the 2σ level, integrated between 35 and 75 keV, and

< 2.4× 1035 ergs s−1 between 75 and 150 keV. This allowed the authors to conclude that if a

massive black hole does indeed reside at the centre of the Galaxy, it does not efficiently convert

the gravitational potential energy provided by accretion of stellar winds for the nearby clusters,

and certainly does not behave like a scaled down version of active galactic nuclei in regards to

its hard X-ray and γ-ray emission. This conclusion also applies to the nucleus’ electron-positron

annihilation line emission at 511 keV, where an upper limit of 2.45× 10−4 ph cm−2 s−1 was also

set by Sigma (Malet et al. 1995). Based on all previous observations of the GC, the luminosity

of Sgr A∗ could not have exceeded 2.21× 1036 ergs s−1, definitely very under-luminous compared

to the Eddington luminosity for an object of a few million solar masses (LE∼ 1044 ergs s−1).

The Rosat X-ray Observatory (1990-1999)

Most X-ray astronomers associate the German/US/UK Roentgen Satellite, Rosat, with the

enormous catalogue of soft X-ray sources it compiled based on an all sky survey performed over

the course of almost nine years of observations from its launch in June 1990, and to which the

entire first six months were dedicated. The sensitivity of the Position Sensitive Proportional

Counter was a factor of 1000 higher in the 0.1–2.4 keV range than that of Uhuru, the first X-ray

telescope to have performed such an all sky survey, and 10 times higher than Einstein at these en-

ergies. The Rosat survey covered 17.3% of the sky, and its catalogue contains more than 100 000

entries (see Voges et al. (1999) and http://wave.xray.mpe.mpg.de/rosat/rra/main/announce.html

for more details).

In 1994, Predehl and Trümper (1994) presented the results of Rosat observations of the GC

with a total exposure time of 50 ks. The data corresponding to an effective exposure of 25 ks,

calculated by taking into account off-axis and interstellar absorption effects, were obtained in

March 1992. The results are presented in figure 3.6 where the left panel shows the Rosat contour

maps of the central 30′× 30′ field around the GC for photon energies in the range 0.8–1.2 keV.

The right panel is the map at energies above 1.2 keV. The background was not subtracted and
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the images were smoothed using a Gaussian filter with a width of 20′′.
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Figure 3.6 Rosat contour maps of the central 30′ × 30′ around the GC in the energy range 0.8–1.2 keV
(left panel), and 1.2–2.4 keV (right panel).

Rosat detected 15 sources. Ten of these had been detected by Einstein, that detected a

total of 17 in the same region. This is probably due in part to the inherent variability of

many of these sources, but primarily to the high level of interstellar absorption at energies

below 2 keV, something from which Rosat suffered. The EinsteinGC source 1E 1742.5–2859

tentatively associated with the nucleus, was resolved into three distinct sources by Rosat: one is

in the foreground and not visible above 1.2 keV (labelled 6), the other two (7 and 8) are highly

absorbed and not visible below 1.2 keV. Source number 7, RXJ 1745.6–2900, coincides with

the position of Sgr A∗ within 10′′, and given the improvement in localization by a factor of 40

compared to Einstein, Predehl and Trümper (1994) considered the identification of this source

with Sgr A∗ as almost certain. Moreover, their analysis of the absorption in the region brought

them to conclude it very unlikely that RXJ 1745.6–2900 was a background source unrelated to

Sgr A∗, and the absorption of NH∼ 1.5–2× 1023 cm−2 associated with it was quite comparable

to that seen in Seyfert 2 galaxies. They recall that Koyama (1994) also stressed the apparent

similarity of Sgr A∗ with the nuclei of such galaxies.

The ASCA X-ray Observatory (1993-2001)

The Japanese X-ray satellite ASCA (Tanaka et al. 1994), carried four X-ray telescopes

each composed of 120 nested gold-coated aluminum foil surfaces with a total effective area of

1300 cm2 at 1 keV, providing a spatial resolution of ∼3′ (half power diameter). It observed the

GC region in 1993 and 1994 using its two CCD cameras (SIS0 and SIS1) and two gas-imaging

spectrometers (GIS2 and GIS3). The results of these observations, based primarily on the SIS

data, were presented by Koyama et al. in early 1996. This new generation of instruments with

more advanced detector technology allowed imaging and spectral analysis at an unprecedented

level.

ASCA was the first to detect fine features in the average spectrum of the 1 square degree

field around the Galactic nucleus, and to construct a map of the region in the narrow energy

range corresponding to the neutral to weakly ionized iron line emission at 6.4 keV. The summed

spectrum of the diffuse emission from the region, where the contribution of the bright X-ray

point sources has been removed, is shown in the left panel of figure 3.7. As is clearly visible,

there is evidence for the presence of highly ionized, helium and hydrogen-like silicon, sulfur,

argon, calcium as well as iron, all of whose Kα lines are identified and labelled in the figure.
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The right panel shows the spatial distribution of the 6.4 keV line emission in the region around

Sgr A∗. Here we see that the intensity peaks are associated with the molecular complexes near

Sgr A and Sgr B2, although there is some clumpiness and emission throughout the observed

field.
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Figure 3.7 Left panel: Overall summed spectrum of the GC as seen by ASCA in the 2–10 keV energy
range, in which individual point sources have been subtracted in order to study the extended X-ray
emission around Sgr A∗. The presence of emission lines from silicon, sulfur, argon, calcium and iron is
evident and the respective locations of these are labelled in the graph. The continuum is modelled with
a bremsstrahlung emitting plasma at ∼10 keV, and the 6.4 keV iron line from cold molecular matter is
attributed to the irradiation by hard X-rays from a period of high activity in the nucleus some 300 years
ago. Right panel: ASCA map in the neutral and weakly ionized iron fluorescence line at 6.4 keV for the
central degrees of the Galaxy. The most obvious excesses correspond to the Sgr A and Sgr B2 regions,
both very rich in densely clumped molecular matter.

The authors found that the spectra in different sectors of the 1 square degree field differed

only slightly, and that the equivalent widths of the lines were remarkably similar except for

that of neutral iron. In modelling the spectrum, they derived a bremsstrahlung temperature

for the hot, thin plasma of ∼10 keV, pointing out that this temperature was derived from the

continuum. Moreover, the authors explain that in a plasma in ionisation equilibrium at such a

high temperature, Silicon, Sulfur and Argon are expected to be fully ionized. The presence of

intense lines from these elements in their helium and hydrogen-like ionisation states, shows that

the plasma is either a mixture of several components at different temperatures, or in a state

of non-equilibrium ionisation, or both. Taking the temperature of the plasma to be 10 keV,

the authors therefore considered it unlikely that the gas could have been heated by supernovae

shells in the ISM, given that this process does not produce gas temperatures greater than 1–

2 keV. Furthermore, assuming that this high temperature could have been attained by the

gradual heating by successive supernovae, each releasing an average energy of 1051 ergs into

the plasma that currently appears to have a total energy of about 1054 ergs, a total of ∼1000

supernovae would be required. The estimated age of the plasma based on an expansion velocity

of 1600 km s−1 is 50 000 years, but one supernova every 50 years in the central region of the

Galaxy is a much higher explosion rate than that observed.

Koyama et al. (1996) favoured an explanation according to which a single energetic event

at or near the Galactic nucleus some 300 years ago, irradiated the nearby environment, heating

up the plasma to high temperatures and setting the neutral and weakly ionized iron in the cold

surface layers of molecular clouds in the vicinity fluorescing at 6.4 keV. The authors found that

such a hypothesis could explain both the hot ionized plasma and the 6.4 keV iron line emission.

Furthermore, according to their calculation, the 2–10 keV luminosity required to produce the iron
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Figure 3.8 Residual, smoothed count maps in four energy ranges after background subtraction of the
model-predicted diffuse emission. Ranges are: E> 1 GeV (a), 0.3–1 GeV (b), 100–300 MeV (c) and 30–
100 MeV (d).

fluorescence from Sgr B2 is ∼1039 ergs s−1 (about 10 times the Eddington limit for an accreting

1M� neutron star), far greater than what can be supplied by the known, bright, nearby X-ray

point sources. They thus proposed a single origin as a powerful explosion or a short period of

heightened nuclear activity akin to that seen in the nuclei of Seyfert galaxies.

Recall that a similar idea was suggested by Sunyaev et al. (1993), who proposed that the

thermal bremsstrahlung spectrum, including the iron emission line at 6.7 keV, resulted from a

∼1 keV plasma, and the harder X-ray emission was due to scattering of much harder X-rays

and γ-rays from the point sources in the region off the molecular clouds. Since this would also

induce the fluorescence of the iron, they predicted that a strong 6.4 keV line should be present,

and ASCA did indeed detect this strong iron line.

EGRET on the Compton Gamma-Ray Observatory (1991-2000)

At much higher energies, in the 100 MeV to 10 GeV energy range, EGRET on CGRO de-

tected an enhancement of emission from the direction of the GC peaking at E> 500 MeV. De-

spite the fact that the angular resolution of the instrument prevented a conclusive association of

the nucleus with this source, now known as 3EG J1746–2851 (Hartman et al. 1999), some found

this to be an appealing possibility. In a thorough analysis of these data, Mayer-Hasselwander

et al. (1998) discussed this detection and various scenarios for its origin.

The authors first point out that since there was no established method in the EGRET data

analysis software to treat extended sources, they estimated the size of the GC emission using

the in-flight PSF (1.◦1 FWHM) and Gaussian function approximations. They found that 68% of

the emission was contained within a radius of ∼85 pc (1.◦4 FWHM), but noted that an extended

source with a radius of 250 pc (1.◦7) for which the emissivity increases appropriately towards

the centre would be indistinguishable to EGRET. Secondly, as far as the position of the source

above 1 GeV, where the angular resolution is best, they restrict themselves to writing that it is

contained within 0.◦2 of the GN and is most likely not in the foreground nor in the background

but in the GC region. Thirdly, no evidence of a long term trend is seen in the 25 observation

periods, but the authors do not exclude a small level of short term variability. Finally, by

comparing the spectrum of the source to that of their model of diffuse emission resulting from

the interaction of cosmic rays with the molecular matter contained within 20◦ in longitude and

latitude from the GC, they argued that these were distinctly different based on the hardness and

distinct turnover at 1.9 GeV seen in the spectrum of the unidentified excess. Mayer-Hasselwander

et al. characterised the spectrum using two power-laws with photon indices of Γ = 1.30± 0.03

below 1.9 GeV, and Γ = 3.10± 0.20 above the turnover, and found a total luminosity in the range

from 100 MeV to 10 GeV of Lγ = 2.2× 1037 ergs s−1. Figure 3.8 presents the EGRET maps in

four energy bands from the highest to the lowest energy (and hence angular resolution).

The authors considered a number of possible scenarios for the source of this emission. These
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included: interaction of either ambient cosmic rays with gas or enhanced cosmic rays with gas

and/or interstellar radiation, the Radio Arc, pulsars, Sgr A∗ and processes near the massive black

hole, as well as dark matter. However, they seem to favour the possibility that the detected

source is related to the Radio Arc where high energy electrons could interact with the ambient

far-IR radiation field of the neighbouring massive molecular clouds to give rise to the γ-ray

excess. They also mention that the annihilation of weakly interacting massive dark matter

particles could be at the origin of the excess but that given their unknown mass on which the

spectrum is heavily dependent, the excess is expected to be compatible with a wide range of core

model parameters. Mayer-Hasselwander et al. (1998) deem the scenarios involving cosmic rays,

pulsars, Sgr A∗ and the massive black hole hypothesis as the source of this emission unlikely.

A final note on 3EG J1746–2851: in the 3rd EGRET catalogue this source is located 0.◦17

from Sgr A∗ and the reported error radius is 0.◦13 at the 90% confidence level. Taking this at

face value would marginally exclude Sgr A∗. However, given the ∼1◦ angular resolution of the

instrument and hence its inability to exclude the contribution from other sources contained in a

region of this size, 3EG J1746–2851 was still considered by some as possibly coincident with the

GN (Melia et al. 1998; Melia et al. 1998; Markoff et al. 1997). We will return to this source in

chapters 5 and 6 where it is discussed in the context of the INTEGRAL results obtained on the

nuclear region.

3.2.3 Emission Mechanisms in Sgr A∗: Models and Constraints

Throughout the 1980’s and 1990’s, all space borne high energy missions observed the Galactic

centre, seeking to unveil the mysteries of the unusually dim nucleus. Despite the fact that the

number of instruments was increasing and the technology with which they were built was quickly

evolving, none were able to conclusively resolve the high energy counterpart of the compact radio

source Sgr A∗ sitting at the heart of our Galaxy. Moreover, the surprisingly low bolometric

luminosity of this object was the cause of a major puzzle for observers and theoreticians alike.

It was recognised early on that the nucleus of our Galaxy was not unlike many other rather

faint galactic nuclei, and in fact could help us understand in amazing detail the functioning and

genesis of galactic nuclei and galaxy evolution in general. This was a very important motivation

for a continuously renewed and ever growing interest in this unusual source and the surrounding

region. For this reason, several different ideas and models attempting to explain the physical

conditions, interactions and inherent features of Sgr A∗, were developed in conjunction with the

observations.

The low luminosity of the GN led astrophysicists in the 1970’s and 1980’s to the conclu-

sion that if an accretion disc surrounded the central object, it would have to be small, faint

and probably viewed almost edge on with respect to our line of sight. This was convincingly

demonstrated by Lacy, Townes, and Hollenbach (1982), where the authors presented a model

attempting to account for as many of Sgr A∗’s observational features as possible. Based pri-

marily on IR observations at 12.8µm of the Ne ii fine structure line emission and the 10µm

continuum emission, the results of which were presented in Lacy et al. (1979) and Lacy et al.

(1980), the authors concluded that ∼10−5–10−3M� yr−1 of ionized material (corresponding to

the cloud formation and dispersion rate they derive) falls towards the centre of the Galaxy. This

matter must either disappear into a central black hole, be somehow expelled from the central

region, or be used to form stars. The thorough investigation presented in their 1982 paper bore

the following results:

An optically thick, radiatively efficient disc, if currently present, must accrete material at a

rate lower than 2× 10−6M� yr−1. To expel the bulk of the infalling gas, radiation pressure from

a central black hole or from a group of early type stars is considered. The authors argue that
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ionisation and subsequent dispersal of a cloud occurs only if the incident energy flux exceeds the

infrared emission of the cloud by at least an order of magnitude, and that therefore radiation

pressure currently fails by a factor of ∼10 to drive material from the central parsec. They

speculate that if, however, the massive black hole does periodically accrete at rates of the order

of 10−3M� yr−1, the ensuing radiation pressure would expel the clouds present in the region.

The decreasing accretion rate would cause a drop in the ionizing radiation pressure allowing the

formation and accretion of new clouds that would orbit the Galactic centre until the next period

of enhanced accretion.

Growing interest in the Galactic nucleus and the unique source Sgr A∗ as a possible massive

black hole, combined with an increasing amount of steadily more precise measurements and

thus constraints on the features of the emission from this region, spawned in the early to mid-

1990’s the emergence of detailed observationally driven, phenomenological models of the emission

characteristics of Sgr A∗ and its close environment. These models were of course built on the

foundations laid by many others in the 1970’s and 1980’s.

Of all the model names and acronyms that have come to be common parlance in the Galactic

centre community, we find terms such as ‘ADAF’, which stands for advection dominated accretion

flow, ‘CDAF’ for convection dominated accretion flow, and ‘RIAF’ for radiatively inefficient

accretion flow. ‘Advection’ signifies the transfer of heat or matter (energy) by the fluid, and in

our case the inward transfer of energy carried by the protons within the plasma past the event

horizon of the black hole. The model proposed by Narayan et al. (1995) belongs to this class

of models. ‘Convection’ means the movement caused within a fluid by the tendency of hotter

and therefore less dense material to rise, and colder, denser material to sink under the influence

of gravity, which consequently results in transfer of heat. In our case, it simply relates to an

outward energy transfer away from the black hole. ‘Bondi-Hoyle’ models imply a more or less

spherical accretion, and are often used to speak of the picture presented by Melia (1992) and

(1994). And the name ‘Disk-jet’ refers to models like the one presented by Falcke et al. (1993)

in which a jet, coupled to the accretion disc, carries energy away from the system, in a manner

akin to what is seen in active galactic nuclei. The main features of these types of models are

reviewed below.

Spherical Accretion Model (1992-1994)

In two papers published in 1992 and 1994, Melia develops an accreting black hole model for

Sgr A∗ in which the gas of the strong winds present in the circumnuclear region and probably

originating from within the IRS 16 complex (Yusef-Zadeh and Melia 1992), is taken as the main

source of accretion onto Sgr A∗. The physical model is one in which the highly supersonic (500–

700 km s−1) winds sweeping past Sgr A∗ cause the formation of a bow shock that dissipates most

of the kinetic energy of the particles into heat, increasing the temperature of the gas to ∼106–

107 K. This hot, shocked plasma having lost most of its angular momentum then falls in radially

towards the event horizon, and is accreted at a rate of about 10−4M� yr−1. Equipartition is

assumed, the compression of the highly ionized plasma intensifies the magnetic field whose

flux is initially conserved until the magnetic, kinetic and gravitational energy densities are

approximately equal at radii smaller than the accretion radius, leading to plasma temperatures

as high as 1010 K or more (assuming that the electrons and protons have the same temperature).

In such a state of equipartition, magnetic flux is no longer conserved and magnetic energy

is dissipated by reconnection of field lines, leading to further heating of the plasma. The hot

plasma cools primarily via synchrotron emission, and also through bremsstrahlung caused by

electron-electron and electron-ion collisions. Melia (1994) investigates the emissivity of the hot

electrons as they orbit around the field lines as a function of their temperature and finds that the
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resultant spectrum of the radiation, referred to by the author as magnetic bremsstrahlung, goes

from discrete lines of rapidly decreasing intensity at temperatures of 107 K, to the more familiar

synchrotron spectrum that smoothly extends over 14 decades in frequency for a temperature of

1010 K. He finds that magnetic bremsstrahlung totally dominates over the synchrotron emission

at temperatures below ∼108 K, but that the ratio of the bremsstrahlung to synchrotron emis-

sivities drops rapidly to ∼2 at T = 109 K and levels off towards 1 at T ∼ 4× 109 K. This shows

that considering only synchrotron as the cooling mechanism would greatly underestimate the

cooling rate for temperatures below 109 K.

Since the angular momentum, or directed kinetic energy of the wind providing the accreting

mass is dissipated into heat by the bow shock, the accretion is quasi-spherical and thus an

optically thick, luminous accretion disc does not form. Therefore, it is the gas at large radii

r > 50 rs that provides the dominant contribution to the overall spectrum. In this low-luminosity

system where the radiation flux is a very small fraction of the Eddington value, the deceleration

of the infalling gas due to the outwardly propagating radiation field is completely negligible. It is

nonetheless very plausible that the residual angular momentum in the gas leads to the formation

of a small accretion disc when the inward velocity approaches zero at the circularisation radius,

rcirc = l
c2rs

, where l is the specific angular momentum of the infalling gas. Moreover, as the

magnetic dissipative heating depends heavily on the radius in such a way that it drops to zero

just outside the circularisation radius at r= 4
3rcirc, the temperature also decreases as the plasma

approaches the radius which scales linearly with the angular momentum.

Figure 3.9 presents the best fit model presented by Melia (1994) expressed as luminosity

versus frequency, and the electron temperature profile from 105 rs up to the event horizon. The

two parameters that are adjusted in the fit are the black hole mass and the wind parameter

which gives the total accretion rate onto Sgr A∗. The derived black hole mass is conservatively

found to lie in the range 1–3× 106M�, in very good agreement with estimates of the central

point mass inferred from other observational constraints. The wind parameter:

W =
( vwind

600 km s−1

)−4
(

Ṁwind

3.5× 10−3M�yr−1

)(
D

0.06 pc

)−2

, (3.1)

found to be W ≈ 0.3, implies an accretion rate of Ṁ ≈ 10−4M�yr−1 (recall derivation in § 2.3.2).

The spectrum is totally dominated by the bremsstrahlung emission within the quasi-spherical

accretion flow below ∼1012 Hz (0.3 mm). Above this frequency, the medium becomes transparent

to the radiation in the far-IR part of the spectrum, allowing us to see the contribution from

the disc in the IR, optical and UV bands, although the latter two are obscured by dust in the

plane of the Galaxy along the line of sight. The main contribution above ∼1012 Hz remains that

from electron-ion and electron-electron bremsstrahlung in the extended infall region, even if the

disc gives rise to more energetic emission that extends up to ∼1017 Hz. Also, emission from

the hot dust at ∼60 K certainly contributes to the spectrum at frequencies around 5× 1011 Hz.

Finally, it is noteworthy that all the emissivities, i.e. bremsstrahlung, magnetic bremsstrahlung

and synchrotron, as well as the disc luminosity, are calculated using the same accretion rate

and the same distribution of the particle density and temperature in a self-consistent way. This

reinforces the physical nature of the model.

The Disk-Jet Model (1993-1996)

Outflow solutions for a massive black hole at the Galactic centre were considered by Falcke

et al. (1993) and Falcke (1996). These authors applied the model developed by Blandford and

Konigl (1979) and presented in a paper that was given the title Relativistic Jets as Compact

Radio Sources, very fitting for the compact radio source at the centre of our Galaxy believed
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Figure 3.9 Left panel: Best fit spectrum for Sgr A∗ from Melia (1994) where the only two free parameters
are the mass and wind parameter which incorporates the wind velocity, the mass loss rate and the distance
between Sgr A∗ and the wind source. The mass is found to be M ≈ 2× 106M� and the wind parameter
W ≈ 0.3, implying an overall accretion rate of Ṁ ≈ 1.8× 10−4M�yr−1. Right panel: Electron temperature
profile in the spherical accretion flow from 105 rs up to 3 rs.

to be a supermassive black hole, and intended as a tool to study the unresolved cores of active

galactic nuclei jets. There is direct coupling of the jet to the accretion disc providing the seat

for jet-formation. Therefore the energetics of these two components are also tightly linked and

directly related to the accretion rate which provides the source of energy.

Falcke et al. (1993) were primarily inspired by observations of Sgr A∗ at 43 GHz (7 mm)

with the VLBI, where the compact radio source was found to be elongated on the scale of a

few milliarcseconds, 2–3 times larger than the expected scatter broadened size of a point source

(Krichbaum et al. 1993). This led them to consider that what we were actually seeing was an

unresolved jet. We now know that this effect is most likely due to a non-uniform scattering

screen between us and the GC, and although we have a good idea of the intrinsic source size

from measurements around 1 mm, this is not the case for our knowledge of the intrinsic source

shape.

The authors set the rate of accretion, Ṁ , to 10−7M�yr−1: the upper end of the rate inferred

to be between 10−8.5 and 10−7M� yr−1, from the assumption of a standard disc in conjunction

with the IR and near-IR measurements. And using the flux density of ∼1 Jy measured at 43 GHz

as an observational constraint, they parameterise the original Blandford and Konigl equation

for the observed flux from the jet in such a way that the only free parameters are Λ = ln γmax

γmin

and the Mach number of the jet (the ratio of its proper velocity to the proper velocity of sound),

M =
βjetγjet
βsγs

. Here γmax and γmin stand respectively for the maximum and minimum Lorentz

factors of the electrons accelerated within the jet, γjet is the Lorentz factor of the jet related to

its expansion velocity and approximately equal to the mean of the distribution of the Lorentz

factors for the electrons within it, and γs is the Lorentz factor derived from the velocity of sound.

Velocities are expressed in units of the speed of light, β= v/c, and the Lorentz factor is defined

in the usual way γ= 1/
√

1− β2.

The authors performed the calculation by assuming equipartition of the energy, thereby

imparting a total kinetic energy to the particles equivalent to the magnetic energy. Furthermore,

the ideal gas condition was assumed, the adiabatic index was fixed to 4/3, and Λ set to 9

(corresponding to a ratio γmax/γmin∼ 104). They found that the Mach number of the jet must

be in the range 3<M < 40 since lower values require unrealistically large opening angles and

larger values seem to be excluded by their results, and that the jet proper velocity is constrained

to moderately relativistic values in the range 0.1. γjetβjet . 6. Finally, they find that for Sgr A∗,
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the energy extracted by the jet is comparable to the energy radiated by the accretion disc, which

is of course very small. What may be the most interesting part of this result, is that a purely

observational study of jet and disc emission performed by Rawlings and Saunders (1991) on a

large sample of radio galaxies hosting active nuclei came to similar conclusions. If this relation

holds for our very faint galactic nucleus as well as for radio loud active nuclei, it would imply

that the ratio of jet power to disc luminosity is a consequence of fundamental jet-disc physics

and not unique to any type of galaxy, and that the absolute power of the jet and disc are simply

a function of the processes related to the accretion.

In their concluding remarks, Falcke, Mannheim, and Biermann (1993) point out that it is

possible to increase the efficiency of the jet by reducing the opening angle to a value smaller

than the Mach angle (sinφ= 1/M ), thus allowing a larger portion of the accreted energy to be

evacuated by the jet while keeping the luminosity of the disc low as they seem to think is the

case in Sgr A∗.

Advection Dominated Accretion Flows (1995-1998)

Another kind of accretion flow model for Sgr A∗ was proposed by Narayan, Yi, and Mahade-

van (1995) and refined by Narayan et al. (1998). These authors present a solution that they

term as intermediate between a thin disc and a spherical accretion flow, in which the optically

thin accretion flow has a moderate amount of angular momentum but does not form a disc per

se, since its structure is about as high as it is wide (H ∼R). This quasi-spherical flow, extends

∼105 rs and separates into a two-temperature plasma in which the bulk of the dissipated viscous

energy is deposited in the protons (or ions) that get heated to very high temperatures, while the

electrons that receive a very small fraction of it (proportional to the ratio of masses me/mp),

radiate efficiently and are only weakly coupled to the ions via Coulomb interactions, remain

cool. The electron temperature is determined by solving an energy balance equation:

Qe,adv = Qie + δQvis −Qrad, (3.2)

where Qe,adv is the rate at which energy in the electrons is advected inward by the flow, Qie is

the rate at which the electrons are heated through ion-electron Coulomb collisions, Qvis is the

rate of viscous dissipation in the plasma and δ is the fraction supplied to the electrons, and Qrad

is the rate of radiative cooling. Hence, the energetics of the flow for which exact equipartition of

energy between the magnetic field and gas pressure is assumed, are dominated by the advection

of most of the energy, carried past the event horizon by the very hot protons.

The temperature of the electrons, Te, and ions, Tions, is the same at large radii, and given by

the local virial temperature derived by equating the thermal energy of the gas to its kinetic energy

(or −1
2 of its gravitational potential energy). The virial temperature is Tvirial = mσ2

3k , where m

is the average mass of a single particle, σ is the root mean square velocity, and k is Boltzman’s

constant. It is proportional to the mass of the central object (source of the gravitational energy),

and inversely proportional to the distance from it. At small radii (r. 100 rs), the electron

temperature saturates at Te≈ 1010 K, while the temperature of the ions continues to rise following

the virial temperature. Note that the split in temperature between the two species begins almost

at ∼105 rs and amplifies with decreasing distance from the central mass. Electron cooling could

be efficient at these temperatures but the coupling between ions and electrons is weak and so

once again the flow is advection-dominated.

The spectrum that results from their 1995 treatment (Fig. 3.10) has four principle compo-

nents: a synchrotron peak due to the emission of the hot electrons in the magnetic field of the

plasma covering the submillimetre to near-IR portion of the spectrum, one or two Compton

peaks arising from inverse Compton boosting of the synchrotron photons by the hot electrons in
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single and double scattering peaking in IR and soft X-rays respectively, and the bremsstrahlung

peak augmented by the triply Compton-scattered photons reaching its maximum around 400 keV

and dropping sharply after.

Figure 3.10 Left panel: Original 1995 modelled spectra based on the ADAF solution for Sgr A∗. The
parameters for the different fits are indicated in the plot. Right panel: Temperature profiles for the
electrons and protons in the ADAF from 105 rs up to the event horizon.
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An advection-dominated accretion Ñow is one in which
most of the energy released by viscous dissipation is stored
in the gas and advected to the center and only a small
fraction of the energy is radiated (Narayan & Yi 1994,

et al. see for a1995a, 1995b ; Chen 1995 ; Narayan 1997
recent review). Most current work on ADAFs has been
concerned with a branch of solutionslow-M0 (Ichimaru

et al. & Yi1977 ; Rees 1982 ; Narayan 1995b ; Abramowicz
et al. which are present for mass accretion rates below1995),
a few percent of the Eddington rate (Narayan 1997 ; Esin,
McClintock, & Narayan These solutions1997). low-M0
make use of the standard a viscosity and assume a two-
temperature plasma with an equipartition magnetic !eld.
The two-temperature paradigm was introduced to astro-
physics by Lightman, & Eardley see alsoShapiro, (1976 ;

and et al. and is based on thePhinney 1981 Rees 1982)
following two assumptions : (1) It is assumed that the bulk
of the viscous energy is deposited in the ions, with only a
small fraction of the energy going directly into the electrons.
(2) Energy transfer from the ions to the electrons is assumed
to occur via Coulomb collisions, with no signi!cant non-
thermal coupling being present (see Phinney 1981 ;

& Chiueh In the two-temperatureBegelman 1988). low-M0
ADAF model, the ions achieve a nearly virial temperature,

K/r, where r is the radius in Schwarzschild units,T
i
D 1012

while the electron temperature saturates at around 109È
1010 K for & Yi The high ionr [ 100 (Narayan 1995b).
temperature causes the gas to take up a quasi-spherical
shape & Yi the gas is optically thin, and(Narayan 1995a) ;
the Ñow does not su†er from any serious thermal or viscous
instabilities & Yi et al.(Narayan 1995b ; Abramowicz 1995 ;

Abramowicz, & ChenKato, 1996).
The branch of ADAFs has several appealing fea-low-M0

tures for explaining the observations of Sgr A* and other
low-luminosity accretion systems. First, since most of the
energy is advected with the gas and lost into the black hole,
the model naturally explains the low luminosity of Sgr A*.
Second, being optically thin, the spectrum is quite di†erent
from a blackbody. Indeed, the high electron and ion tem-
peratures allow a variety of radiation processes to operate :
synchrotron, bremsstrahlung, and inverse Compton from
the electrons & Yi and(Narayan 1995b ; Mahadevan 1997),
c-ray emission from the ions via pion production

Narayan, & Krolik Therefore, the gas(Mahadevan, 1997).
is likely to radiate over a wide range of wavelengths.

The et al. ADAF model of Sgr A* gave aNarayan (1995)
reasonable !t to the observations available at that time and
provided an explanation for the low luminosity of the
source. However, the model required a black hole mass of
7 ] 105 which di†ers from the most recent dynamicalM

_
,

mass estimate of 2.5 ] 106 & GenzelM
_

(Eckart 1997).
This problem prompted us to take another look at the
model.

In addition, there have been important developments on
the observational and theoretical front that further moti-
vate the present study. The recent et al. limitMenten (1997)
on the infrared Ñux of Sgr A* is well below previous
““ detections ÏÏ et al. et al. that were(Rosa 1991 ; Eckart 1992)
used by et al. to !t the ADAF model. Simi-Narayan (1995)
larly, ASCA observations by et al. haveKoyama (1996)
shown that the X-ray emission from the Galactic center
region is dominated by an X-ray burster that lies within 1@.3
of Sgr A* . This implies that most previous measurements of
the X-ray Ñux of Sgr A* (Pavlinskii, Grebenev, & Sunyaev

et al. are suspect since they were1992, 1994 ; Skinner 1987)
obtained with inadequate spatial resolution. Only the
ROSAT PSPC detection by & Tru" mper sur-Predehl (1994)
vives as a reliable X-ray detection, although the corre-
sponding luminosity of the source in the ROSAT band is
uncertain as a result of uncertainties in the absorbing
hydrogen column (see ° 2).

The modeling techniques have also advanced signi!-
cantly during the intervening 2 years. The et al.Narayan

model was a local one where the dynamics were(1995)
calculated using a local self-similar solution & Yi(Narayan

and the radiation was computed with a local approx-1994)
imation for Compton scattering Liang, & Can!eld(Dermer,

& Yi Consistent global dynamical1991 ; Narayan 1995b).
solutions have since been calculated, initially with a pseudo-
Newtonian potential Kato, & Honma(Narayan, 1997c ;

Abramowicz, & Lasota and more recently forChen, 1997),
the full relativistic Kerr problem et al.(Abramowicz 1996 ;

& Appl & Popham A globalPeitz 1997 ; Gammie 1997).
scheme for Comptonization has also been developed

Barret, & McClintock based on tech-(Narayan, 1997a),
niques described by & Svensson Finally,Poutanen (1996).

et al. have shown that in addition toNakamura (1997)
energy advection by ions, which had been considered in
previous work, advection by electrons can be important in
some circumstances. This e†ect is now included in the cal-
culations (see the The present models are thusAppendix).
superior to those used by et al.Narayan (1995).

In this paper we present improved ADAF models of Sgr
A*. We make use of the spectral data described in and° 2

FIG. 1.ÈOpen and !lled circles represent various Ñux measurements
and upper limits of Sgr A*. We consider the !lled circles to be more
important as model constraints. The box at 1 keV represents the uncer-
tainty in the X-ray Ñux. The solid line is our baseline ADAF model with
the following parameters : M \ 2.5 ] 106 a \ 0.3, b \ 0.5, d \ 0.001.M

_
,

The Eddington-scaled mass accretion rate has been adjusted to !t them5
X-ray Ñux, giving The peak at the left is due to synchro-m5 \ 1.3 ] 10~4.
tron radiation, the next peak is due to Compton scattering, the peak
between 10È100 keV is due to bremsstrahlung, and the peak above 100
MeV is due to pion production. The long-dashed line is a model in which
the pion peak has been arti!cially raised by about an order of magnitude
to !t the data. The dotted line is the spectrum corresponding to a standard
thin accretion disk with while the short-dashed line is a thinm5 \ 10~4,
disk with Neither of these models is satisfactory.m5 \ 10~9.
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are compelled to suggest that perhaps the EGRET source
does not correspond to Sgr A*, but rather to a concentra-
tion of molecular gas at the Galactic center. The resulting
emission is then expected to be much more di†use, but it
would still appear unresolved to the 1¡ beam of EGRET.

Two features of the ADAF model in should beFigure 1
highlighted. First, the model !ts the data using a reasonable
mass for the black hole, M \ 2.5 ] 106 This is anM

_
.

improvement over the model described in et al.Narayan
where the data could be !tted only with a mass(1995),

M \ 7 ] 105 The primary reason for the improvementM
_

.
is the inclusion of electron energy advection, or compressive
heating of the electrons et al. as we(Nakamura 1997),
explain below. Second, the model is extremely advection
dominated. The bolometric luminosity integrated overL bolall frequencies is only 2.1 ] 1036 ergs~1, which corresponds
to a radiative efficiency of It isv \ L bol/M0 c2 \ 5 ] 10~6.
this extraordinarily low radiative efficiency that allows the
model to !t the observations with such a large mass accre-
tion rate.

In contrast, a standard thin accretion disk model of Sgr
A* is ruled out quite comprehensively by the radio-IR-
X-ray data. The dotted line in shows a thin diskFigure 1
model with the lowest mass accretion rate thatm5 \ 10~4,
we consider reasonable. The spectrum was calculated
assuming that the emission is blackbody at each radius. The
model predicts an infrared Ñux that is many orders of mag-
nitude above the measured upper limits. The short-dashed
line in shows another thin disk model, where hasFigure 1 m5
been reduced to 10~9. This model does satisfy the IR upper
limits but does not !t any of the observations, in either the
radio or X-ray bands. Further, the mass accretion rate is
unreasonably small.

A number of improvements have taken place in the mod-
eling techniques since the publication of our !rst model of
Sgr A* et al. It is interesting to investigate(Narayan 1995).
what e†ect each improvement has had on the calculated
spectrum. shows a sequence of models in which weFigure 2
start with the simplest version of the model and progres-
sively add features one by one. Figures explore the3È5
e†ects of varying model parameters and are described
below.

The dotted line in corresponds to the mostFigure 2a
primitive version of the ADAF model, in which the Ñow is
assumed to have a self-similar form & Yi(Narayan 1994)
and neither compressive heating of electrons nor gravita-
tional redshift is included. The optimized accretion rate is

The general shape of the spectrum is similarm5 \ 6 ] 10~5.
to that of our standard model (solid line), but this model
di†ers in three ways. First, the emission is stronger in nearly
all bands compared with our standard model ; in fact, the
model is inconsistent with the infrared limit. Second, the
mass accretion rate is lower than in our standard model by
a factor of 2. This, combined with the higher luminosity,
means that the model is not as advection dominated as our
standard model ; we obtain a radiative efficiency of
v \ 2.4 ] 10~4. Third, the calculated synchrotron emission
is well above the 86 GHz VLBI point. The discrepancy in
the radio Ñux is more than an order of magnitude and is
serious. Within the framework of the self-similar Ñow
assumption, the only way to eliminate this problem is by
changing one or more of the model parameters. This was, in
fact, the primary reason why the et al.Narayan (1995)
model required a black hole mass of 7 ] 105 instead ofM

_

FIG. 2.È(a) Spectra corresponding to !ve models, showing the e†ect of
various approximations ; see the text for details. (b) Electron temperature
pro!les corresponding to the same !ve models. The models represented
with long-dashed and solid lines have nearly identical temperatures.

the current best estimate of 2.5 ] 106 (see below,M
_

Fig. 3
which shows how the spectrum is modi!ed when the black
hole mass is reduced).

The short-dashed line in shows the e†ect ofFigure 2a
replacing the self-similar Ñow by a global Ñow based on a
pseudo-Newtonian potential et al.(Narayan 1997c ; Chen

The changes are minimal.1997).
The long-dashed line in next shows the e†ect ofFigure 2a

including compressive heating (see the andAppendix
et al. This model, which hasNakamura 1997). m5 \ 1.1

] 10~4, has a very di†erent spectrum compared with the
previous two models. The overall emission is signi!cantly
reduced, notably in the synchrotron peak, and the Ñow is
substantially more advection dominated : v \ 2.1 ] 10~6.
This model !ts the 86 GHz data point very well without
requiring any adjustment to the black hole mass. We thus
con!rm the result of et al. that compres-Nakamura (1997)
sive heating is an important e†ect. shows theFigure 2b
electron temperature pro!les of the various models. The
model with compressive heating has a signi!cantly di†erent
temperature structure than the models without. At very low

as in our model of Sgr A*, the dominant terms in them5 ,
electron energy equation are the two pieces of Qe,adv written
in the namely, the terms proportional toAppendix, dT

e
/dR

and do/dR. These two dominant terms balance each other,
while the rest of the terms in are small. In otherequation (1)
words, the electrons are essentially adiabatic. The adiabatic

Figure 3.11 Left panel: Revised 1998 modelled spectra based on the ADAF model for Sgr A∗.The best
fit is drawn with a solid line and corresponds to an accretion rate of Ṁ ' 8× 10−6M� yr−1 adjusted to
fit the Rosat X-ray flux (box at 1 keV). The dotted and short-dashed lines are calculated based on the
standard thin disc model with accretion rates of 6× 10−6M� yr−1 and 6× 10−11M� yr−1 respectively.
Right panel: The electron temperature profiles in the ADAF from 105 rs up to the event horizon for the
best model (solid line) and others including the 1995 model shown as the dotted line.

Of course, the centroids of the peaks and their relative heights depend on the parameters

of the model. For example, the position of the synchrotron peak depends mainly on the mass,

M , whereas its height is more or less proportional to the ratio of the accretion rate to plasma

viscosity, Ṁ/α. Hence, fitting the lowest frequency data gives rough values for M and Ṁ . In

the case of the Compton peaks, the determinant factor is the average boost per scattering which

depends on the electron temperature whose maximum in this model is ∼1010 K. This yields

a mean energy boost per scattering 〈A〉≈ 60–90, used as a multiplicative factor. The heights

of the Compton peaks are proportional to the product of the mean boost and optical depth
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of the plasma, τ < 0.01 (a kind probability of interaction), and implying that only ∼1% of the

synchrotron photons are up-scattered once and a mere 0.01% are scattered twice. In the case

of single scattering, the height is proportional to 〈A〉τ , whereas for doubly scattered photons

it is proportional to the square of this product, 〈A〉2τ2. Finally, since both the flux in the

synchrotron peak and the optical depth of the plasma are directly proportional to the accretion

rate, Ṁ , the flux varies roughly as Ṁ2 in the first Compton peak, and as Ṁ3 in the second.

The best-fit values of mass and accretion rate in the 1995 model are M = 0.7× 106M� and

Ṁ =α(1.2× 10−5)M� yr−1. The authors write that α probably lies in the range 0.01–1, which

implies that the best fit value for the accretion rate lies in the range 10−7–10−5M� yr−1. To fit

the radio data between 1 and 10 GHz (3–30 cm), a fixed electron temperature of ∼1010 K out to

3000 rs is required (Narayan et al. 1995). This is obviously a very high temperature, attainable

only in the most extreme circumstances found in the first moments of a supernova for example,

and quite unphysical. Moreover, this naturally leads to a huge bremsstrahlung component at

very high energies that even surpasses the upper limits set by Sigma between 35 and 150 keV

discussed earlier.

The treatment in Narayan et al. (1998) yields results in closer agreement with the newer

observational constraints available at that time. The authors fixed the mass to 2.5× 106M�
(Eckart and Genzel 1997), the equipartition parameter to β= 0.5 from which they determined the

viscosity parameter α= 0.6(1−β) = 0.3 and the adiabatic index γ= (8− 3β)/(6− 3β) = 6.5/4.5,

and they set the fraction of the dissipated energy transferred to the electrons to δ= 0.001. Fitting

for the accretion rate, the only free parameter, gives ṁ= 1.3× 10−4 in units of the Eddington

accretion rate for Sgr A∗ and thus equal to Ṁ ' 8× 10−6M� yr−1. Moreover, this parameter

has been adjusted to fit the Rosat X-ray flux (boxed point in middle of left panel of Fig. 3.11).

The resultant accretion rate is in close agreement with that estimated by Genzel et al. (1994)

to be Ṁ = 6× 10−6M� yr−1 based on the mass loss rate and gas velocity of the most likely

main contributor to the available material in the vicinity of Sgr A∗: the infrared source IRS 16.

Narayan et al. (1998) find a value of f ∼ 1 for the advection parameter (the ratio of advected

energy to viscous heat input), and hence an extremely low radiative efficiency for the overall

flow of ε=Lbol/Ṁc2 = 5× 10−6 using a luminosity of Lbol = 2.1× 1036 ergs s−1.

The authors conclude that the two-temperature ADAF model provides a viable explanation

to the spectral properties of Sgr A∗. They acknowledge, however, that there are a few prob-

lems with the overall spectral fit: under-prediction of the radio flux below 86 GHz, possible

under-prediction in the infrared and near-IR bands, electron brightness temperature below that

observed which is in excess of 1010 K according to Backer et al. (1993) and Rogers et al. (1994).

Summary

Each model describes a class of different, but quite generic types of accretion flows. The

accretion disc or flow of a classic ADAF model is large in extent, geometrically thick (sometimes

even quasi-spherical), optically thin, and in which the protons thermally dissociate from the

electrons and acquire a much higher temperature. Since the electrons are rather cool and the

protons radiate much less efficiently, and because the density of the plasma is low, the accretion

flow becomes very hot but radiates inefficiently (RIAF). Therefore, most of the available energy

being stored in the protons, is advected into the potential well and thus disappears into the

black hole without radiating. Convection, on the other hand, entails outflow and therefore

a mechanism is invoked to eject matter from the accretion flow without giving rise to much

radiation. The ejection through a wind or a compact unresolved jet, probably dissipates the

energy by expelling the protons that leave the system without radiating much.

The jet idea presented by Falcke et al. (1993) is an interesting one that stands on a solid basis
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of observational evidence from the study of active galactic nuclei. However, the fact that it is

unresolved and likely un-resolvable due to its extremely small size and faintness, makes it difficult

to test directly and hence rather speculative. This being the case, only indirect evidence through

the study of the characteristics of the emission from the nucleus could be found in support of

this model. Furthermore, considering that the jet gets its energy from the disc (not considering

energy extraction from the possible black hole rotation, e.g. Falcke et al. 1993), direct evidence

for orbital motion around the supermassive black hole showing the existence of a disc, would

not in any way exclude the possibility that a jet forms, maybe even intermittently.

Finally, the model developed by Melia, relying on sound observational constraints and phys-

ical principles that encompass the behaviour of the entire region around the Galactic nucleus,

seems to offer the most appealing and comprehensive picture of what actually takes place near

the supermassive black hole and why the spectrum from this source shows the features it does.

It is nonetheless important to remember that phenomenological models always have a great deal

of flexibility (some more than others), as to their power for reproducing the observed data. This

is obvious from the changing and shifting spectral shapes that most models can accommodate

when new and more accurate data become available. This is expected and should be so: a model

is intended as a tool to help us understand more about the nature of an object, and is always a

simplification of the actual physical processes that take place. It must, therefore, be gradually

tuned as more constraints are imposed; this should be kept in mind.
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3.3 The Recent History: Chandra and XMM-Newton

3.3.1 The Instruments

The Chandra X-ray Observatory

The NASA’s Advanced X-ray Astrophysics Facility (AXAF), renamed the Chandra X-ray

Observatory in honour of Subrahmanyan Chandrasekhar, was launched and deployed by the

Space Shuttle Columbia on the 23 of July 1999 for a nominal 5 year mission that has since

been extended. This cornerstone mission whose final configuration was the result of decades of

scientific efforts, combines high resolution, large collecting area, and sensitivity to higher energy

X-rays that allow Chandra to detect extremely faint sources, sometimes strongly absorbed, in

crowded fields. In fact, Chandra provides the finest spatial resolution in X-ray images, surpassing

its predecessors by at least an order of magnitude. Chandra was boosted into a 64 hour elliptical

orbit around the Earth that allows long, uninterrupted exposures of celestial objects.

Chandra’s focal plane, located behind a grazing incidence iridium-coated X-ray telescope

with a field of view of about 30′ and effective area of 800 cm2 at 0.25 keV and 400 cm2 at 5 keV,

is shared by two instruments, ACIS and HRC, mounted on a module meant to position either

instrument at the focus of the X-ray optics. ACIS (AXAF CCD Imaging Spectrometer) is an

imaging spectrometer with a field of view of ∼16′× 16′ that works in the energy range 0.2–10 keV.

It has a maximum effective area of 340 cm2 at 1 keV, and a spectral resolution E
δE = 20–50 at 1

and 6 keV that can be augmented by combining its use with the HETG (high energy transmission

grating) and reach a resolving power in the range E
δE = 60–1000 for energies between 0.5 and

10 keV.

HRC (High Resolution Camera) is, as its name suggests, a detector optimised for imaging.

This instrument has a ∼30′ × 30′ field of view, an effective area of 225 cm2 at 1 keV, and an

astounding spatial resolution of ∼0.5′′. The HRC can be used in conjunction with the LETG

(low energy transmission grating), to attain spectral resolutions in the range 30–2000 for energies

lying between 0.08 and 6 keV.

The XMM-Newton X-ray Observatory

The European Space Agency’s X-ray Multi-Mirror Mission, XMM-Newton, was put into

orbit by Ariane 504 on December 10, 1999, for a nominal 10 year mission. XMM-Newton is

ESA’s second cornerstone of the Horizon 2000 Science Programme. It carries three large X-ray

telescopes, each with an unprecedented (and unequalled) effective area of 1500 cm2 at 1 keV and

a spatial resolution of 6′′ (FWHM), a grating spectrometer and an optical monitor: the first to

be flown on a X-ray observatory. The large collecting area combined with its ability to make

long uninterrupted observations make XMM-Newton a highly sensitive X-ray observatory.

There are three focal plane instruments/monitors on board XMM-Newton: the European

Photon Imaging Camera (EPIC) with a field of view of 30′× 30′, the Optical Monitor Camera

(OMC) with a field of view of 17′× 17′, and the Reflection Grating Spectrometer (RGS) with a

field of view of 5′× 5′. EPIC, the main instrument, is composed of two metal-oxide-silicon units,

MOS1 and MOS2, sensitive in the energy range 0.1–12 keV and having each an effective area of

922 cm2 at 1 keV; and the PN camera, sensitive up to 15 keV with a yet larger effective area of

∼1227 cm2 at 1 keV. Both the MOS and PN have a comparable energy resolution of ∼70 eV at

1 keV ( EδE = 15), and 150 eV at 6.4 keV ( EδE = 45).

There are two RGS units sensitive in the low energy range 0.35–2.5 keV, having an effective

area of 185 cm2 at 1 keV, and spectral resolution E
δE = 200–800 over the operating range. The

Optical Monitor functions at wavelengths between 180 and 650 nm and is a co-aligned 30 cm
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optical/UV telescope with spatial resolution around 1′′.

3.3.2 An X-ray Counterpart to Sgr A∗ (1999)

Two whole decades of high energy observations of the GC from soft X-rays up to energetic

γ-rays, paying particular attention to the nucleus, revealed a view of this region whose richness

far surpassed our anterior understanding of the central kernel of the Milky Way. The discoveries

of different kinds of astrophysical systems detected as point X-ray sources grew steadily in

numbers, to the point of requiring the compilation of large catalogs. Furthermore, we found

that the concentration of these sources rose steeply towards the centre of the Galaxy, where

the presence of a very hot and apparently diffuse gas pervading the central hundred parsecs

became evident with Einstein’s first X-ray images. In the middle of this ocean of hot plasma,

lay the luminous X-ray counterpart to the radio-bright Sgr A complex. The brightness of the

X-ray emission from the Galactic core, combined with the high density of sources present in

this region made it impossible for any of the observatories that flew in orbit during the 1980’s

and 1990’s, to actually draw definitive conclusions about the emission from the nucleus itself,

obviously expected to be point-like, but not yet resolved as such.

Finally, at the end of September 1999, the Chandra X-ray Observatory observed the Galactic

centre and detected what we now consider as the first X-ray counterpart to the radio source

Sgr A∗ (Baganoff et al. 2003). The surprisingly faint X-ray source located a fraction of an

arc second from the radio position of Sgr A∗, was detected in quiescence, and its spectrum

was characterised as a highly absorbed power-law with photon index Γ = 2.7+1.3
−0.9, indicating a

rather “soft” X-ray emission whose intensity decreases sharply with increasing energy. The total

luminosity of the source derived for a distance of 8 kpc in the energy range 2–10 keV was found

to be LX≈ 2× 1033 ergs s−1. Given that Chandra’s spatial resolution is around 0′′.5, Baganoff

et al. (2003) were able to resolve the size of the central X-ray source to be around 1′′.0 to

1′′.5. The authors pointed out that the X-ray source size corresponding ∼1.2–1.8× 1017 cm,

matched almost exactly the size of the accretion or capture radius of ∼5× 1016 cm. It was hence

interpreted that we were seeing the extent of the hot plasma, captured and then heated within

the sphere defined by the accretion radius.

The discovery of the X-ray counterpart to the compact radio source Sgr A∗, delighted the

Galactic centre community. This detection gave the first convincing estimate of the luminosity

of the Galactic nucleus at X-ray energies, something that would impose severe constraints on the

emission mechanisms linked to the supermassive black hole sitting at the centre of it. However,

much more exciting results were yet to come.

3.3.3 The Central Black Hole Flares in X-rays (2000–2002)

On October 27, 2000, one year after the discovery of the X-ray counterpart to Sgr A∗,

Chandra observed the Galactic centre again and detected an X-ray flare from the central source

(Baganoff et al. 2001). The flare lasted about 10 ks, had a harder spectrum with a more

important proportion of photons at high energies, which was characterised by a photon index of

Γ≈ 1.3, and reached a peak luminosity of LX≈ 1.0× 1035 ergs s−1. This was a factor 45 above

the quiescent level.

Two additional bright flares from the direction of Sgr A∗, with varying time scales and

spectral features, were subsequently detected by XMM-Newton and reported. Goldwurm et al.

(2003) presented the detecion in September 2001, of the rising portion of a flare from Sgr A∗

seen over a period of some 900 s. They found a flare photon index of Γ = 0.7± 0.6, compati-

ble with the Chandra flare photon index within the errors, and derived a peak luminosity of
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LX≈ 5.4× 1034 ergs s−1, corresponding to a factor 25 above quiescence.

Then in October 2002, XMM-Newton detected another flare from Sgr A∗. This flare however,

unlike all previously reported events of this type, lasted only ∼2.7 ks, had a spectrum almost as

soft as the quiescent state X-ray emission and was characterised by a photon index of Γ≈ 2.5, but

was more than three times brighter than the previously detected flares. This event, presented

by Porquet et al. (2003), reached a peak luminosity of LX≈ 3.6× 1035 ergs s−1 in the 2–10 keV

energy range, corresponding to an unprecedented factor 160 above the source’s quiescent X-ray

luminosity in the same energy range. The very different spectral features of this flare compared

with those of the first flaring events, added a new dimension to the task of understanding what

gives rise to these energetic bursts of radiation.

We gained an important insight from the temporal features of the flares: the short term

variability in the light curves implied that the region from which the X-rays originated had

to be smaller than ∼30 rs based on light-travel-time arguments. This was a proof that the

instabilities causing the flares are taking place near the supermassive black hole, and that the

X-ray source actually has two components: the large scale (1′′) emission from the hot plasma

within the accretion radius, and the point-like flaring emission from the immediate vicinity of

the black hole.

3.3.4 The Point-sources and Diffuse Emission in the Central

Regions

Between the fall of 1999 and June 2002, the Chandra observatory carried out a deep exposure

program of about half a million seconds devoted to the Galactic centre, and whose pointings

were aimed towards Sgr A∗. The field of view covered was 17′ × 17′ in projection: a square

region 40 pc across. Other than the discoveries about Sgr A∗ presented in the previous sections,

this deep survey allowed for a thorough examination of the X-ray source population. This led

to the discovery of thousands of new sources, to a good representation of their overall spatial

distribution, and an accurate description of their spectral features, as well as their variability

as a function of time. It also permitted a fine characterization of the spectral properties of the

diffuse X-ray emission of the region.

A catalogue of sources was compiled by ?), the spectra and variability of a large sample of

these were discussed by Muno et al. (2004), and the diffuse emission was examined by Muno

et al. (2004) and Park et al. (2004). To briefly summarise their main results: Chandra detected

∼2350 point sources with luminosities LX≈ 1031–1033 ergs s−1, whose surface density rose as

1/r2 towards the centre, as that of the stars surveyed in IR. About 300 sources were detected

in the soft band, and so are likely in the foreground, the remaining ∼1850 are probably located

near, at, or beyond the GC. The majority are probably intermediate polars (Muno et al. 2004).1

The detection of several low mass X-ray binary (LMXB) systems very close to Sgr A∗ is

intriguing, and led astronomers to contemplate scenarios involving a migration of such systems

towards the GC in order to account for the apparent overabundance of these within a few

arcminutes of Sgr A∗, the closest one being located just 3′′ (or 0.12 pc) from Sgr A∗ in projection

1Intermediate polars are a subclass of binary systems called cataclysmic variables, which are composed
of a white dwarf and a companion (or donor star), from which the compact white dwarf accretes matter,
usually through an accretion disc. The white dwarf can sometimes have a magnetic field that is strong
enough to disrupt or even prevent the formation of an accretion disc. These highly magnetised systems
often show strong and variable polarization at optical wavelengths, hence they are called intermediate
polars, when the inner accretion disc is disrupted, and polars when a disc cannot form. Such sources
appear as blue stars with strong UV and X-ray emission.
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(Muno et al. 2005; Muno et al. 2005).2

Finally, Muno et al. (2004) found that based on the deep Chandra observations of the GC

for which the effective energy range is 2–8 keV, the multitude of sources, most of which had

very hard spectra with photon indices Γ< 1, could account for only 10% of the total detected

X-ray emission in this band. This, together with some considerations of the spectral properties

of the emission, led the authors to conclude that 90% of the emission was indeed diffuse in

nature. Furthermore, they found significant differences among the spectra, subtracted of point

sources, in the different parts of the field. Nonetheless, the same spectral model was used to

characterise the diffuse emission everywhere, and parameter values were allowed to vary. The

best fit spectral model comprises an absorbed power-law component, two plasma components

in thermal equilibrium with abundances set to solar, and one Gaussian line to account for the

6.4 keV iron line arising either from energetic radiation or cosmic ray interactions on the surface

of cold molecular matter. The results suggest the presence of a low energy plasma component at

∼1 keV, and of a hot one at ∼8 keV, in support of the work presented by Koyama et al. (1996)

based on the ASCA observations of this region. I will come back to this in subsequent chapters.

In the next section, I return to the evolving models for Sgr A∗ after a synopsis of the various

observational constraints on this object and their implications. This chapter ends with a brief

presentation of the scientific stage as it was at the launch on the INTEGRAL observatory, and

in particular with respect to questions related to the Galactic nucleus and its surroundings.

3.3.5 Emission Mechanisms in Sgr A∗ Revisited

The observational constraints on the nature of the source and on the radiative mechanisms

related to it, compiled at all accessible wavelengths since the beginning of astronomical inves-

tigations of Sgr A∗, have forged the following overall picture. The emission from the innermost

region, closest to the event horizon, is seen with a polarization fraction around 10% over a range

covering submillimetre to millimetre wavelengths from 0.135 up to 2 mm. The high degree of

polarization of this emission entails two things: that it is synchrotron radiation from a magneti-

cally ordered system like a small, hot accretion disc or a jet; and that the surrounding plasma is

thin enough to allow this polarized synchrotron light to escape without being depolarised by a

succession of random interactions. This, therefore, also imposes an upper limit on the accretion

rate near the event horizon of Ṁ ∼ 10−7M� yr−1, about three orders of magnitude smaller than

the estimated rate of infall at the capture radius (Ṁ ∼ 10−4M� yr−1). Moreover, the fact that

the polarization fraction is stable over timescales of at least five years but that variations of up

to 60◦ in the position angle are seen, suggests variability in the electron density and/or magnetic

field in the region around the black hole at radii between 10 rs and 1000 rs.

The size of Sgr A∗ is a function of frequency at short radio wavelengths, and the inherent size

of its major axis has been resolved at 3.5 mm to be about 180 microarcseconds. For a 3.6 million

solar mass black hole, this corresponds to roughly 20 rs (or about 1 AU). This result confirms

that the polarized emission at millimetre to submillimetre frequencies does indeed come from

the innermost region near the black hole, while the synchrotron radiation detected at longer

wavelengths, corresponding to a much larger source, is most probably associated with energetic

electrons further out at distances of r∼ 1000 rs.

2Low-mass X-ray binaries (LMXBs) are binary systems composed of a black hole or neutron star
accreting from a less massive main sequence star, degenerate dwarf (white dwarf), or evolved star (red
giant). The name of the class of stars comes from the fact a typical LMXB emits almost all of its
radiation in X-rays, and usually less than one percent in visible light. The brightest part of the system
is the accretion disc around the compact object. The orbital periods of LMXBs range from milliseconds,
in the case of millisecond pulsars, to hundreds of days. High-mass X-ray binaries have a massive donor
star.
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The quiescent X-ray emission from the nucleus is resolved to a size of ∼1′′, which matches the

Bondi-Hoyle capture diameter. This implies that the infalling plasma heats up enough to emit

soft X-rays through bremsstrahlung as it falls. X-ray flaring, and in particular rapid variability

during flares, points to an emitting size smaller than ∼30 rs, and therefore to a region very close

to the event horizon of the central massive black hole.

At soft γ-ray energies, we have derived upper limits on the emission from the nuclear region,

and have an indication that there are processes related to the acceleration and subsequent decay

of hadrons, producing γ-rays of ∼50 MeV. Hence, independently of the models, there are a few

things that we have understood and that can be said about Sgr A∗.

First, the accretion rate at the capture radius, racc∼ 5× 1016 cm, small as it is, is several

orders of magnitude larger than what falls onto the black hole. Since the falling matter cannot

prevent this inward motion on its own, there must be a mechanism, probably instability driven

and magnetically powered, that supplies the energy required to form an outflow of some kind.

Second, the rate of capture is small enough that the characteristic timescales for either brems-

strahlung or synchrotron emission are much longer than the dynamical timescale for infall. The

plasma, being too thin to radiate efficiently, has a very low emissivity and the gravitational

energy released is retained as heat. This raises the temperature of this infalling gas to very high

values of the order of 107 around the capture radius and up to 1010–1011 K near the event horizon.

The projected size of the quiescent X-ray counterpart to Sgr A∗ is around 1′′, corresponding to

∼1017 cm at the distance of 8 kpc, and as expected, approximately equal to the capture radius.No. 1, 2001 LIU & MELIA L79

Fig. 1.—Best-fit spectrum for the case where the X-ray emission is domi-
nated by power-law electron synchrotron radiation from the circularization
region. Solid line: Overall spectrum, corrected for free-free absorption by the
ionized gas along the line of sight. Dotted line: Intrinsic emission from the
circularization region. Short-dashed line: Emission from the inner Keplerian
region (see Melia et al. 2000, 2001). Long-dashed line: Thermal emission from
the circularization region. Here is the inner radius of the Keplerian structure.ri
The other parameters are defined in the text. The power-law electron distri-
bution function is , where is the total elec-!12 !3.1N(E, r) p 1.5# 10 E n(r) n(r)
tron number density. The ratio of thermal energy to the sum of gravitational
energy and energy associated with azimuthal gas motion is .f p 0.1t

Fig. 2.—Best-fit spectrum for the case where the X-ray emission is domi-
nated by self-Comptonization of millimeter and submillimeter photons in the
inner Keplerian region. Lines are the same as in Fig. 1. Here the power-law
electron distribution function is and .!11 !3.3N(E, r) p 7.0# 10 E n(r) f p 1.0t

not violating (or perhaps even simultaneously explaining) its X-
ray spectrum as well. An important departure of this work from
the earlier attempts at carrying out this fit is the much lower
accretion rate we are adopting here, which significantly changes
the interplay between the radio and X-ray emissivities. We will
see below, in fact, that depending on the efficiency of converting
gravitational energy to thermal energy, the X-rays can be pro-
duced either via self-Comptonization in the Keplerian region or
via synchrotron emission by the power-law electrons in the cir-
cularization region. This is clearly highly relevant to future co-
ordinated multiwavelength observations, which should be able
to distinguish between these two possible manifestations of the
high-energy radiation.
However, even a cursory inspection of the data will im-

mediately show that the nonthermal electrons must have a
rather steep spectral index. Strong shock acceleration usually
produces a power law with an index of !2.0, much smaller
than our best-fit value (see below). There are several reasons
that can account for this. First, it is well known that the shock
compression ratio , which determines the spectral index ac-pc
cording to , can be reduced significantlyp p (p " 2)/(p ! 1)c c

in a strongly magnetized plasma (Kirk et al. 2000; Ballard &
Heavens 1991). In our model, we have a magnetic field that
is strong enough to decrease the compression ratio well below
2.5, which can therefore yield a power-law spectral index larger
than 3.0. Second, the circularization region may be turbulent,
with a very irregular magnetic field. Kirk, Duffy, & Gallant
(1996, 1997) have demonstrated that braided magnetic fields
can increase the power-law spectral index even further, to

. Third, Duffy, Ball, & Kirk (1995) noticed(p " 3.5)/(p ! 1)c c

in their simulations that the accelerated ions can lead to the

creation of a weaker subshock and an upstream precursor,
whose effect also leads to a reduction of the compression ratio
and a steeper spectral index. An additional factor that may be
relevant here is that with rapid cooling (we will see below that
in some cases the nonthermal particles cool well before reach-
ing the inner Keplerian region) the steady state distribution
function is characterized by a spectral index (van derp" 1
Laan 1963; Markoff, Melia, & Sarcevic 1999). Even so, tur-
bulent shock acceleration is not well understood, so we must
necessarily treat the spectral index and the number density of
nonthermal particles as free parameters. For simplicity, we will
assume that the former is the same throughout the circulari-
zation region and that the ratio of the power-law electron num-
ber density to the total electron number density in the flow is
constant. We shall see that the combination of centimeter, mil-
limeter, and X-ray data do not leave much flexibility in the
possible values of these quantities. In fact, our best fits (see
Figs. 1 and 2) require an approximate equipartition between
the thermal and nonthermal particle distributions in the cir-
cularization region.

3. RESULTS AND DISCUSSION

Our two best-fit models are shown in Figures 1 (model 1)
and 2 (model 2). The flattened gas distribution has an incli-
nation angle of 45! to the line of sight, and the circularization
region extends out to 1000rS. The radio spectrum results from
the superposition of power-law synchrotron emission compo-
nents at different radii, with the lowest frequency part produced
in the large, diluted outer segments and the high-frequency
portion resulting from emission in the smaller, dense inner zone.
The overall spectrum is relatively flat from 1 to 50 GHz. From
Figure 1, it is clear that the thermal emission from this region
is negligible by comparison. The radiation below 1 GHz, which
is produced at radii beyond 500rS, is mostly absorbed by the
ionized gas along the line of sight (Davies et al. 1976). This
type of fit to the radio spectrum therefore requires a circular-

Figure 3.12 Best fit spectrum for the case where the X-ray emission is dominated by self-Comptonization
of millimeter and submillimeter photons in the inner Keplerian region. Best-fit spectrum for the case
where the X-ray emission is dominated by power-law electron synchrotron radiation from the circularisa-
tion region. Solid line: Overall spectrum, corrected for free-free absorption by the ionized gas along the
line of sight. Dotted line: Intrinsic emission from the circularization region. Short-dashed line: Emission
from the inner Keplerian region (see Melia et al. 2000, 2001), with the contribution from the thermal
emission arising in the circularisation region. Here ri is the inner radius of the Keplerian structure. The
power-law electron distribution function is N(E, r) = 7.0× 10−11E−3.3n(r), where n(r) is the total elec-
tron number density. The ratio of thermal energy to the sum of gravitational energy and that associated
with azimuthal gas motion is ft = 1.0.

Modelling efforts aimed at explaining and understanding the emission from Sgr A∗ saw a

rapid gain in momentum: first with the Chandra detection of the quiescent X-ray counterpart to

the compact radio source, and then with the detection of a few flares in this energy range. These
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new X-ray constraints on the quiescent emission were incorporated into the spherical accretion

model of Melia (1994). Figure 3.12, taken from Liu and Melia (2001), shows a modelled spectra

taking these new constraints into accout by relying on the Comptonisation of the millimeter

and submillimeter photons coming from the inner portion of the flow. Given that these unusual

energetic events can give us several indications as to the conditions that exist in the innermost

regions around the central object, most of the discussion was set around the mechanisms that

could induce these X-ray flares, and the types of spectra they would generate. The two basic

configurations that were considered as the basis for these further studies were: a hot, magnetised

accretion disc extending . 30 rs, on the one hand, and a jet, in some cases coupled to the accretion

disc, on the other.

Coker et al. (1999), Coker and Melia (2000), Melia et al. (2000) and Melia et al. (2001)

showed that a likely scenario that can account for the spectrum of Sgr A∗ is the following: the

quasi-spherical accretion of gas supplied by turbulent stellar winds captured at the Bondi-Hoyle

radius, circularises around 100 rs and eventually gives rise to a small, hot, highly magnetised

and optically thin accretion disc within ∼20 rs. This Keplerian flow is at the origin of the

submillimetre excess produced by thermal synchrotron in the innermost portions of the disc,

and the high polarization fraction of this emission seems to support this picture.
No. 2, 2002 LIU & MELIA L79

Fig. 1.—Radial profiles of the temperature (thick curves) and the number
density (thin curves) of the Keplerian gas for three sets of physical parameters.
In all cases, the ratio of the outer boundary temperature to its virial value is
0.45, and an inclination angle of 45! is assumed for the calculation of the
spectrum. Solid curves show the best-fit model for the quiescent state of Sgr
A* (with temperature and number density ). The accretion rate in thisT nQ Q

situation is g s!1 and . The other parameters are167# 10 b p 1.0 b pn p

, , and . In Fig. 2, we present the best-fit model for0.09 r p 12r r p 2.4r0 g i g

the flare state, which corresponds to the dotted curves shown here (labeled
and ). The fit shown in Fig. 3, where the X-rays are produced via SSC,T nB B

corresponds to the dashed curves used here (labeled and nC).TC

Fig. 2.—Best-fit spectrum (thick solid curve) for the flare state, produced
primarily with thermal bremsstrahlung emission. The physical parameters are
listed in the figure. Thin solid curve corresponds to the best fit for the quiescent
state spectrum, corresponding to the dotted curves used in Fig. 1.

2001), together with the natural association we can make be-
tween the viscous timescale and the variability of the observed
flare, supports the view that the outburst could well have been
produced by a transient enhancement of through the innerṀ
Keplerian region. According to this hot magnetized accretion
model, several important changes are expected to result from
the injection of new matter into the system. First, the increase
in will increase the particle number density in the flow, whichṀ
implies more efficient cooling and thus a lower temperature.
The scale height of the plasma will decrease accordingly, which
makes the number density even greater. Consequently, the radio
emission will become optically thin at a higher frequency.
(Note, however, that an enhanced accretion rate may also affect
the inner boundary condition, which we ignore in this first pass
through the problem. If an additional detailed exploration of
this picture is warranted by future observations of Sgr A*, this
effect will be included, along with an incorporation of the
general relativistic corrections.) Second, the anomalous vis-
cosity is also expected to change, although it is not yet under-
stood whether and will increase or decrease. In this Letterb bp n

we therefore consider both circumstances to bracket the range
of possible outcomes. For example, Figure 1 shows what hap-
pens if is increased, corresponding to two rather diverseṀ
responses of the anomalous viscosity. The dotted curves rep-
resent the physical variables when the viscosity parameter bn

decreases by a factor of about 2 (to the new value 0.481). All
the other parameters are the same as in the quiescent state. The
decrease in the anomalous viscosity increases the number den-
sity even further, and the inflowing gas cools down to about

K at small radii. The decrease in as the gas approaches910 nB
the inner boundary is due to the zero-stress condition there.
The dashed curves demonstrate the behavior of T and n when
increases by a factor of about 7 compared to its value inbp

the quiescent state. With an increase in the anomalous viscosity,
the effects of an enhanced on are mostly annulled, andṀ nC
the structure of the inflow is therefore similar to that of the
preflare state.

3. RESULTS AND DISCUSSION

The best-fit model for an accretion-induced flare in Sgr A*
is shown in Figure 2, which also shows the quiescent state
spectrum for comparison. In this case, the enhancement in Ṁ
is coupled with an associated decrease in anomalous viscosity,
the combination of which results in an increase of the particle
number density by a factor of 30 at the outer boundary. The
structure of the Keplerian flow consequently changes consid-
erably (Fig. 1). All three of the emission processes contribute
significantly to the overall spectrum. An associated strong sub-
millimeter/far-IR flare is expected during the X-ray outburst.
Note, however, that owing to a sharp decrease in the gas tem-
perature, the millimeter flux is not expected to change signif-
icantly; depending on the exact model parameters, it may even
decrease slightly. It is not yet certain, though, whether this can
lead to an anticorrelation between the millimeter and X-ray
flux densities, since the emission from the circularization zone
further out may also contribute to the millimeter spectrum (see
also Melia 1992, 1994). Unfortunately, the physics of this
region is not yet well understood. Future high-resolution
numerical simulations of the time-dependent problem may re-
solve this ambiguity. For this situation, the high-energy X-ray
emission is dominated by bremsstrahlung processes and the
spectrum flattens during the flare. We note, however, that SSC
may still contribute some flux to the soft X-ray band. This is
interesting in view of the fact that a power-law fit to the flare
state spectrum suggests less absorption than expected, im-
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the flare state, which corresponds to the dotted curves shown here (labeled
and ). The fit shown in Fig. 3, where the X-rays are produced via SSC,T nB B

corresponds to the dashed curves used here (labeled and nC).TC

Fig. 2.—Best-fit spectrum (thick solid curve) for the flare state, produced
primarily with thermal bremsstrahlung emission. The physical parameters are
listed in the figure. Thin solid curve corresponds to the best fit for the quiescent
state spectrum, corresponding to the dotted curves used in Fig. 1.

2001), together with the natural association we can make be-
tween the viscous timescale and the variability of the observed
flare, supports the view that the outburst could well have been
produced by a transient enhancement of through the innerṀ
Keplerian region. According to this hot magnetized accretion
model, several important changes are expected to result from
the injection of new matter into the system. First, the increase
in will increase the particle number density in the flow, whichṀ
implies more efficient cooling and thus a lower temperature.
The scale height of the plasma will decrease accordingly, which
makes the number density even greater. Consequently, the radio
emission will become optically thin at a higher frequency.
(Note, however, that an enhanced accretion rate may also affect
the inner boundary condition, which we ignore in this first pass
through the problem. If an additional detailed exploration of
this picture is warranted by future observations of Sgr A*, this
effect will be included, along with an incorporation of the
general relativistic corrections.) Second, the anomalous vis-
cosity is also expected to change, although it is not yet under-
stood whether and will increase or decrease. In this Letterb bp n

we therefore consider both circumstances to bracket the range
of possible outcomes. For example, Figure 1 shows what hap-
pens if is increased, corresponding to two rather diverseṀ
responses of the anomalous viscosity. The dotted curves rep-
resent the physical variables when the viscosity parameter bn

decreases by a factor of about 2 (to the new value 0.481). All
the other parameters are the same as in the quiescent state. The
decrease in the anomalous viscosity increases the number den-
sity even further, and the inflowing gas cools down to about

K at small radii. The decrease in as the gas approaches910 nB
the inner boundary is due to the zero-stress condition there.
The dashed curves demonstrate the behavior of T and n when
increases by a factor of about 7 compared to its value inbp

the quiescent state. With an increase in the anomalous viscosity,
the effects of an enhanced on are mostly annulled, andṀ nC
the structure of the inflow is therefore similar to that of the
preflare state.

3. RESULTS AND DISCUSSION

The best-fit model for an accretion-induced flare in Sgr A*
is shown in Figure 2, which also shows the quiescent state
spectrum for comparison. In this case, the enhancement in Ṁ
is coupled with an associated decrease in anomalous viscosity,
the combination of which results in an increase of the particle
number density by a factor of 30 at the outer boundary. The
structure of the Keplerian flow consequently changes consid-
erably (Fig. 1). All three of the emission processes contribute
significantly to the overall spectrum. An associated strong sub-
millimeter/far-IR flare is expected during the X-ray outburst.
Note, however, that owing to a sharp decrease in the gas tem-
perature, the millimeter flux is not expected to change signif-
icantly; depending on the exact model parameters, it may even
decrease slightly. It is not yet certain, though, whether this can
lead to an anticorrelation between the millimeter and X-ray
flux densities, since the emission from the circularization zone
further out may also contribute to the millimeter spectrum (see
also Melia 1992, 1994). Unfortunately, the physics of this
region is not yet well understood. Future high-resolution
numerical simulations of the time-dependent problem may re-
solve this ambiguity. For this situation, the high-energy X-ray
emission is dominated by bremsstrahlung processes and the
spectrum flattens during the flare. We note, however, that SSC
may still contribute some flux to the soft X-ray band. This is
interesting in view of the fact that a power-law fit to the flare
state spectrum suggests less absorption than expected, im-

Figure 3.13 Left panel: Radial profiled of the temperature (thick curves) and the number density (thin
curves) of the Keplerian gas for three sets of physical parameters. In all cases, the ratio of the outer
boundary temperature to its virial value is 0.45, and an inclination angle of 45◦ is assumed. Solid curves
show the best-fit model for the quiescent state (TQ and nQ) in which the accretion is ∼1× 10−9M� yr−1.
Right panel: Best-fit spectrum (thick solid curve) for the flare state produced primarily with thermal
bremsstrahlung emission, constructed based on the parameters labelled TB and nB in the left panel. The
quiescent state model is drawn with the thin solid line.

Liu and Melia (2002) showed that X-ray flares can be induced by a sudden enhancement

of the accretion rate through the circularised flow. The change in the viscosity associated with

such an event determines the spectral features of the flare. If the viscosity decreases, the flare

emission will be hard, produced by thermal bremsstrahlung. If it increases, then the emission

will be softer, resulting from synchrotron self-Comptonisation. Moreover, when the flare is

produced by bremsstrahlung, there is an associated increase in the sub-millimetre and farIR

emission; whereas when it is the result of synchrotron self-Comptonisation, the correlation is

strongest with the millimetre and sub-millimetre portion of the spectrum. The detailed study

of such events and the relation between the emission at different wavelengths clearly relies on
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multiwavelength observations covering a wide range of frequencies. The newly evolved model

by Liu and Melia that, now also took into account flares from Sgr A∗ in the overall picture is

represented in figure 3.13. The left panel shows a number of combinations of electron and ion

temperatures, and number density profiles. The right panel gives the best fit spectra for the

cases of emission in quiescence and flaring states.

The jet-disc model first introduced by Falcke et al. (1993), developed further by Falcke and

Biermann (1995); Falcke et al. (1995); and more recently by Falcke and Markoff (2000); Markoff

et al. (2001) and Yuan et al. (2002) in its application to Sgr A∗ for both the quiescent as well

as flaring states, provides good fits to the data and is observationally constrained in exactly the

same way as the small Keplerian flow model. The left panel of figure 3.14 shows the best-fit

model for the jet-ADAF solution presented by Yuan et al. (2002) and taking into account the

quiescent X-ray constraints set by Chandra. The right panel shows an application of the jet

model in explaining the features of the emission from Sgr A∗ during the first detected X-ray

flare taken from Markoff et al. (2001). In the jet-ADAF model, a small fraction of the accretion

flow is ejected near the black hole and electrons within the jet reach temperatures of ∼1011 K.

The parameters of the jet are determined by the underlying accretion disc, and its spatial extent

is constrained by VLBI observations, leaving it as an unresolved compact jet producing the syn-

chrotron millimetre/sub-millimetre excess also responsible for the Comptonisation component

at higher energies.
860 F. Yuan et al.: A Jet-ADAF model for Sgr A!
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Fig. 3. The jet-disk spectral model for SgrA!. The dotted
line is for the ADAF contribution, the dashed line is for the
jet emission, and the solid line shows their sum. See text for
details.

the nozzle to obtain the value of B if temperature and
density are known. This means that B is no longer a free
parameter, either. The density, ne, in the jet follows from
the coupling constant qm in the jet-disk symbiosis model
(Falcke et al. 1993). This is defined as the ratio between
mass loss in the jet and accretion rate outside r0. For jets,
qm is typically a few percent and we require qm ! 1.

Our best spectral fit is presented by the solid line in
Fig. 3. The dashed line denotes the emergent spectrum
from the jet, and the dotted line is from the underlying
disk (ADAF). The solid line is their sum. For ADAFs,
the parameters are Ṁ = 8.8 " 10!7 M" yr!1, ! = 0.1,
" = 0.95 and # = 10!3. The outer boundary conditions
are Ti # Te = 8 " 106 K, !out = 0.27 !Kepler at 105 Rs.
The parameters for the jet are r0 = 1.7 Rs, z0 = 3.5 r0,
qm = 0.5% and $ = 35#, the “calculated parameters”
are B = 23G, Te = 2.1 " 1011 K, and ne = 2.4 " 106.
The mass loss rate in the jet is Ṁjet = %r2

0csnemp =
4.3 " 10!9 M" yr!1, i.e. 0.5% of the accretion rate. For
" = 0.95 and shock location r0 = 1.7 Rs, the Alfvén Mach
number MA $ v/vA1 = (v/cs)(4%&p/B2)1/2 # 10 > 6,
here vA1 $ B1/(4%'1)1/2 is the pre-shock Alfvén speed,
the magnetic e"ects are weak in the shock transition
condition, so our hydrodynamic approximation to the
shock transition condition, Eqs. (1)–(3) above, is justified
(Draine & McKee 1993).

This model fits the spectrum over the whole range of
frequencies from radio to the X-ray quite well. The submm
bump is slightly over-predicted, but it is acceptable con-
sidering the variability of the data in this band (Melia &
Falcke 2001) and the uncertainty of the model. The low-
frequency radio emission is mainly contributed by the jet
outside the nozzle. The contribution from the ADAF is
rather weak and can be neglected. The submm bump is
the sum of the synchrotron radiation from both the ADAF

and the nozzle of the jet. We note that the emission from
the nozzle is much weaker than in the ADIOS with # = 1
presented in the last section (solid line in Fig. 2) although
the electron temperatures are both >%1011 K. Such a di"er-
ence is not surprising considering the much smaller spa-
tial scale of the nozzle, r0 = 1.7 Rs, while in that case,
there is a larger radial range with high temperature. In
this sense, an abrupt increase in the temperature profile
is necessary to model the spectrum. This is naturally sat-
isfied in our jet-disk model by the formation of a jet. If
instead the nozzle in our model is replaced by a similar
high-temperature component such as the inner region of a
disk, since the temperature profile of the disk is in general
smooth, the radial range of this high-temperature compo-
nent would be considerable. In this case, we expect that
the model would greatly over-predict the submm flux, and
the low-frequency radio spectrum is still hard to explain,
as indicated by our calculation for the ADIOS model with
high # in Sect. 3. This is the reason why in Melia et al.
(2001)’s model the authors require an accretion disk as
small as %5 Rs.

The X-rays are mainly produced in the nozzle by SSC,
although bremsstrahlung from the ADAF also contributes
to some degree. The predicted X-ray spectrum is the sum
of the very soft SSC from the nozzle and the relatively
flatter bremsstrahlung spectrum from the ADAF, which
is in very good agreement with the Chandra data, almost
identical to the best fit of Bagano" et al. (2001b). The fit
is also much better than that of the ADIOS with # = 1
in the last section. In both cases, the X-ray emission is
the sum of bremsstrahlung and SSC, but in the present
case, bremsstrahlung produces a much flatter spectrum
than in the case of an ADIOS due to the absence of a
strong wind. Because of the contribution of SSC from the
jet, the variability timescale of X-rays should be short,
t # r0/vjet # 10 min. This is consistent with the %1 hour
variability timescale determined in the quiescent state
and is in excellent agreement with the 600 s variability
timescale detected in the flare state. We show that it is
the variability of the flux from the nozzle that causes
the huge-amplitude flare (Marko" et al. 2001b). On the
other hand, since the bremsstrahlung radiation from the
ADAF also contributes partly to the X-ray spectrum, this
could explain the possibly detected extended source with
%105 Rs(# 1$$), the 6.7 keV K! emission line, and steady
X-ray flux on %one year timescale, as we stated in Sect. 2.

We note that the above nozzle parameters, tempera-
ture, spatial size and density, are very close to the “sec-
ond component” in the model of Beckert & Duschl (1997),
which is also responsible for the submm bump of SgrA%.
These parameters seem to be the best ones to fit the
submm bump. It is interesting that the nozzle with these
parameters will “evolve” naturally into a jet whose emis-
sion can well reproduce the low-frequency radio spectrum
of SgrA%, and the Comptonization of its synchrotron emis-
sion can produce a very soft X-ray spectrum which can fit
the Chandra data excellently. In fact, to make the up-
scattered submm bump extend to the Chandra band, an

S. Marko! et al.: X-ray flare in Sgr A* L15

Fig. 1. Fit of the jet model (solid line) to the flare data of Bagano! et al. (2001a) a) with the Ṁ-flare, raising the jet power by
a factor of !3 , and b) with the Te-flare by raising the temperature of the electrons by a factor of 3, compared to the quiescent
jet and disk model (dashed line). The radio data and IR upper limits are from the data set compiled and presented in Melia
& Falcke (2001), where IR data are from single-epoch observations only. The upper radio points show the highest flux detected
at that particular frequency, as compiled by Zhao et al. (2001). The lower X-ray data show the quiescent state spectrum of
Bagano! et al. (2001b).

rate equals that of acceleration. We use the simple parallel
shock acceleration rate

t!1
acc =

3
4

!ush

c

"2 eB

mec!"e
, (1)

where ush is the shock speed in the plasma frame. The
parameter ! < c#e/ush (Jokipii 1987) is the ratio between
the parallel di!usive scattering mean free path and the
gyroradius of the particle, and ranges from a lower limit
at ! = 1 up to typically a few 102 (e.g., Jokipii 1987).
For a magnetic field of !20 G as found in our model of
the quiescent state, the acceleration time scale is !0.1 s
for even "e = 105 electrons, and hence is shorter than the
dynamical time scale at the black hole.

Setting the standard synchrotron loss rate t!1
syn =

4
3$T"e#2

e
UB
mec

= t!1
acc, we can solve for the maximum elec-

tron energy achieved by acceleration "e, max. If we define
as a reference value ! = !2100, the maximum synchrotron
frequency is then

%max = 0.29%c " 1.2# 1020 !!1
2

!ush

c

"2
Hz (2)

where %c " 3
4! "2

e,max(eB)/(mec) is the critical syn-
chrotron frequency. This value is not dependent on the
magnetic field, the jet power, or the shock location as long
as we are in the synchrotron cooling dominated regime.

Because the shock accelerated particles responsible for
the X-ray synchrotron will have very high energies ("e !
105) for the low magnetic fields further out in the jet, the
synchrotron cooling time scale will be very short, on the
order of !102 s. This means that re-acceleration along
the jet is required to maintain the population, and will
result in rapid cooling if the acceleration is switched o!.
We thus approximate the shock acceleration as continuous
starting at a distance zsh. For X-ray binaries we found that

the shock acceleration must begin relatively close to the
nozzle at zsh ! 10 ! 102rs (Marko! et al. 2001; Marko!
et al., in prep.). This location is determined from the data
by extrapolating the synchrotron X-ray curve to where it
meets the optically-thick, flattish spectrum in the radio-
IR. This intersection is unique for a fixed spectral index,
and gives zsh because the self-absorption frequency scales
inversely with z in the jet model.

If we then fix for simplicity the fraction of acceler-
ated particles at 50% and keep the other parameters as in
FM00 and Yuan et al. (2001) we can calculate the resul-
tant shock-flare model spectrum as shown in Fig. 2. As the
spectral index becomes harder for a fixed X-ray flux, the
optically thick turnover must occur at lower frequencies,
i.e. further out in the jet. For a standard spectral index
of & ! 0.8 as typically seen in AGN, the shock acceler-
ation region must be at !16rs, which is consistent with
the observed time scales. However, the assumed standard
AGN spectral index is only marginally compatible with
the spectrum observed for the X-ray flare, which poses a
problem for such a model. Taking on the other hand the
reported best-fit X-ray spectral index at face value would
imply & = 0.3 and require zsh ! 104rs. This is very far
in comparison to other jet systems and furthermore ruled
out by the observed short time scales.

4. Discussion

We are able to explain the 10 ks flare in Sgr A* detected by
Chandra by heating the radiating electrons within the jet
model of FM00, either so they remain quasi-thermalized
(Te-flare) or via the non-thermal process of shock acceler-
ation (shock-flare). A flare due to an increase in accretion
rate (Ṁ -flare) appears very unlikely because of the gener-
ally low level of radio variability.

Figure 3.14 Left panel: The jet-disc spectral model for Sgr A∗. The dotted line shows the ADAF
contribution, the dashed line shows the jet emission, and the solid line corresponds to their sum (see
Yuan et al. 2002 for details). Right panel: Fit of the jet model (solid line) to the flare data of Baganoff
et al. (2001) with the Ṁ -flare, raising the jet power by a factor of about three. This is one case of
the possible jet-disc flare models since similar results can be obtained by raising the temperature of the
electrons instead of raising the jet power (see Markoff et al. (2001) for more details).

The radio and X-ray spectra in the jet-disc model are highly sensitive to the strength of

the magnetic field (variations in particle density introduce similar effects on the spectrum),

and electron temperature. An increase of the field strength or in the particle density, would

produce enhanced emission at all wavelengths with little change in the spectral index. In the

case of a sudden electron heating, however, the intensification would be concentrated in the

X-ray range since the synchrotron self-Compton mechanism is very sensitive to the electron

energy distribution. This could very well occur via a magnetic flare where energy is suddenly

transferred from the magnetic field to the particles as reconnection of field lines take place.

One thing is certain: flares are the result of an instability in the flow of the infalling matter

near the event horizon of the black hole. As we saw earlier, it is possible to account for dif-

ferent spectral changes and overall spectra in the X-ray domain by considering different initial
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conditions or triggering event. But what about γ-rays?

3.3.6 At the Launch of INTEGRAL

It is obviously more natural to try to explain what we see, than to wonder what we might

be able to under various hypotheses. The constraints on the Sgr A∗ system, and the models

developed with the intention of elucidating the origin of the emission, left little room for a γ-

ray component in the spectrum of the Galactic nucleus. The most energetic X-rays could well

result from inverse Compton boosting of the photons emitted via synchrotron at millimetre/sub-

millimetre wavelengths against hot electrons. In this case, we expect the emission at yet higher

energies into the γ-ray domain to decrease steeply beyond the X-ray portion of the spectrum.

However, this may be a much simplified picture of what would actually take place during an

event giving rise to relatively bright and hard X-ray flares, and indeed the accelerated electrons

could interact in ways that would generate more energetic radiation extending to γ-ray energies.

Moreover, the possibility that temperatures of ∼1010 K are reached by a substantial portion of

the flow in the accretion disc as proposed by several models would produce substantial emission

up to hundreds of keV, certainly detectable by INTEGRAL.

The ISGRI instrument onboard the INTEGRAL satellite combines fine imaging capabilities

with ∼12′ spatial resolution, and unequalled sensitivity above 20 keV. It could be the first to

detect emission from the nuclear region at these energies and further our knowledge of its radia-

tive characteristics by constraining the emission models relating to the Galactic nucleus. I will

return to this in chapter 5. In the next chapter, I turn to new results on Sgr A∗’s flaring activity

obtained with the XMM-Newton observatory as part of a large multiwavelength campaign. The

power of simultaneous γ-ray, X-ray, infrared and radio observations was used to precisely study

the nature of correlated variability in the emission from the immediate neighbourhood of the

supermassive black hole at the GC.
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X-ray Flaring from Sagittarius A∗

The study of flux variability in astrophysical sources can provide essential information on the

physical mechanisms acting in these objects. The fact that flares, rapid increases in intensity,

occur quite regularly in the system of which Sgr A∗ is the main constituent, reveals important

clues on the conditions that provoke such events. Furthermore, the temporal and spectral

characteristics of a flare can expose the nature of the emission processes and the medium through

which the radiation propagates. Such observations allow to learn more about the system and

also test theoretical models.

The first flare from Sgr A∗ was detected in October, 1999, by Chandra (Baganoff et al. 2001),

and initiated an entirely new way to view and study this massive black hole, and hence galactic

nuclei. What causes a flare? What kind of conditions are required? Are there different kinds

of flares? If so, why and how many? What are the characteristics of the gas and the radiation

field that surrounds Sgr A∗? Countless such questions arise, and answers are sought through

observational, theoretical and phenomenological investigations.

A large multiwavelength campaign on Sgr A∗ was initiated by my supervisor, Andrea Gold-

wurm, and built around our XMM-Newton large project of 500 ks, performed in 2004 over

the course of four complete orbits of the spacecraft: two in the spring (orbits 788 and 789:

March/April) and two during the summer (orbits 866 and 867: August/September). The XMM-

Newton observations were accompanied by INTEGRAL and HST observations, as well as some

at longer wavelengths from ground-based facilities.

In this chapter I address the topic of flaring in Sgr A∗ from the observational point of view

by presenting results of the most recently detected X-ray flares. Interpretation and implications

of these are discussed in chapter 6. Although I analysed the XMM-Newton and INTEGRAL

data alone, I profited from helpful discussions with my supervisor and other co-investigators.

The detection of a large X-ray flare during each of the two observation epochs, resulted in the

publication of two articles in the Astrophysical Journal: one that focused on the properties

of the X-ray emission (Bélanger et al. 2005, appendix A), and another that surveyed the en-

tire campaign, paying particular attention to the detection of an increase in the near-IR and

millimeter emission to the August X-ray flare.

There are three parts to this chapter: The first gives an overview of EPIC’s imaging and tim-

ing capabilities, and then addresses some aspects of XMM-Newton data analysis relevant to my

work on the GC (§ 4.1). The second presents the results on the X-ray flares from Sgr A∗ (§ 4.2),

and the third discusses timing analysis of flaring events and includes a detailed investigation of

the temporal characteristics of the 2004 August 31 event (§ 4.3).

70
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4.1 Analysis of XMM-Newton EPIC Data

4.1.1 The EPIC Cameras

As was mentioned in section § 3.3.1, XMM-Newton has three cameras on the EPIC instru-

ment: MOS1, MOS2 and PN. The MOS cameras are composed of 7 individual CCDs that are

not co-planar but slightly offset with respect to each other in a way that closely follows the

curvature of the focal surface. The PN camera is made of a single silicon wafer in which 12 CCD

chips are integrated. The PSF at FWHM is around 5′′ for all three cameras but the MOS have

1′′.1 pixels while the PN has 4′′.1 pixels. For this reason, MOS images usually have somewhat finer

astrometric capabilities. The PN camera, however, has about twice the effective area of a single

MOS camera, and thus collects about twice as many photons. Moreover, its time resolution is

much higher than the MOS. The effective detector area as a function of energy (also referred to

as ancillary response file or ARF) for the three EPIC cameras is shown in figure 4.1: MOS1 is

in back, MOS2 in red and PN in green.1

Figure 4.1 Ancillary response functions, or effective area as a function of energy, of the XMM-
NewtonEPIC cameras MOS1 (black), MOS2 (red) and PN (green).

The EPIC cameras can acquire data in several different ways. These various modes allow

flexibility in the observation strategy which depends on the type of object and scientific aims.

The main observation parameters that are modified are the size of the collecting surface that

is read out, the frequency at which this is done (timing resolution), and the live time (or duty

cycle). For the MOS, only the central CCD’s operating mode can be changed; the outer CCDs

collect data continuously and read out at the rate of 2.6 s in the normal, FullWindow mode. The

central CCD’s timing resolution is 0.9 s in LargeWindow mode and 0.3 s in SmallWindow mode.

The highest time resolution is 1.5 ms and is achieved in Timing mode. For the PN working in

LargeWindow, FullWindow or FullWindowExtended modes, all CCDs are read out at the same

rate of 48, 73.4 and 200 ms respectively. In the standard Timing mode, the PN has a 0.03 ms

time resolution. It can reach 7µs in Burst mode but with a substantial decrease in the duty

cycle which drops from ∼95–100% in the other modes to 3%.

1The ARFs were calculated for the spectra of Sgr A∗ during ObsID 0789-0202670601 using the arfgen
task of the XMM-Newton Science Analysis System (SAS) ver. 6.1.0. Since the ARF depends on the
position of the source on the detector, it must be calculated for each source in the field.
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Analysing EPIC data requires the generation of event lists. I used the standard XMM-

Newton software in my analysis of the four orbits: 788, 789, 866 and 867 (I will refer to these

using ‘ObsID’). The event lists for the MOS1, MOS2, and PN cameras were constructed using

the emchain and epchain tasks of the XMM-Newton SAS. These were subsequently filtered and

used to construct images in two energy bands: 0.5–2 keV, and 2–10 keV. The filter on the event

pattern in imaging mode, (PATTERN≤ 12 for MOS, and PATTERN≤ 4 for PN), ensures that only

events created by X-rays and free of cosmic ray contamination are selected. Artifacts from the

calibrated and concatenated datasets, as well as events near CCD gaps or bad pixels are rejected

by setting (FLAG == 0) as a selection criterion. Images were made by applying a further selection

on the maximum count rate of 18 cts/s in the 10–12 keV range for MOS, and of 22 cts/s in the

12–14 keV range for PN, to exclude all periods of increased charged particle flaring activity.

4.1.2 Astrometry with the MOS cameras

The heavy absorption in the direction of the Galactic center, prevents photons from this

region having energies below 1.5–2 keV from reaching us. For this reason, I used the 0.5–2 keV

images of foreground stars to identify counterparts for astrometric corrections, and the 2–10 keV

image to determine the flare centroid, used to establish the origin of the event. To have the

most reliable astrometry, I identified three Tycho-2 and two Chandra sources with positional

uncertainties of 0′′.025 and 0′′.16, respectively.2 Of these calibration sources, three were in the

central MOSCCD and two just outside of it. This is an essential point in the astrometric

corrections because the positional uncertainty of a MOSCCD relative to another is ∼ 1′′.5 and

this therefore determines the minimum systematic positional uncertainty over the whole field of

view. However, if we have at least three calibration sources in the central CCD, then we can

reduce this systematic uncertainty for sources in that CCD.

The astrometric correction is done by first running edetect chain using the 0.5–2 keV im-

ages to get a list of the detected sources with their fitted position and associated statistical

uncertainty. Then, using eposcorr which optimises the correlation between the positions of the

calibration sources and their X-ray counterparts allowing for a displacement in R.A. and Decl.

as well as rotation, we find the boresight corrections for the three EPIC instruments. The MOS

cameras have smaller pixels, and therefore a finer angular resolution than the PN instrument.

Hence, I used the MOS images for our astrometric study of the observations during which the

flares occurred, namely ObsID 789 and 866.

Although I performed this procedure for each individual camera as well as for the merged

MOS event list, I used the MOS2 results for the analysis of the first flare (ObsID 789) and

the MOS1 for the analysis of the second (ObsID 866), since these had the smallest dispersion

after boresight corrections. I found that the merged MOS image systematically yielded smaller

offsets in both coordinates and that the rms dispersion remained in the range 0′′.9 to 1′′.2, before

and after boresight corrections were applied. This behaviour is expected since the astrometric

precision is limited by our knowledge of the position of one camera with respect to the other,

and is 1′′.2 (Kirsch 2005). Therefore, even though we can generally expect smaller offsets and

dispersions before corrections when using the merged MOS image, as this naturally averages

the astrometry of both MOS cameras, the minimum dispersion after corrections will always

be around 1′′.2. Unusually large dispersions can be caused by the “splitting” of one or more

of the astrometric sources by a column of bad pixels, as was seen in MOS2 during ObsID 866.

2The astrometric sources are: Tycho-2 6840-20-1, 6840-666-1, 6840-590-1, CXOGC
J174545.2–285828 and CXOGC J174607.5–285951. Tycho-2 positions were taken from
http://www.astro.ku.dk/~cf/CD.dat and astrometric precision from Høg et al. (2000). Chan-
dra positions are from ?) and errors are from Baganoff et al. (2003).
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Astrometric corrections maximise our ability to locate sources and to distinguish a flaring source

from its closest known neighbour as is our intention.

I found that the change in position due to corrections of up to 2′′.7 in a given coordinate has

negligible effects on the light curve and spectra that are constructed by integrating over a 10′′

radius around the source. This is primarily due to the shape of the instrument’s point spread

function (PSF) which is characterised by a very narrow peak and broad wings.3

As long as the peak is included in the extraction region, then variations due to a shifted

centroid are completely negligible. Each individual event list is treated separately to ensure

proper good-time-interval corrections.

4.1.3 Light Curves and the Use of GTIs in Estimating Count

Rates

On all photon detectors, a sensitive surface like a charge couple device (CCD) collects the

photons during a given, pre-determined amount of time. The information is then transmitted

to another electronic device, usually a buffer, that stores it before transmission to its final

destination. The transmission of the information from the CCD to the buffer is called ‘readout’

and the period between readouts defines the time resolution of the instrument. A good time

interval (GTI) is the period of time during which there are no interruptions in the process of

collecting, reading out and emptying the buffer.

Generally, the amount of time it takes to empty the buffer is shorter than the time between

readouts and so whenever a CCD readout occurs, the buffer is empty and ready to store the

data. In some cases, however, the amount of data from the CCD is so large that the full buffer

cannot be completely emptied before the next readout. Since part of the information from the

CCD cannot be transmitted to the buffer, this leads to a loss of scientific data. This occurs

in space detectors when there is a solar flare for example. This type of event usually leads to

ejections of huge amounts of charged particles some of which can fall onto the detector, saturate

CCD pixels and fill the buffer for intervals that can be in the order of tens to hundreds of seconds

or more. These bad time intervals, cut the GTI into short non-contiguous periods.

Constructing a light curve, in a given energy range for a point-source contained in the field of

view of the instrument, is simply a matter of selecting all the time-tagged events having detector

coordinates within the area that corresponds to the astrophysical source’s sky position and takes

into account the instrument’s point spread function (PSF), and then counting the number of

events that occurred within a given time segment or bin. We can estimate the count rate for

each bin by dividing the number of events in it by the bin time. This count rate is well estimated

if a GTI spans the entire bin, or if the sum of the GTIs is the same for each bin and we know

the GTI-spanned portion. If the difference between the bin time and the GTI sum is small, then

the effect may not be noticeable. If, on the other hand, there is a substantial difference between

these, then the count rate in that bin will be under-estimated and will appear as lower than the

average.

In the spring 2004 Galactic centre observations, during which the PN camera was unfortu-

nately in FullWindowExtended mode allowing a telemetry of 400 cts s−1, a sudden rise in the

average count rate caused intermittent saturation of the data buffers, triggering the counting

mode, and leading to the loss of scientific data from that instrument. The MOS telemetry in

FullWindow mode of 150 cts s−1 for each camera, was high enough with respect to its collecting

surface not to suffer from the same kind of data loss. Note that the total count rate of each

3The PSF is a measure of the ‘spreading’ or ‘blurring’ of a point by the instrument and corresponds
to the apparent size of a point-source on the detector image.



74 Chapter 4: X-ray Flaring from Sagittarius A∗

MOS camera is less than half that of the PN.

Figure 4.2 shows a light curve constructed by selecting PN events with energies between 2

and 10 keV, from a circular region of radius 10′′ centred on Sgr A∗. The top panel shows the

GTI-corrected light curve for the data set of ObsID 789. The middle panel shows the non GTI-

corrected light curve for the same region, and the bottom panel shows the PN detector count

rate collected over the entire surface of the instrument. Looking at the middle and bottom

panels, the anti-correlation of the count rates is obvious in the latter portion of the light curves.

In particular, the sudden drops in source count rate are directly related to the rise in the total

count rate above 400 cts/s—the telemetry rate.

Figure 4.2 Light curves with 500 s time bins, of PN data from observation number 789-0202670601. The
GTI-corrected, 2–10 keV light curve of the central 10′′ centred on Sgr A∗ (top), uncorrected light curve for
the same region (middle), and total PN detector count rate using all good X-ray events (bottom). Since
the PN telemetry allows 400 cts/s in FullWindow mode, the effect of buffer saturation is clearly visible
when comparing the bottom and middle curves where the rise of the total count rate is anti-correlated
with the source count rate.

The correction of the count rate, taking into account the GTI information, is conceptually

simple but tricky to implement. The algorithmic details are not important, but the basic idea is

to use the sum of all the GTIs within each bin of the light curve as the effective bin time. Since

the count rate is estimated by dividing the number of counts within a bin by the time length

of the bin, if half the bin does not have events due to a telemetry cut, then using the nominal

bin time leads to an underestimate of the count rate by a factor of 2. Instead of the nominal

bin time, the sum of GTIs within the bin—the effective bin time—must be used. Therefore,

calculating the ratio of the GTI sum to the nominal bin time, gives a scaling factor that can be

used to estimate of the true source count rate from that observed.

To correct for background fluctuations, even though they are generally assumed to be neg-

ligible on a source extraction zone as small as 10′′, we extract a background light curve from

an annular region with inner and outer radii of 10′′ and 500′′ from Sgr A∗. These background

rates are also GTI-corrected and then rescaled to the area of the source extraction zone before

being subtracted from the source rates. The maximum background count rate we found for any

given bin was ∼10% of the source count rate. This procedure yields the background subtracted,

GTI-corrected light curves.
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For all light curves, which are combined EPIC light curves (MOS1 + MOS2 + PN), I exclude

the bins that correspond to time periods that do not have simultaneous coverage by all three

instruments, and those with very high count rates seen in only one of the instruments, identified

by looking at the ratio of the MOS to PN count rates.

4.1.4 Background and Spectra of Weak or Extended Sources

In the majority of spectral analyses, one of the most crucial steps is to properly subtract the

background. Moreover, it is often the level of detail in the characterisation of this background

that determines an instrument’s power as a probe into the nature of the physical processes we

attempt to study through observations of celestial objects. There are a number of ways to treat

the background in XMM-Newton and these arise from the different natures of objects studied

and scientific aims. For example, the characterisation of the background is much more crucial

when attempting to derive the spectral features of an extended source, than it is for a bright

point source that heavily dominates the emission of the small region centred on it from which

the spectrum is extracted.

In studying weak sources and exceptional events such as flares that usually have short dura-

tions, we are generally faced with the problem of having to work with low statistics and therefore,

highly background-dominated data. There is certainly a great deal to learn from the spectral

transitions that occur during a flaring event and of the spectral differences between such events,

and so it is imperative that we extract as much as we can from the data available.

For XMM-Newton, as is the case for all space-borne satellites, the background is composed

of: solar protons, cosmic rays, electronic noise and X-ray photon background. The Sun, whose

activity follows a cyclical pattern over a period of ∼11 years, has a very important influence on,

and to a great extent, governs directly and indirectly, the charged particle flux on detectors in

orbit around the Earth. At the peak of the Sun’s activity, its powerful magnetosphere, prevents

all but the most energetic cosmic rays from penetrating the solar vicinity and therefore acts as a

protective shield for the detectors on the satellites. Therefore, the level of extra-solar cosmic ray

particle irradiation on the detectors, gradually increases in a way that is inversely proportional

to the Sun’s activity.

The Sun’s activity is felt not only through its magnetosphere’s protective effect on space

detectors, but also through sometimes very powerful solar flares and coronal mass ejections that

can give rise to a wide array of irradiating products including γ-rays whose emission usually

occurs on very short timescales as flashes at the start of a flare, X-rays, and particles like

electrons, neutrons, protons and alpha particles (He nuclei). During solar events such as these,

space-borne satellites and detectors that get irradiated by the penetrating neutrons, protons and

alphas are usually at least partly degraded. The materials of which the satellite is composed

often act as neutron traps and become highly radioactive for periods lasting a from a few days

to a few weeks, leading to accrued instrumental background. Also, the electronics are often

damaged or become temporarily unreliable. Moreover, the background induced by the charged

particles, especially the soft protons, can be so overwhelmingly stronger than the astrophysical

signal produced by the observed sources, that the latter is drowned, sometimes even completely

lost, when buffer saturation occurs as was discussed and illustrated in the previous section.

In this section, we are concerned with spectral extraction, and hence with the characterisation

and subtraction of the background component due to the irradiation from charged particles.

This is important both for the study of extended as well as weak sources. First, I present my

treatment of the background correction for extended sources, the relevance of which will become

apparent in the discussion of the broad band high-energy spectrum of the central arcminutes of

the Galaxy presented in chapter 5 (§ 5.4). I then discuss the spectral extraction of the Sgr A∗
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flares of 2004 March 31 and August 31.

Background Correction in Spectra from Regions of Extended Emission

A detailed characterisation of the background is essential when studying the features of

the emission from extended sources. The EPIC cameras cannot efficiently detect photons with

energies greater than 10 keV for MOS and 12 keV for PN, as is obvious from Figure 4.1 showing

the effective area of these instruments. Since the background induced by charged particles is

very hard and extends far beyond this energy, all XMM-Newton spectra covering an energy range

up to ∼10 keV must be carefully corrected in order not to introduce an artificial hardening at

high energies.

Figure 4.3 shows the average X-ray spectrum of the Galactic centre. It was constructed by

taking all events in the energy range from 0.9 to 12–14 keV that originate within a circular region

of radius 8′ centred on the position of Sgr A∗. The top panel gives the raw PN spectrum in black

and the associated particle background spectrum in blue. The middle panel shows the MOS1

and MOS2 spectra in red and green respectively, with their associated particle background

(which are virtually indistinguishable) in blue. Finally, the bottom panel presents the particle

background-subtracted spectra in black for the PN, red for MOS1, and green for MOS2.

The particle background correction was performed following the prescription of Read and

Ponman (2003). The aim is to get the shape of the particle spectrum from the background files

and normalise it using the data of the observation.4 This work is based on average background

event files constructed from a large number of pointings, carried out in a specific observation

mode, from which the sources were removed and then combined on the basis of detector coor-

dinates. One first constructs a rate set, and from it, the GTI tables. The criteria I used to

define a GTI are: less than 18 cts/100 s for the MOS and 22 cts/100 s for PN—the same as those

used to make images as discussed in the previous section. Since no photons are expected to

be detected above 10 keV in the MOS cameras, and 12 keV in the PN, particle induced signals

totally dominate. Hence, these ranges are used to make the GTI-screened images and spectra

of the particle background, both from the background files and from the observation data.

Dividing the total number of events by the effective duration yields the average count rates,

from which we derive a normalisation factor by calculating the the ratio of the high energy

count rate in the observations to that of the background files. Multiplying the entire background

spectrum by this normalisation factor is equivalent to attributing all events in the high energy

bands to the particle background. The effect of this correction is well illustrated in figure 4.3,

where we see that the raw spectra meet the particle background spectrum in the respective high

energy ranges, and that the background-subtracted spectra have a markedly steeper slope at

energies above ≈ 7 keV as well as a negligible count rate at the highest energies. Notice further

that the background lines are not present in the final spectra.

Deriving the Spectrum of a flare from Sgr A∗

The study of Sgr A∗ with XMM-Newton is particular because it cannot be resolved as a point

source by the EPIC cameras given their angular resolution of about 5′′ (FWHM) and therefore

since its quiescent X-ray luminosity of around 2× 1033 ergs s−1 is very weak, its contribution

cannot be distinguished from that of the bright ambient diffuse emission in the Sgr A complex,

unless it flares to a level significantly higher than this stable diffuse component.

4Further details on the usage of the background event files and on analysis of XMM-Newton data
are found in the paper and at the University of Birmingham’s School of Physics and Astronomy web
site on XMM-NewtonEPIC Background Analysis: <http://www.sr.bham.ac.uk/xmm3/>, produced and
maintained by Andy Read and Stephen Helsdon.
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Figure 4.3 Spectra of the central region of the Galaxy integrated over a circular region of radius 8′

centred on Sgr A∗. The top panel shows the raw PN energy spectrum (black) in the range 0.9–14 keV,
together with the associated spectrum of the signal induced by the cosmic charged particle background.
The middle shows the equivalent spectrum for the MOS1 (red) and MOS2 (green) cameras, with their
associated particle induced spectrum that are not differentiable and thus are drawn in the same color (dark
blue). The bottom panel presents the PN (black), MOS1 (red) and MOS2 (green) particle background
subtracted spectra. As the scaling factor used for the background spectrum is based upon the high-energy
count rate (10–12 keV for MOS and 12–14 keV for PN), the respective source count rates drop to zero
at these energies.

During a moderately strong flare, we can construct the energy spectrum of the flare photons

in a relatively simple way by first optimising the temporal extraction window such that the

count rate is highest. Of course, by optimising for the highest count rate we include only a small

portion of the flaring event at its peak and therefore suffer from low statistics, but since the

spectral modelling is done on the basis of count rate, this is the most appropriate way to treat

the data when a background is subtracted.

Second, in order to characterise the background emission, I constructed an average back-

ground spectrum by taking several parts of the observation where no flares nor significant mod-

ulations are evident. Rapid fluctuations cannot be due to the ambient emission whose flux is

nearly constant. However, emission is often deemed diffuse as long as it remains unresolved.

A two-fold increase in the 2–10 keV flux near the nucleus was detected and later found to be

attributable to a new source, CXOGC J174540.0–290031, detected by Chandra a few months

prior to our observation. This source is located 3′′ from Sgr A∗ and is therefore well within the

XMM-Newton PSF centred on Sgr A∗. For this reason, integrating the flux from the Galactic

nucleus over the PSF results in a contribution from this transient source that is in approximately

equal proportions as the stable component of diffuse emission. Hence, it is this bright binary
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that is responsible for the periodic dips in the light curve from the central arcseconds (Porquet

et al. 2005; Muno et al. 2005). Nonetheless, as it is shown below from a fit on image during

the flare, it is certainly not the flaring source. The rise in the mean flux level in the central

arcseconds due to CXOGC J174540.0–290031 causes a loss in sensitivity, for it contributes to

the background against which the flare signal is detected.

As an illustration of the background subtraction procedure, the MOS1 (red) and MOS2

(green) spectra of the flare that occurred on 2004 August 31 are shown in figure 4.4 (the results

are discussed in more detail in § 4.2). The top panel shows the unsubtracted flare spectra

constructed in the peak of the flaring event and rebinned such that each data point has a

significance of 5σ. This spectrum is extracted from a 2500 s time window where the count rate

reached its maximum.

Figure 4.4 MOS Spectra of the 2004 August 31 flare from Sgr A∗. The top panel shows the total
spectrum extracted at the peak of the flare during a 2500 s time window. The middle panel shows the
background spectrum constructed by using several portions of the observation free of significant count
rate fluctuations. And the bottom panel presents the background-subtracted flare spectra. Red is used
for MOS1 and green for MOS2 throughout.

The average MOS1 and MOS2 count rates for this period are respectively 0.108± 0.007 and

0.111± 0.007 cts/s. The background spectra used to estimate the pure flare spectrum shown in

the middle panel, are constructed by combining several portions of the observation where the

rates seem to display only Poisson fluctuations. These are selected by excluding dips in the

light curve due to occultations in the binary system CXOGC J174540.0–290031, and portions

comprising small flares, maybe caused by Sgr A∗, but too weak to be determined as such through

flare centroid fitting. The background spectra presented here are also rebinned to 5σ and the

average count rates are 0.067± 0.001 (MOS1) and 0.071± 0.001 cts/s (MOS2). Finally, the
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background-subtracted flare spectra presented in the bottom panel of figure 4.4, result from the

subtraction of the spectra shown in the middle panel from the ones shown in the top. Since

the spectral extraction region is exactly the same for the flare as for the background spectra,

no scaling factors are necessary. The pure flare spectrum is rebinned so that each point has

a significance of 2σ or up to 15 channels, and the average MOS1 and MOS2 count rates are

0.044± 0.007 and 0.041± 0.007 cts/s, or 39.6 and 36.3% of the total counts respectively.

The fact that the source photons represent ∼35–40% of the total counts, and that the number

of counts in each bin of the background-subtracted flare spectra is often lower than ∼10, I use the

C-statistic (Cash 1979) to derive the best fit parameters. This statistic is a maximum likelihood

ratio defined as:

C = −2 lnP = 2
N∑
i=1

(νi − ni ln νi) with P =
N∏
i=1

νni
i e
−νi

ni!
(4.1)

Here N is the total, νi is the expected and ni the observed number of counts in bin i. P is the

probability of obtaining a particular result. The much more customary χ2 statistic assumes a

Gaussian distribution for the values within each bin, an assumption that is not justified when

the number of counts is as low as a few counts per bin where pure Poisson statistics must be

employed.

In the context of the C-statistic, the source spectra do not have to be rebinned. However,

the method requires a moderately well defined background with at least 5–8 counts per bin and

we, therefore, grouped these using grppha such that each bin contains a minimum of 10 counts.

To ensure coherence between the source and background spectra, we applied exactly the same

grouping to the source spectra. Regrouping in larger bins, with 20 counts per bin for example,

gives parameter values that are statistically consistent with the ones derived from the ungrouped

data set.

This concludes the presentation of the technical aspects related to the analysis of the data

acquired during the GC observations of 2004, the results of which we now turn.
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4.2 Repeated X-ray Flaring Activity in Sgr A∗

In this section I present the results pertaining to Sgr A∗ obtained from the observation

campaign of 2004 spring and summer. After a brief presentation of the overall light curves for

the two epochs, I give a detailed survey of the results on the most significant flares from the

central black hole by discussing the astrometry of the events, and then their spectral features.

Figure 4.5 Top panel: Light curve in the 2–10 keV energy range for a circular region of radius 10′′

centred on Sgr A∗ binned in 500 second intervals for the spring 2004 observations (ObsID 788-789). MJD
53092 corresponds to 2004 March 28. Bottom panel: Same as top panel for the summer 2004 observations
(ObsID 866-867). The arrow marks an isolated peak with statistical significance of about 5σ and MJD
53248 corresponds to 2004 August 31.

The total light curves for the spring (epoch 1; ObsID 788-789) and summer (epoch 2; Ob-

sID 866-867) observations are shown in the top and bottom panels of figure 4.5 respectively.

Two large flares and a few smaller ones are apparent in the second portion of the light curve

shown in the top panel and in the first portion of the one in the bottom panel. During epoch 1,

the flaring activity occurs towards the end of the observation where a large event is preceded

by two smaller ones. In epoch 2, the large flare and its precursor occur near the start of the

first observation. In the latter, the main event is closely followed by a small peak, and another

statistically significant flare closer to the end of ObsID 866 (marked by an arrow). Two small

peaks at the very end of the same observation have significances just above 3σ. In addition,

there is a distinct periodic eclipse clearly seen over more than four complete cycles in the course

of ObsID 866 and also present in ObsID 867 even though it is not as evident.
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4.2.1 The Position of the Flaring Source

The position of the flaring source is determined by running edetect chain on an image

of the central region, constructed by selecting events in a temporal window corresponding to

the duration of the flare, and applying the astrometric corrections to the fitted position of the

most significant detection. The resulting flaring source position for the 2004 March 31 event

was found to be: R.A. = 17h45m40s.08, decl. = −29◦00′28′′.48, J2000 with an uncertainty in

the position of 1′′.12, calculated by combining the statistical uncertainty on the fitted position

(0′′.44), the boresight correction (0′′.82), and the rms dispersion in the astrometric sources after

correction (0′′.62). This position is at 0′′.66 from the radio position of Sgr A∗ and 2′′.58 from the

new transient CXOGC J174540.0–290031, the closest known X-ray source to the central black

hole. This permits us to unambiguously associate the flaring source with Sgr A∗.

For the 2004 August 31 flare, the position of the flaring source was found to be: R.A. =

17h45m40s.14, decl. = −29◦00′28′′.40, J2000 with an uncertainty of 1′′.31. This is 0′′.52 from

Sgr A∗ and 2′′.98 from CXOGC J174540.0–290031, therefore the association of this flaring source

with the central black hole is once again unambiguous. This event was simultaneously detected

by the HST at near-IR wavelengths (see Yusef-Zadeh et al. 2006 for further details). The

centroid of the 2–10 keV emission in the non-flare period of ObsID 866 is located just 0′′.71 from

CXOGC J174540.0–290031 but 2′′.38 from Sgr A∗. This strongly suggests that this source does

indeed contribute a large portion of the X-ray flux in this band but that it is, without a doubt,

not the flaring source.

Sgr A* Sgr A*

Figure 4.6 Smoothed MOS2 image of the August 31 flare with an exposure time of 2000 s (left panel)
and average non-flare image with an exposure of about 50 ks (right panel). The boresight corrected
position of Sgr A∗ is labelled and that of CXOGC J174540.0–290031 is marked by a cross. The black
circles indicate the 1σ uncertainty on the position due to the astrometric correction. The green cross and
circles mark the fitted emission centroid and the associated uncertainty at the 68 and 90% confidence
levels.

As an example, we show in the left panel of figure 4.6, an image of the Galactic centre

during the August 31 flare composed of events selected from the same temporal window as the

one used to build the flare spectrum. In black, the position of Sgr A∗ is crossed and labelled,

that of CXOGC J174540.0–290031 is simply marked by a cross for clarity, and the circles show

the uncertainty on the position after boresight corrections. In green, the cross marks the fitted

position of the brightest source detected in the flare image, and the circle indicates the 68 and

90% confidence regions derived by combining the statistical error on the fit (0′′.60), the error from

the boresight correction (0′′.77), and the rms (0′′.88) that we take as a systematic uncertainty. The
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right panel of figure 4.6 shows the non-flare image of the same region constructed by selecting

all events used to build the background spectrum. The labelling scheme is the same as in the

left panel. Each pixel is 1′′.1 in size matching the sky projected size of the camera’s physical

pixels. The image was smoothed for presentation purposes only.

The centroid of the emission during the flare is significantly shifted towards Sgr A∗ and the

transient CXOGC J174540.0–290031 is excluded as the flaring source at the 90% confidence

level. In the non-flare period, the emission is very closely centred on the transient binary, and

in this case, Sgr A∗ can be excluded at more than the 90% confidence level. The error circles on

the fitted centroid of the non-flare image are smaller because the statistical uncertainty on the

fit is 0′′.22 compared with 0′′.60 for the flaring source, and its significance in the image is higher.

Combining this value with the same boresight correction uncertainty and rms as was used in

the analysis of the flare image yields a total uncertainty of 1′′.19.

4.2.2 The Spectral Features of the Flares

The first flaring period occurred on 2004 March 31. It contains one of the two factor-40

flares detected during the four pointings, preceded by two smaller ones. The most prominent

flare took place at 23:05, lasted ∼2.5 ks from rise to fall, and peaked at 0.76 cts/s, estimated

on the basis of 500 s time bins. A detailed view of the light curve during the flaring period is

shown in the top panel of figure 4.7. The flare spectrum is shown in the bottom panel of the

same figure: PN in black, MOS1 in red and MOS2 in green.

I fitted each spectrum individually and also simultaneously. Three models were tested: ab-

sorbed power-law, black body and bremsstrahlung; all give satisfactory fits. I used the pegpwrlw

model in XSPEC ver. 11.3.1 in which the total un-absorbed flux over the range of the fit is used

as the normalisation, allowing it and the photon index to be fit as independent parameters in

the model and to derive the uncertainty on the flux directly from this normalisation.

For the ‘pegged’ power-law model, the best fit values of the combined data set are a photon

index of Γ = 1.5± 0.5 with a column density of NH = (8.3± 2.5)× 1022 cm−2. The average un-

absorbed flux during the flare was found to be (6.35± 0.45)× 10−12 ergs cm−2 s−1. Since the

count rate at the peak is about twice the average, I estimate that the maximum flux is also

about twice the average and thus the peak 2–10 keV luminosity is around 1035 ergs s−1 at a

distance of 8 kpc, a factor of 45 above quiescence (I refer to both events as factor-40 flares for

simplicity).

The black body was best fit with a temperature of 1.9 ± 0.3 keV and absorbing column of

(4.1 ± 1.7) × 1022 cm−2; and the bremsstrahlung model resulted in an absorption column of

7.8± 1.9× 1022 cm−2, similar to that of the power-law, and a temperature around 35 keV. The

error range on the temperature, however, is huge and therefore not constraining. The large

upper bounds in the error of the bremsstrahlung temperature probably reflect the fact that

there is no significant break in the spectrum.

The respective occurrence times, peaks and durations of the two small flares that preceded it

are: 17:59, 0.51± 0.04 cts/s (∼5σ) and 1500 s for the first, and 19:48, 0.45± 0.04 cts/s (∼4σ) and

1000 s for the second. These two events are marked by green arrows in figure 4.7 Unfortunately,

the short duration and lower signal-to-noise ratio of these events prevents us from doing their

spectral analysis.

The second major flare occurred on 2004 August 31. Its light curve and spectrum are shown

in figure 4.8. This event was closely preceded by what I will call a double-peaked precursor

lasting nearly as long as the flare. Furthermore, a ∼30% change in flux over ∼900 s (15 min) is

seen within the precursor, constraining the emitting region to < 2 AU at a distance of 8 kpc. The

first peak of the precursor occurred at 9:00 and the flare that followed peaked to 0.62± 0.03 cts/s
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Figure 4.7 Top panel: Zoom on the flare of 2004 March 31 with time bins of 500 s where the first
factor-40 flare occurred. Its significance is about 10σ. The red lines delineate the time window used in
the spectral extraction. Two other smaller flares are marked by the green arrows and have significances
of about 5 and 4σ respectively. MJD 53092 corresponds to 2004 March 28. Bottom panel: Epic spectra
during the Sgr A∗ flare of 2004 March 31. The spectra are shown with the best fit absorbed power-law
model and the corresponding residuals. The fit is done in the range 2–10 keV. The PN spectrum is shown
in black and the MOS1 and MOS2 are in red and green respectively.

for 500 s bins at 11:05. Both the precursor and the flare lasted ∼5 000 s and thus the entire event

had a duration of ∼10 000 s from rise to fall. The narrow peak following the flare occurred at

13:01 and the last flare, (marked by an arrow in Fig. 4.8), occurred the next day, 2004 September

1, at 6:48. Figure 4.8 shows the PN (black), MOS1 (red), MOS2 (green) spectra of the flare in

the peak with the best fit absorbed power-law model and residuals.

This flare was modelled in the same way as was done for the March 31 flare. The combined

spectrum was best fit with an absorbed power-law of photon index Γ = 1.9± 0.5 and column

density NH = (12.5± 3.4)× 1022 cm−2. For the black body model, the temperature was 1.8 keV

and the absorbing column density (7.1± 2.3)× 1022 cm−2. The bremsstrahlung column density

was found to be (11.3± 2.5)× 1022 cm−2 with a temperature around 15 keV but once again the

error range is so large that this value cannot be constrained. The low statistics severely limit our

ability to detect spectral variations during the flares. The average 2–10 keV luminosity of this

flare is around 4.3× 1034 ergs s−1, and as in the case of the March 31 flare, I estimate the peak

luminosity to be about twice the average, and thus around 40 times the quiescent luminosity of

Sgr A∗.

In the last part of this chapter, I explore aspects of data analysis in the temporal domain.
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Figure 4.8 Top panel: Light curve of the 2004 August 31 flare binned in 500 s intervals. Green arrows
point out local peaks with respective significances of about 4, 5, 10 and 4σ. The drop in flux at the base
of the precursor corresponds to the first of five eclipses in the binary system CXOGC J174540.0–290031,
and MJD 53248 corresponds to 2004 August 31. Bottom panel: Epic spectra during the Sgr A∗ flare of
2004 August 31 fitted in the range 2–10 keV. The colours are the same as in figure 4.7.

First, I describe some generic features of timing analysis and statistical tests used to search for

periods. Then, I present a method I developed to unambiguously assign a probability to each

point in a given periodogram which takes into account the noise properties of the data including

white noise, as well as red noise. The development of this method was motivated by the special

case of detecting weak periodic signals in flaring events and deriving the significance of a peak

present in the periodogram of the 2004 August 31 flare. However, it is of a very general nature

and is applicable to many different types of observations.
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4.3 Periodic Modulations in a Flare from Sgr A∗

4.3.1 Some Basic Notions

In counting experiments, such as the ones found in particle physics or in X-ray and γ-ray

astronomy, each detected event is tagged with an arrival time. The most common way to trace

the history of a source, is to construct the curve of the number of events as a function of time,

referred to as a light curve in astronomy. If we want to investigate the temporal characteristics

of this light curve, study the distribution of these events in time, we can decompose it in its

various frequency components to find the dominant ones.

The most simple method to look for a periodic signal in a light curve is called phase folding

and entails a redistribution of the events within the interval [0, 2π]. This is done by calculating

the phase of each event defined as φi = 2πti/P , where ti is the arrival time of the event and P is

the period, and yields what is commonly called the folded light curve, or sometimes phasogram,

showing the flux as a function of phase. This technique is illustrated in figure 4.9, where we see

the August 31 flare light curve with a time resolution of 120 s in the top panel, and the folded

light curve in the bottom panel.

Figure 4.9 Top panel: Light curve of the August 31 flare with 120 s time resolution. Bottom panel:
Folded light curve or phasogram rebinned in 15 bins per phase and showing 2 cycles for illustration
purposes. The phase corresponds to a period of 1330 s.

Given that the space of the phasogram depends directly on the strength of the periodic signal

contained in the data, we expect its curve to be flat if there is no periodicity in the arrival times.

Therefore, the simplest test statistic that can be applied to such a curve to detect a deviation

from the null hypothesis (i.e. absence of a periodic signal), is Pearson’s χ2 test. The higher the
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χ2 value, the larger the deviation from the null hypothesis. This test can be used to find the

most probable period in a signal by successively testing different periods, and performing the χ2

test on each corresponding folded light curve, yielding the χ2 as a function of period. A peak in

this curve is likely to indicate a periodicity in the data. There are clearly important limitations

to this technique since it heavily depends on the binning chosen as well as other factors like the

incremental step in the test periods.

Another way to look for periodicities, is to decompose the signal in its Fourier modes. Let

us call the curve that connects all the events as a function of time our signal. Joseph Fourier

showed, in the early 1800’s, that it is possible to approximate any function or signal by a sum

of terms of the form einx, each scaled by a coefficient. Since einx = cos(nx) + i sin(nx), the series

can also be expressed as a sum of sines and cosines. Explicitly, a function f(x) is written as:

f(x) =
∞∑

n=−∞
Fne

inx (4.2)

=
1

2
a0 +

∞∑
n=−∞

[an cos(nx) + bn sin(nx)]. (4.3)

Each term in the sum is called a harmonic or Fourier mode, and the Fourier coefficients Fn are:

Fn =
1

2π

∫ π

−π
f(x)e−inx. (4.4)

For the series in terms of sines and cosines, the coefficients an and bn are:

an =
1

π

∫ π

−π
f(x) cos(nx) and bn =

1

π

∫ π

−π
f(x) sin(nx), (4.5)

and the relationship between the coefficients an, bn and Fn is defined through the following ex-

pressions: Fn = (an−ibn)/2, F−n =F ∗n (where F ∗n is the complex conjugate of Fn), and F0 = a0/2.

We refer to |Fn|2 as the Fourier power contained in the nth harmonic.

Although applicable to any function for which the square of the absolute value can be

integrated over the interval [−π, π], the Fourier decomposition is primarily used for the study of

periodic functions, and serves to identify the period, or the dominant components if the signal

is not strictly periodic or contains multiple periods. Fourier techniques have been applied to

the study of pulsars and binary systems, and now have a very important role in data analysis

methods in astrophysics. Period searches are now commonly applied to data, especially in the

field of X-ray and γ-ray astronomy, since a periodic component is often present in systems that

are strong emitters at these energies.

In the case of Sgr A∗, a system that many believe contains an accretion disc, if we can detect

emission originating from this Keplerian flow very near the black hole’s event horizon, it would

be expected to have some sort of periodic features associated with the dynamics of the gas

around the central object. Near-IR and especially X-ray data during a flare that we know is

coming from a very small region on the edge of the event horizon, is particularly suited as an

indicator of the presence of periodic or quasi-periodic signals. There are, however, two major

obstacles in such a task:

The first is the relatively short flare duration (∼1–3 h) with respect to the relatively large

minimum period expected from Keplerian motion around a Schwartzschild black hole with a

mass of a few million solar masses (∼15–20 min). The second is the large inherent fluctua-

tion associated with a flare, which inevitably introduces an important noise component in the

Fourier decomposition and hence makes it difficult to quantify the probability or significance of

a detected period or quasi periodic modulation. The first obstacle cannot be overcome through
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analysis techniques, but only by detecting a long and strong enough flare allowing a sampling

over enough cycles to produce a significant periodic signal. If such a flare does occur, as in the

case of the August 31 event, then the second obstacle must be tackled and I now present the

techniques we developed for this purpose.

4.3.2 Timing Analysis of Flaring Events

The temporal characteristics of a flaring event make it a special case when attempting to

search for a periodic signal. A flaring event is usually accompanied by a rise in flux that can

be sudden and whose amplitude can sometimes be rather important. These features make the

detection of a periodic or semi-periodic modulation during the flare somewhat difficult. The

most critical feature, however, is the event duration since the significance of the periodic signal

depends most sensitively on the number of detected cycles.

Unfortunately, most flaring events in Sgr A∗ tend to be rather short (∼3–5 ks), and since we

expect rather long periodic signals of around 20 min, the order of the orbital period near the

last stable orbit, it is only in flares with a duration of about 10 ks or more that we can perform

a meaningful search for periodic modulations associated with Keplerian dynamics around the

black hole.

In cases where we observe a small number of cycles of a periodic modulation, inevitably

implying a weak signal, we must determine what analysis methods are most suitable and consider

the statistical behaviour of the variables used. This is important in order to maximise the power

of the search, and essential in order to correctly establish the significance of the detected signal.

It is known that when the folded light curve has a sinusoidal pulse shape, the Rayleigh

test, derived from the Fourier power at the fundamental harmonic, is more powerful than the

classical χ2
K−1 test obtained from a K-bin histogram, and is in fact the most powerful test

that can be used (Leahy et al. 1983). In a generalisation of the Rayleigh test, Buccheri et al.

(1983) and Buccheri and Sacco (1985), replaced the χ2 test altogether with the bin-free Z2
m test,

constructed by summing the Fourier power in the first m harmonics of a given period. The

number of harmonics must be chosen to suit the pulse shape: for a sinusoid, one harmonic is

used and the Rayleigh test is recovered; sharper pulse shapes can be well detected by using two,

three or more harmonics. This can be understood intuitively by considering that the signal, in

this case the shape of the folded light curve, is approximated by a series of sines and cosines,

starting from the fundamental harmonic and to which higher modes are added. The sharper the

edges of the pulse shape, the larger the number of high harmonics will be necessary to reproduce

the curve.

Although quite powerful in cases where we have foreknowledge of the folded light curve

shape, the Z2
m test has a weakness in the fact that the number of harmonics must be chosen

arbitrarily and thus requires the pulse shape to be known. To circumvent this difficulty, de

Jager et al. (1989) constructed the H-test based on the Z2
m but made in such a way that the

number of harmonics used to test for a given period in a data set is chosen automatically. This

allows for a powerful test that can be used without a priori knowledge of the pulse shape, and

thus objectively, on unknown light curve shapes. The form of the Z2
m test (also the kernel of

the H-test) is the following:

Z2
m =

2

N

m∑
k=1

[(

N∑
i=1

cos(kφi))
2 + (

N∑
i=1

sin(kφi))
2], (4.6)

where m is the number of harmonics used in the sum, N is the total number of events, and

φi = 2πti/Pj , is the phase, calculated for each arrival time (ti) and given test period (Pj). The
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Rayleigh test (m= 1) hence takes the form:

Z2
1 =

2

N
[(

N∑
i=1

cos(φi))
2 + (

N∑
i=1

sin(φi))
2]. (4.7)

To simplify the notation, we define the trigonometric moments of the fundamental harmonic as:

α =

√
2

N

N∑
i=1

cos(φi) and β =

√
2

N

N∑
i=1

sin(φi), (4.8)

and rewrite the Rayleigh test with a much simpler formula as:

Z2
1 = α2 + β2. (4.9)

In order to derive the significance of a peak in the Z2 or Rayleigh periodogram, we need

to consider how the variables used in the test are distributed. The most basic quantities from

which others are derived are the trigonometric moments: α and β. Given that both the cos and

sin functions have a zero average, the central limit theorem implies that α and β are Gaussian

variables distributed around zero, and can be normalised to the standard Normal distribution:

N(0,1). The square of a N(0,1) variable follows a χ2 distribution with one degree of freedom

(χ2
1). The sum of two χ2

1 distributed variables is distributed as a χ2 distribution with two degrees

of freedom (χ2
2). It follows that the Rayleigh statistic is χ2

2 distributed, and the Z2
m variable is

χ2
2m distributed, since it is the sum of m variables distributed as χ2

2.

To test for a periodic signal, we must know what is the probability distribution function

(PDF) of the test statistic in the absence of such a signal, so that a reliable significance can

be assigned to the claimed detection. In Fourier analysis, a PDF of the form e−Z
2
, where Z2

is the Fourier power, gives the classical probability measure. This expresses the fact that the

probability of obtaining a power Z2 decreases exponentially as the value of Z2 increases. For

time series with flares, one usually finds a distribution that is broader than e−Z
2

resulting in

overestimated significances due to the presence of coloured noise, unless a proper normalisation

is applied to the Fourier components.

To transform the probability measure to a e−Z
2

distribution, we normalise the trigonometric

moments so that their probability distributions become N(0,1) (the Standard Gaussian) using

the underlying trend of the flare data. Given that deviations from the nominal e−Z
2

distribution

increase with the period, this normalisation is achieved by choosing a smoothing window of size

h≥T/8, where T is the total flare duration. This choice is motivated by the fact one cannot

claim a periodicity comprising . 4 cycles.

From these considerations, we see that to derive the probability associated with a given

peak in the periodogram or a given value of Z2, we simply need to calculate the quantile that

corresponds to this value from the appropriate χ2 distribution. This, of course, is the theoretical

case where we have an infinitely long observation containing only Poisson or white noise and for

which the periodogram is constructed using only independent periods Pj (integer multiples of

the total observation time T , Pj =T/n, with n = 2, 3, 4, ... ). If, however, we have a data set

that does not have these ideal properties, we must find a coherent and statistically sound way to

take into account effects such as: finite observation time; possible contributions from different

types of coloured noise, and particularly red noise that arises from variations in the flux that are

inherent to the source; and windowing effects introduced by oversampling, i.e. testing periods

that are not integer multiples of the total observation time.

My work on this subject with Andrea Goldwurm, Fulvio Melia, and in particular with

Regis Terrier and Okkie de Jager was motivated by the very specific problem of estimating the

significance of a periodic signal detected during the 2004 August 31 X-ray flare from Sgr A∗. The
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basic idea is to use simulated pseudo-random arrival times that mimic the features of the data,

construct a periodogram for each event list keeping track of the trigonometric moments, and

finally use the statistical behaviour of the simulated light curves to reconstruct the observation’s

periodogram and derive the probability associated with each value of Z2.

4.3.3 Application to Sgr A∗ and Results

The Context

In the case of Sgr A∗ the last stable orbit, where we expect the minimum fundamental period,

ranges between about 300 to 1 600 s, for a mass of 3.5× 106 M� and spin parameter |a|< 0.999.

X-ray observations of Sgr A∗ have revealed flares with durations between ∼3 000 and 10 000 s.

Since at least 4–5 cycles are usually required to claim a periodicity, it is clear that a minimum

flare duration of ∼10 000 s is necessary to identify a period commensurable with the last stable

orbit in the case of a= 0.

Aschenbach et al. (2004) claimed the detection of 5 periods at: ∼100, 219, 700, 1150 and

2250 s, each of which were identified with one of the gravitational cyclic modes associated with

accretion discs. The work of these authors was based on X-ray data from XMM-Newton and

Chandra, as well as those presented by Genzel et al. (2003) who report the detection of a

≈ 17 min period detected during two near-IR flares from Sgr A∗. Clearly, a confirmed detection

of a periodic or quasi-period signal present in a flare from the central black hole would be very

useful for constraining the nature of the flares, and maybe more importantly, as evidence for the

geometry of the hot gas surrounding Sgr A∗.

The Background Noise

In the simplest case, the background is composed of white or Poisson noise: fluctuations for

which the range of values is consistent with counting statistics. A more general case considers the

background as a combination of white and red noise. Red noise arises from the inherent source

variability and has a power spectral distribution that goes as f−α, where f is the frequency and

α is the slope of the power spectrum in log-log space. The larger the amplitude of the variations,

the steeper the slope.

Clearly, it is essential to determine the relative importance of the red noise with respect to

the Poisson noise in order to accurately estimate the probability associated with a given peak

in the periodogram. This can be done in different ways, one of which was recently suggested

by Vaughan (2005) and entails determining the index α by performing a linear fit on the log-

log periodogram and then calculating in an analytical way the confidence levels, conveniently

represented as straight lines parallel to, and lying above the fit on the periodogram. This method

is simple, it does not require Monte Carlo simulations, and is thus very practical for data that

has an important component of red noise and whose duration is long enough to allow for a

suitably large range of frequencies with a well defined power spectrum over which to perform

the fit.

Another way to characterise this component of red noise in an observation is to construct

the power spectrum of the smoothed light curve. The power spectrum will then be dominated

by the features associated with the inherent source variability. Assuming that periodicities with

4 or less cycles cannot be claimed as such, a sliding average with a smoothing parameter of

T/4 = 2250 s is appropriate. The log-log power spectrum of the smoothed light curve will clearly

exhibit the features of the underlying red noise component that can then be characterised using

the method described by Vaughan (2005). This procedure should give results closely compatible

with the method of de-trending (fitting the light curve with a polynomial and subtracting it),
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which leaves the flattened light curve free of the inherent source variability. With this method,

however, the stochastic nature of the red noise is not incorporated into the modelling.

We have used a method that allows us to work directly with the event list and to take into

account all noise components present in the data in a natural and transparent manner that also

takes into account the random nature of the noise. This is done through Monte Carlo simulations

generating event lists that have the same statistical properties as the data.

The Simulations

Counting the number of photons from a given astrophysical source or radioactive decays

from an unstable isotope, where each event occurs independently of the previous but with a

certain regularity given by the mean count rate, can be described by the same statistical law.

The law is characterised by an exponential PDF that defines the distribution of times between

two consecutive events, and whose mean corresponds to the average count rate. Therefore, in

order to construct a true pseudo-random light curve of total duration T and average count rate

r, one must draw T × r numbers from an exponential PDF with a mean of r. Each of these

corresponds to a ∆t: the time between two consecutive events. Arrival times are calculated

by summing the ∆t, and the resulting light curve has the same statistical and noise properties

(Poissonian in the case of a constant mean) as a real event list.

In the case where the mean is not a constant but is fluctuating, we can also generate event lists

with similar statistical and noise properties as the data set, without having complete knowledge

of these properties, and whether they include red noise or other types of coloured noise. This is

done by drawing the ∆ts from different exponential PDFs with means determined by the sliding

average count rate calculated from the data over an appropriately sized window (eg. T/4).

Drawing numbers from PDFs with means that follow the variation in the count rate, takes into

account the overall noise properties of the data by simultaneously characterizing the inherent

variations in the base level of the light curve, and allowing fluctuations about this level that

are proportional to the amplitude of the variation. This is the method we used to estimate the

probability associated with each value in the Rayleigh periodogram.

A Monte Carlo simulation of a count rate profile with instantaneous mean value given by

the sliding average calculated from the data, gives light curves from which the trigonometric

moments are calculated under the null hypothesis (no periodic signal of period P<h). A total

of 106 realisations of this process allows us to calculate the means, α and β, and variances, σ2
α

and σ2
β, of the cosine and sine moments respectively. The desired transformation to a N(0,1)

distribution is achieved by applying equation 10 of de Jager (1994):

zα =
α̂− α
σα

and zβ =
β̂ − β
σβ

(4.10)

The normalised Rayleigh statistic calculated from these, Z2
1 = z2

α + z2
β, is distributed as χ2

2

and thus permits us to calculate the true probability directly. It is important to emphasise that

the probability function associated with the observation’s periodogram is calculated directly

from the simulations, and is derived independently of the formalism presented above.

The Results

I restricted the analysis to XMM-Newton data, whose structure I know relatively well, and

made use of three data sets: ObsID numbers 0516-0111350301, 0789-0202670601 and 0866-

0202670701, performed respectively on 2002 October 3, and 2004 March 31 and August 31. Each

of these observations comprises one major flare, which lasted ∼3.5, 4.0 and 10.0 ks respectively.
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A detailed description of the observations and characteristics of the first flare were presented

and discussed by Porquet et al. (2003), and those of the second and third events by Bélanger

et al. (2005).

The analysis method was first applied to the flare of 2004 August 31, and then to the other

two flaring events. For each data set, I used the PN event list constructed by selecting good X-ray

events in the 2–10 keV energy range and within a radial distance of 10′′ from the radio position

of Sgr A∗. As mentioned in § 4.1, the PN instrument has a larger collecting surface, better

sensitivity and most importantly, a much higher time resolution than the MOS cameras, 73 ms

compared to 2.6 s in FullWindow mode, making it the instrument of choice on XMM-Newton for

timing analysis.

Figures 4.10, 4.11 and 4.12 show the light curves, Z2-periodograms and the associated prob-

ability functions derived from the Monte Carlo simulations for the flare data sets of 2004 August

31, 2004 March 31 and 2002 October 3 respectively. Each is also presented with the light curve

of the data set used to make the periodograms. Given that the total flare durations vary from

10 000 s for the August 31 event, to 4 000 s for the one that occurred on March 31, and slightly

less than 3 500 s for the October 3 flare, we have adapted the period range over which the peri-

odograms were constructed. The 10 000 s flare allowed us to search the entire range of physically

interesting periods from ∼200 to 3 000 s. In the case of the other two data sets where the flare

duration is less, the period range was restricted to ∼200–2 000 s.

Figure 4.10 Flare of 2004 August 31: Left panel: Flare light curve with 120 s time resolution.Right
panel: Z2-periodogram and associated probabilities derived from Monte Carlo simulations of 106 event
lists. Total flare duration was ∼ 10 000 s and so period range spans 200–3 000 s.

In figure 4.10, we see the 120 s resolution light curve of the August 31 flare presented earlier

(§ 4.3.1), and the Z2-periodogram with the probability derived from the simulations. The highest

peak at 1330 s (22.2 min) stands clear of the surrounding features, and its associated probability
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drops to a value of 3× 10−6. This is equivalent to a 4.5σ detection in Gaussian statistics and 106

event lists were generated in order to estimate the probability associated with this peak. The

other two noticeable peaks at 370 s and 850 s have respective probabilities of 0.006 and 0.007

(∼2.5σ). Applying a 3σ detection limit, no peak whose probability is greater than 10−3 can be

considered significant. Therefore no peaks in the periodograms other than the one at 1330 s are

statistically significant.

The March 31 flare light curve with 200 s bins is shown in the left panel of figure 4.11,

together with the periodogram constructed from this data set and the associated probabilities

derived from the Monte Carlo simulations in the right panel. In this case, 1 000 event lists were

enough to derive the probabilities since none is lower than 10−3.

Figure 4.11 Flare of 2004 March 31: Z2-periodogram and associated probabilities derived from Monte
Carlo simulations of 500 event lists. Total flare duration is ∼4000 s and thus period range spans 200–
2000 s.

I performed the same analysis on the 2002 October 3 flare, of which the light curve and

associated periodogram are shown in the top left and top right panels of figure 4.12 respectively.

The temporal properties of the complete data set of the observation containing this flare were

also analysed and the total light and associated periodogram are presented in the bottom left

and bottom right panels of the same figure. This was done primarily to search for the periods

reported to be present in these data by Aschenbach et al. (2004), but no significant peaks were

detected.

These authors picked out three periods in the October 3 flare and two in the pre-flare period.

The three flare periods they mention are at ∼110 s, 219 s and 700 s, and we can see peaks in this

flare’s Z2-periodogram (figure 4.12 top right) that correspond to 220 s (the first peak) and 655 s

(the broad central feature), possibly the same as those detected by the authors. In our analysis,

however, there are no peaks present below the one at 225 s, and the probabilities associated with
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the ones at 225 s and 655 s are 0.035 and 0.036 respectively (≈ 1.8σ). In fact, this periodogram

is exceptionally flat over the entire period range from ∼200–2 000 s, with a steep rise at the end

that appears to peak around 3 500 s, and almost certainly caused by the timescale of the flaring

event itself whose duration is ∼3 500 s. We remind the reader that it is meaningless to talk

about a period with less than 4 cycles in a given data set.

In general, it is clearly evident in all the figures that, as expected, the probability function

is almost perfectly anti-correlated with the value of Z2. The steep rise near the 2 000 s mark

in the periodograms of the shorter flares, (Figures 4.11 and 4.12), signifies that we are reaching

the maximum testable periods. The fact that the probabilities in the end range are close to

one, indicates that the Monte Carlo simulations indeed model the overall statistical properties

of the data sets accurately, reproducing the features linked to the data’s noise and/or temporal

characteristics. Notice that such a rise is not seen in the periodogram of the August 31 flare,

likely due to the fact that we have not yet reached the end of the testable periods and that the

red noise contribution is still small in this range.

This concludes the presentation of the results I have obtained using XMM-Newton data col-

lected during the multiwavelength campaign of 2004 aimed at the study of correlated variability

in the emission from the central black hole. A discussion of their implications is presented in

chapter 6. In the next chapter, we move to larger spatial scales expanding our view of the GC

around the Galactic nucleus, and move up in energy as we look at the nuclear region with the

INTEGRAL γ-ray observatory.

Figure 4.12 Top panels: Flare of 2002 October 3: Light curve with 120 s resolution (left), and Z2-
periodogram with associated probabilities derived from Monte Carlo simulations of 1 000 event lists
(right). The total flare duration is ∼3 500 s and period range spans 200–2 000 s. Bottom panels: Light
curve and periodogram for the whole observation which lasted ∼15 000 s. Thus, the period range spans
200–3 000 s.
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New Horizons in γ-ray Astronomy

On October 17, 2002, the European Space Agency’s International Gamma-ray Laboratory

was launched successfully from Baikonour in Kazakstan, and set into a highly eccentric orbit

(e = 0.81) with perigee at 10 000 km, apogee at 153 000 km and inclination angle of 51.6◦with

respect to the equator. This allows the spacecraft, which completes an orbit in the course of

three days, to perform uninterrupted observations for a period of roughly two and a half days

before crossing the radiation belts at the orbit’s perigee. After the initial calibration period of

a few weeks, the instruments on board INTEGRAL began to acquire and transmit data from

the celestial objects in the soft γ-ray sky.

In much the same way as the Chandra and XMM-Newton observatories have led to important

revisions in our view of the X-ray sky and of X-ray astronomy as a whole, INTEGRAL has offered

the high energy astrophysics community a completely new view of the γ-ray sky. Moreover,

INTEGRAL is the first astrophysics mission to carry a large semi-conductor imaging detector:

the IBIS/ISGRI γ-camera.

This chapter is devoted to the presentation of the IBIS/ISGRI imager, and the results that

are the fruition of my Ph.D. work. My research has primarily focused on the Galactic centre

and nuclear region, but also includes an important contribution to the Galactic survey and

INTEGRAL catalogue, as well as the study of the contribution of compact sources to the soft

γ-ray emission of the Galaxy. More recently, I have worked on the study of the Coma cluster:

the first extended source detected by INTEGRAL. This extra-Galactic source has been at the

heart of a debate concerning the nature of its hard X-ray emission, more specifically, if it is of a

thermal or non-thermal nature. We hope to be able to impose new constraints on this emission

in the ISGRI’s energy range and thus put this debate to rest. All of this work was done using

only IBIS/ISGRI data, since the higher spectral resolution of the imaging spectrometer SPI was

of no use due to its much lower angular resolution.

In § 5.1, I present the mission and describe the main features of the IBIS telescope and ISGRI

imager. This is followed by a description of the basic procedures employed in the analysis of

IBIS/ISGRI data in § 5.2, supplemented by a more detailed discussion of certain aspects of the

analysis. Also included are descriptions of several software tools I developed for our group. The

results are presented in §§ 5.3 to 5.5, and include the first detection of γ-rays above 20 keV from

the nuclear region (§ 5.3), the view of the GC after two years of INTEGRAL observations (§ 5.4),

and the resolution of the long standing problem of the point source contribution to the soft γ-ray

emission of the Galaxy (§ 5.5). The second IBIS/ISGRI catalogue, essentially resulting from the

Galactic survey work, is not discussed but included as appendix F.

94
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5.1 The Instruments On Board INTEGRAL

There are four instruments on the INTEGRAL (Winkler et al. 2003) observatory: IBIS

(Ubertini et al. 2003), SPI (Vedrenne et al. 2003), JEM-X (Lund et al. 2003) and OMC

(Mas-Hesse et al. 2003). The principal ones are the spectro-imager IBIS (Imager on Board

the INTEGRAL Satellite) and the imaging spectrometer SPI (Spectrometer on INTEGRAL),

intended to complement each other in their function. The other two instruments, JEM-X (Joint

European X-ray Monitor) and OMC (Optical Monitoring Camera), are monitors as their names

suggest. Figure 5.1 is a schematic view of the INTEGRAL satellite on which we can see the

relative size and location of each of the instruments. The designations ‘imager’, ‘spectrometer’

and ‘X-ray monitor’, make reference to IBIS, SPI and JEM-X respectively. The subsections

that follow contain a description of the main characteristics of the IBIS telescope and a more

detailed discussion of the ISGRI imager, the low-energy detector layer of IBIS, since this is the

instrument whose data I have used in my research.
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These constraints are taken into account in Section 6.3.1 in the definition of the perigee raise 

manoeuvre burns. 

Table 4-1 gives some characteristics of the thrusters [RD 9]. 

 

 

Figure 4-3. INTEGRAL in-orbit configuration and co-ordinate system. 

Nominal thrust (at 24 bar) 24.9 N 
Thrust at BOL (22.5 bar) 23.8 N 

Thrust at BOM (post-PRBs) (6.5 bar) 8.9 N 

Thrust at EOL/EOM (5.5 bar) 7.4 N 

Isp in continuous mode (worst case at 22.5 bar) 226 s 

Minimum off-time 0.025 s 

Maximum Isp in pulsed mode 102 s 

Minimum on-time 0.025 s 

Orientation of thrust direction 12° off x-axis 

Table 4-1. Thruster main characteristics 

Figure 5.1 Schematic view of the INTEGRAL satellite. The main components are marked: ‘imager’
refers to IBIS, ‘spectrometer’ refers to SPI, ‘X-ray monitor’ refers to JEM-X, and ‘OMC’ is labelled as
such. Notice that the x-axis is defined as the pointing direction.

5.1.1 The IBIS telescope

IBIS is a coded aperture instrument sensitive in the energy range from 15 keV to 10 MeV,

with an angular resolution of 12′–13′. It is composed of a tungsten coded mask, 12 mm in

thickness and a little more than one square meter in size, sitting 3.2 m above the detector; two

detector layers: ISGRI working in the range 15–1000 keV (Lebrun et al. 2003), and PICSIT

sensitive in the range 0.17–10 MeV (Di Cocco et al. 2003); a tube that extends from the bottom

of the detector to the mask, which together with some additional tungsten sheets acts as a shield

against the cosmic γ-ray background; and a hopper mechanically tied to the instrument whose

purpose is to limit the solid angle by shielding the detector from the background.
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A photograph of the tungsten mask is shown in the left panel of figure 5.2, and the IBIS

imager where the hopper and ISGRI detector plane are visible is shown in the right panel of the

same figure. The fact that IBIS is composed of two detector layers that work independently,

yields effectively three sets of data for a given observation that are referred to in the analysis

as: ISGRI mode, PICSIT mode and Compton mode. The IBIS assembly sits at the bottom

of the ‘tube’: four payload module walls shielded with lead foil. In addition, four strips of

1 mm thick tungsten are placed to provide shielding for the mask in the gaps between it and

the top of the tube walls. Finally, a veto system composed of 19 BGO (Bismuth Germanate

Oxyde) crystals surrounds the two detector planes up to the bottom of the ISGRI detector

layer. This active shielding ensures the minimum level of background on IBIS is achieved using

anti-coincidence logic to reject or accept detected events (if an event detected on the plane or

temporally coincident with one detected in the BGO, then it is rejected).

Figure 5.2 INTEGRAL Left panel: Coded mask used on IBIS. The dimensions of the mask are
1180× 1142× 114 mm3 and its pattern is composed of roughly 10 000 “mask elements” half of which
are closed: opaque in the operational energy range (70% opacity at 1.5 MeV). INTEGRAL Right panel:
IBIS telescope assembly showing the upper face of the ISGRI detector assembled as eight modules and
fixed to a rigid Al structure referred to as the ‘spider’, and the hopper: four inclined walls incorporated
into the mechanical structure of the IBIS instrument that offer passive lateral shielding effectively limit-
ing the solid angle viewed directly by IBIS and therefore also the γ-ray background up to a few hundred
keV.

The timing and spectral resolution of IBIS: 61µs and 9 keV at 100 keV, are features of ISGRI,

the low-energy γ-camera. PICSIT, although capable of functioning in photon-by-photon mode

like ISGRI, is in practice restricted to the histogram mode where the signal is integrated over a

period of around 30 min. PICSIT functions in this way because the cosmic background is very

high in its operating energy range and the all data could not be transmitted to Earth within

the permitted telemetry.

5.1.2 Performances of the IBIS/ISGRI Imager

ISGRI, the top layer of the IBIS instrument with a surface area of 1310 cm2, is a 128 by 128

array of Cadmium-Telluride (CdTe) detector pixels each of which measures 4× 4× 2 mm3. These

are grouped in eight modular detection units mounted on an aluminium support structure. This

detector works in the energy range from 15 keV to 1 MeV with a peak sensitivity near 55 keV.

ISGRI’s effective detector surface area as a function of energy (ancillary response function) is

shown in the top panel of figure 5.3. It rises steeply from 15 to 25 keV where its value hovers

around 650 cm2 up to about 35 keV where it steeply rises again to its peak of about 1070 cm2

at 55 keV. It dips down to approximately 850 cm2 between 65 and 85 keV, increases again
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to 970 cm2 at 95 keV before falling abruptly after 100 keV. At 511 keV, the electron-positron

annihilation energy, the effective area is 70 cm2, and at 1 MeV it is only 30 cm2.

The 3σ sensitivity curve of the ISGRI imager in the continuum computed for 1 million

seconds of observation is presented in the bottom panel of figure 5.3, and shows that we can

detect sources with fluxes at the mcrab level in 1 Ms in the range from about 15 to 60 keV, making

this instrument the most sensitive in this energy regime by an order of magnitude compared to

its closest predecessor Sigma.

Figure 5.3 INTEGRAL Top panel: Ancillary response function (ARF), or effective area as a function
of energy, of the CdTe pixelated imager ISGRI, the top detector layer of the IBIS imager. The maxi-
mum effective area is reached at 55 keV and equals 1063 cm2. The energy scale is from 12 to 1200 keV.
INTEGRAL Bottom Panel: The 3σ sensitivity curve, or flux limit, of the IBIS/ISGRI imager for an
observation time of 1 Ms. The diagonal line corresponds to 1/1000 of the Crab’s flux (Norm = 0.0085 and
α= 2.2), and the energy scale is from 13 to 1200 keV.

Imaging

The angular resolution, as for all coded mask instruments, is defined by the geometry of

the mask-detector arrangement. Mask elements have a size of 11.2× 11.2 mm2. The distance

between the mask and the detection plane is 3133 mm. Therefore the ratio of the element size,

d= 11.2 mm, to the distance between mask and detector, D= 3202 mm, is the tangent of the

opening angle defined by two lines connecting opposite edges of a mask element to a point on

the detector plane co-aligned with its centre. This opening angle is what is generally called

the angular resolution of a coded aperture instrument: dθ= tan−1(d/D) = 12.′0. In fact, the

projected size of a single ISGRI pixel (4.′4) has a small effect on the angular resolution that

can be accounted for in a more accurate determination of the resolution by performing the

quadratic sum of the opening angle and this projected pixel size. The details of the PSF and

the point source location accuracy (PSLA) were studied by Gros et al. (2003) who derived

an empirical low that described the relationship between the measured signal-to-noise ratio in
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the deconvolved images and the location accuracy of the source detection algorithm. Figure 5.4

shows the PSLA as a function of the measured significance (Fig. 3 of Gros et al. 2003). The fit

to the data yielded a function of the form y = axc + b, and the best fit parameter values were

found to be a= 22.1, b= 0.16 and c= –0.95.

Figure 5.4 The IBIS/ISGRI point source location accuracy as a function of the source detection
significance measured in the deconvolved sky image. The offsets are derived from ∼2 000 measurements
of the reconstructed position for the Crab, Cygnus X-1 and Cygnus X-3 in energy bands between 20 and
300 keV with source position ranging between 0◦ and 14◦ from the telescope’s aim point.

Spectral

Each photon that penetrates a CdTe pixel in ISGRI, ionizes the material and creates electron

and hole pairs. In the polarizing electric field, the light and negatively charged electrons, travel

towards the positive electrodes faster than the heavier holes that move in the opposite direction.

This movement of the charges (or current) induces a pulse whose height is directly proportional

to the number of electron-hole pairs, and is subsequently amplified. The detector coordinates,

the pulse height and the rise time of each event are stored in the form of a list (raw data), from

which, through the use of 2 look up tables, the deposited energy of an event can be reconstructed;

the first is used to transform the pulse height from a number of channels to an energy in keV

and apply a gain correction, and the second combines the rise time and pulse height information

to determine the charge loss correction that should be applied to recover the event energy.

This ambiguity arises from the properties intrinsic to the CdTe crystal, which in certain

cases leads to multiple values of energy for the same rise time (see Limousin (2001) for further

details). The effect is well illustrated in figure 5.5 where two biparametric plots are shown. These

were constructed by summing the data of several hundred individual pointings and contain all

of ISGRI’s spectral information. Each point corresponds to an energy/rise-time doublet and so

the image is a two-dimensional representation of the energy as a function of rise-time. Moreover,

a horizontal cut (y = const) gives ISGRI’s overall spectrum for one given value of the rise-time.

The top panel shows the result of applying gain and offset energy corrections to the events, and

the bottom panel illustrates the final stage after charge loss corrections have been applied.

In fact, the reconstruction of the energy of a given event is not that simple. Despite the fact

that the energy of a photon that hits the detector and creates an event is indeed well defined,

its detection and subsequent reconstruction leads not only to a spreading of the initial energy

around the central channel, a degradation of the signal due to the spectral resolution of the

instrument, but also to a redistribution of the photon energy into lower energy channels due to

interactions of the photon in the material. The response of the detector can be studied very
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Figure 5.5 ISGRI biparametric plot of rise time as a function of energy up to 511 keV after gain and
offset energy corrections (top panel) and subsequent application of charge loss correction (bottom panel).

precisely using Monte Carlo simulations in which an accurate software representation of the

detector is constructed and its response to photons of known energy is evaluated. The results

of this type of study are as close to the actual detector response as the software model is an

accurate representation of it. Finally, this yields the INTEGRAL redistribution matrix function

or RMF.

The left panel of figure 5.6 is a visual representation of ISGRI’s RMF, and the right panel

shows a horizontal cut from which we can appreciate the distribution of energy that is detected

for one value of incident energy. The size of the matrix is 2048 channels of detection energy by

2466 channels of incident energy. It has been plotted in terms of the energy in keV instead of

channels for clarity. The bright diagonal corresponds to the photoelectric absorption where most

of the incident energy is deposited, and its width gives the spectral resolution. All values on the

right side of the diagonal are zero since the detected never surpass the incident energy (beyond

the blurring due to the spectral resolution). The right panel is a horizontal cut illustrating

the probability density function for the detected energy of a photon with an incident energy of

511 keV. The photoelectric peak at 511 keV is obvious, and the smaller and broader peak just

above 300 keV is sometimes referred to as the Compton front.
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Figure 5.6 INTEGRAL Left panel: Visual representation of the energy redistribution matrix function
for the ISGRI γ-camera. INTEGRAL Right panel: Detected energy probability density function for an
incident energy of 511 keV.

5.2 The Analysis of IBIS/ISGRI Data

The structure of the IBIS/ISGRI data and the means by which they must be analysed,

reflect the very different nature and mode of operation of coded mask instruments with respect

to X-ray telescopes like XMM-Newton whose data formed the basis of the previous chapter.

X-ray photons, although energetic enough to have the properties of particles rather than waves

at longer wavelengths, can nonetheless be focused onto a detector plane using grazing incidence,

gold-coated mirrors as in the case of XMM-Newton or iridium-coated as in the case of Chandra

(see § 3.3.1). This type of instrument allows for a precise determination of the energy as well as

the place of origin of each photon on the plane of the sky. The standard processing for this type

of X-ray data results in an event list for each instrument that contains the energy, the (x, y)

coordinates and the time of each event, together with other information, for example a pattern

number and quality flag. This event list is then the basis of all subsequent analyses in which the

user performs various selections to meet certain criteria corresponding to the scientific purposes

of the investigation. For a coded aperture imager like IBIS/ISGRI, the energy of each photon

that hits the detector is also accurately measured. However, since these are not focused prior to

their interaction with the detecting material, their place of origin cannot be readily determined

without software manipulation.

5.2.1 Reconstructing Individual Sky Images

An ISGRI image of an individual pointing is constructed in the following way: the Tungsten

mask that sits three meters above the detector plane, casts a shadow of a geometric configuration

of light and dark squares corresponding to the open and closed mask elements of which it is

composed. This can be expressed formally as the convolution of a matrix M , representing the

mask, i.e the array of open (1’s) and closed (0’s) mask elements, with the sky S, and to which

we add a background component B, that is un-modulated by the mask. The detector image D

is then the result of the combination of these components.

D = S ∗M +B (5.1)

In order to obtain an image of the sky S′, we must therefore decode the detector image using

an array having a correlation inverse. This decoding array, or correlation inverse for the IBIS
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mask pattern is given by M : G= 2M − 1 and has values G= +1 when M = 1, and G= –1 when

M = 0. The reconstructed sky, or sky image S′ is thus given by:

S′ = D ∗G (5.2)

= S +B ∗G (5.3)

We see that the true sky, S, and the sky image, S′, differ only by the background term B ∗G,

and if B is flat B ∗G is also flat and can be measured and subtracted. The image is an accurate

representation of the sky.

The mask pattern in IBIS is derived from the general class of patterns referred to as a

uniformly redundant array or URA, and is in fact from a subclass called modified uniformly

redundant array or MURA (Gottesman and Fenimore 1989). The study of MURA patterns has

shown that their cyclic auto-correlation yields a delta function. This entails that the decon-

volution of a detector image resulting from the shadow of a complete mask pattern cast by a

source in the sky will be a pure delta function at the back-projected sky position of the source.

This is not the case for sources that cast an incomplete mask pattern onto the detector plane.

These, instead, give rise to side lobes whose positions follow a well determined arrangement

which allows for their removal by the analysis software.

Once a detector image (or shadowgram) in which the energy of each event is known has been

constructed, the decoding principles described above are applied through Fourier techniques and

other algorithms, in order to derive the most probable configuration and intensity of sources that

make up the true sky and whose combined illumination gives rise to the actual detector image.

This is done by the software procedures using an input catalogue by first making the list of

sources present in the field of view of the given pointing, then calculating the pixel illumination

factor or shape of the shadow on the detector plane that corresponds to each source, and finally

adjusting the intensity of each one of these by a simultaneous fit. Finally the side lobes are

removed iteratively, starting with those corresponding to the brightest source through to the

faintest, and the result is a reconstructed image of the sky where the position and intensity of

each source present in the image are the most likely ones. It is important to note that for a

point source, its flux is given by the pixel value at its peak in the image. Its extent or size on

the image is simply a reflection of the uncertainty on its position due to the instrument’s PSF,

and can be viewed as a correlation factor that reaches its maximum at the peak, thus indicating

the most likely flux and source position.

As I mentioned above, the background can be taken to be flat with a level determined by

the overall average count rate, or it can be a specific pattern whose derivation can be done

with different levels of sophistication. But in either of these cases, the deconvolution procedures

do not change. For more details on the construction of background maps and their corrective

effect on the images see Terrier et al. (2003). A discussion of several facets of the analysis of

IBIS/ISGRI data can be found in the works of Goldwurm et al. (2003).

As is the case in the vast majority of modern astrophysical observatories, INTEGRAL data

analysis is done by a software pipeline in which a mother script calls the sub-programs required

to complete the data reduction process. For INTEGRAL, the specifications of and formalities

relating to the pipeline, the data structure, the programming standards, and the management

of public data and official software releases, are done by the INTEGRAL Science Data Cen-

ter (ISDC) in Versoix near Geneva, Switzerland. Furthermore, although international scientific

projects usually must, by their mandate, provide official software with technical support through-

out the mission’s lifetime, the analysis pipeline is very rarely perfectly tuned by the time the

mission is launched and data have started to stream down to Earth from the orbiting satellite.

In fact, it can sometimes take a couple of years or more for all the software in the pipeline to be

well tuned and tested. My adherence to the INTEGRAL team at the start of 2003, just months
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after the launch of the observatory, and my seat amongst the scientists that developed both

the ISGRI CdTe γ-camera and imaging analysis software for it, has given me on the one hand,

the sometimes heavy responsibility of testing and evaluating the software, and on the other,

the chance to participate in several crucial improvements in the analysis procedures, essential

both for my own work and for that of all others who either are or will be engaged in scientific

investigation making use of IBIS/ISGRI data.

This concludes my presentation of the basics of imaging analysis of IBIS/ISGRI data, and

leads us to a number of more specific aspects of the data analysis and to the higher level software

developments I have made to manipulate the standard analysis outputs, and in some cases refine

the results. I also developed several tools to automate the preparatory analysis procedures in

order to perform the systematic processing of all IBIS/ISGRI data, and through this, built an

easily maintainable database of images in several energy bands.

5.2.2 The Study of Weak Sources and Related Issues

The study of the emission properties of weak sources with a soft γ-ray instrument like

ISGRI necessarily entails cumulating long exposure times. This in turn obviously means that

accumulation of more data increases the signal-to-noise ratio of the source, hence allowing a

better study its characteristics. To do this type of analysis as quickly and efficiently as possible

requires the automation of several procedures, thus allowing a minimum of time spent resolving

purely technical data reduction problems.

Analysis of Large Quantities of Data

The first released version of the program ii skyimage, used for the imaging analysis of ISGRI

data, sequentially reduced each pointing or science window (ScW) included as the input list,

and constructed their mosaic by combining the individual reconstructed sky images. However,

if a problem in the processing of a given pointing occurred, the analysis would fail and stop,

and the pipeline would crash. This kind of behaviour does not result in an important hindrance

when performing the analysis of a few or even a few dozen pointings, but when several hundred

pointings are analysed and the pipeline must run for many days on powerful workstations in

order to get to the end of the imaging analysis and construct the final mosaic, it can be a major

setback. Since I was the first user to launch such large jobs, I was also the first one to be

confronted with these inadequacies. Changes which allowed me to restart the imaging analysis

on the next ScW after it had inadvertently stopped, together with a number of other options

adding flexibility to the launching conditions of the software, were made locally at our laboratory

and eventually implemented in subsequent official releases.

The remaining problem was to identify the causes and clean up the affected files and directo-

ries so that a re-launch in which the file structure complied with the pre-crash configuration was

possible. This was my first ISGRI-related software project and resulted in a versatile program I

naturally named CleanImaCrash which was used by myself and my closest co-workers Matthieu

Renaud and Regis Terrier on many occasions. A detailed description of the program would

be uninteresting, and so I will simply mention that the program scanned all analysis products,

detected corrupted files in various configurations resulting from different types of crashes, and

either repaired or cleaned these so that upon completion, CleanImaCrash left the observation

group, the name used for the analysis products and the directory structure under which these

are organised, in a state that conformed to the necessary requirements of the imaging software

and pipeline.

After just one year of observations, it has already become customary for us to analyse data
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sets that often comprised between one and several thousand pointings. The reason was that we

could not make mosaics of mosaics, mosaics of individual sky images resulting from different

analyses, nor even mosaics separately from the analysis of individual pointings. Therefore, with

every new set of observations, we re-analysed all the previous observations adding the new

pointings in order to get the mosaic with the maximum exposure time. Needless to say that

with this came severe computing power requirements as well as data storage problems and thus

the need to design a “modular” high-level data analysis system that would allow more flexibility

and eliminate the use of enormous jobs that run for several weeks. This was motivated primarily

by our intention to analyse all available data, to make more intelligent use of the workstations,

and to give all INTEGRAL users in the lab the ability to quickly and easily make mosaics

in several standard energy bands from a pre-analysed database of individual pointings. This

would put an end to the phenomena that was quite widespread among us where different people

would analyse the same data, often several times each for various reasons generally linked to

an incomplete understanding of the use of the analysis software, thus not only taking up large

amounts of scarce disc space but more importantly, using the precious computing power in a

very inefficient way and slowing everyone down in their analysis work.

These are the circumstances that led me to the development of another important program,

OG merge, that would allow anyone to easily make a mosaic of any number of pre-analysed

individual pointings found in any number of observation groups and in different directories.

Although I developed this program prior to creating the database, the latter had already emerged

as a project and was in itself a good motivation for such a development. Adjustments and

refinements to the program were made in parallel with the setting up and construction of the

database of pre-analysed sky images that also gave rise to several other software tools, all of

them available to the members of the INTEGRAL team at the Service d’Astrophysique.

In the context of the flexible use of this database of individual sky images logically organised

and grouped by revolution with the typical ∼100 ScW, the program OG merge creates an obser-

vation group (OG) that includes all the required directories and subdirectories as well as index

files specifying the location of data files associated with a given pointing. These index files are

used as the primary input for the mosaicking procedure. From the ScW list that specifies the

identifiers of all the pointings whose corresponding sky images are to be included in the mosaic,

and the n directories in which the actual sky images are found given as separate arguments, the

program first finds all the pointings in the ScW list for which there is existing pre-analysed data,

then creates the directory structure that corresponds to this subset of pointings, generates the

symbolic links to all the original directories containing the pre-analysed data, merges the index

files of the separate observation groups in which the initial analyses were performed, and finally

modifies this merged index file such that it matches the subset of listed pointings and available

sky images. I used this program several times for my own analysis purposes prior to working

on the database, and we made use of it with the database many more times, especially in the

framework of the INTEGRAL survey of the central regions of the Galaxy: a project in which I

took an active part with Regis Terrier, Matthieu Renaud, and Francois Lebrun who heads the

survey activities at the SAp.

I structured the database intuitively, with one directory for each executed revolution, in

which the data of that orbit would be analysed and the results stored. Since the imaging analysis

software ii skyimage works best when provided with a complete list of the sources present in the

set of pointings analysed within an OG, but that this type of search mode requires much longer

computing time than the automatic, blind, source-detection search mode, we had to find a way

to restrict the analysis to the minimal complete set of sources in each set of pointings. This was

achieved by developing several small programs to perform various tasks such as automatically

finding the latest master index file of all pointings (copied with every new data download) and
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using it to create and subsequently update a list containing each pointing’s identifier and aim

point coordinates; and determining the minimum, maximum or range of galactic longitudes of

the aim points within a list.

In order to generate an input catalogue tailored to a given set of pointings, I wrote another

more substantial program: MakeCat. This program creates a FITS catalogue of sources in a

pipeline compliant format from a text file containing source names (col 1), coordinates (cols

2 and 3), and optional comments (up to 128 characters) to specify the reference used for the

position or anything else. Optional arguments can be used to specify the range in galactic

longitude. We always worked with selection in longitude because the overwhelming majority of

sources are clustered along the galactic plane and therefore a selection in latitude is not really

useful. MakeCat has been used extensively and still is, for it gives the user a lot of flexibility

with the input catalogue, especially now that the text file used to generate the FITS catalogue

contains all the sources detected by INTEGRAL and for which I have spent a lot of time verifying

the positions in the central region.

The use of these tools and a number of others, were finally combined in a script that made

a list of science windows from the available data of a given revolution, determined the size of

the region covered by the pointings in the data set by first determining the range of aim points

and then extending it by 15◦ in both positive and negative longitude to take into account the

instrument’s full field of view, and then constructing the input catalogue that includes all the

sources present in the set of observations and detected by ISGRI at least once. This was done

automatically and sequentially for each revolution with available data. We analysed more than

10 000 individual pointings in this way.

To make the process of constructing a mosaic as simple as possible, I made a program to

construct a list of science windows according to a number of criteria given as input parameters.

MakeScwlis makes a list of all pointings whose aim points are contained within an area defined

by a sky coordinate and the maximum angular distance from it. Therefore, this allows one to

automatically construct a list of all the available ScWs in which a given source is contained.

It also permits this to be done for a larger area of the sky, as the one over which we studied

the relative contribution of point sources to the overall soft γ-ray radiation (20–300 keV), that

extended from ∼310◦ to 50◦ in galactic longitude (-50◦< |l|< 50◦), and -30◦ to 30◦ in latitude.

The same dataset was used for the survey and catalogue work.

Finally, all this work gave birth to a system that rests on a database composed of individual

ISGRI sky images in several energy bands for all core program or publicly available data, and

from which any INTEGRAL user at the SAp can easily construct a mosaic for any source or re-

gion of the sky that has been observed by the International Gamma-ray Laboratory. Appendix B

presents an example of the mosaicking preparation procedure.

The Effect of Systematic Noise on Sky Maps

An added level of sophistication came with the realisation that the quality of individual sky

images could vary significantly due to various factors, the most obvious ones being an increased

level of background radiation or the presence of a very bright source in the field of view of the

camera. We found that the quality of an image can be assessed by looking at the distribution

of significance values in the image, computed for each image pixel by taking the ration of the

flux to the square root of the variance. The reason is simple. Since the sources contribute very

little to the overall ISGRI count rate, the average count rate in a deconvolved image where the

background is naturally subtracted out as described in § 5.2.1, is zero. Detected sources appear

as small spikes in the positive tail of the distribution which should follow the standard Gaussian

with µ= 0 and σ2 =σ= 1 or Normal distribution N(0, 1). I write “should” because is it exactly



Chapter 5: New Horizons in γ-ray Astronomy 105

these parameters, i.e. the mean and standard deviation, that we use to characterise the quality

of a given image.

In practice, we systematically found negligible shifts from the mean of zero. The standard

deviation of the distributions of significance values, however, usually ranged between 1.1 and

1.6, and sometimes reached values of 2.0–2.5 or more. This is so because each sky image is

reconstructed using the purely statistical quantities and does not include residual systematic

noise. At first, we opted for rejecting the images with a standard deviation that was greater

than a certain threshold value, and not using them in the construction of the mosaic. A while

after, we realised that the average level of noise in an image, characterised by the standard

deviation of the histogram of significance values, can be used to weight this image exactly

as is done in a weighted sum. This work gave rise to my developing of two more programs:

SelectSkyIma, that selected the sky images according to the desired cut in distribution width;

and its extension, CorrectSkyIma, that actually corrected the value of the variance for each

pixel in the image such that the resultant significance values were N(0, 1) distributed.

The second method has the effect of a weighted sum when making a mosaic of individual

sky images in that the average variance of the image has been scaled in proportion to the

width of the distribution of significance values acting as the average noise level indicator. This

weighting method was eventually implemented as a option in the standard imaging analysis

software, ii skyimage. Figure 5.7 shows the effect on an individual sky image of the variance

correction implemented by CorrectSkyIma. The right side shows the signal-to-noise image of a

single pointing and the left shows the variance-scale signal-to-noise image of the same pointing.

Below are the corresponding histograms of the significance values and as much as the effect

of the noise can be noticed —although not that readily—by looking at the image, it is clearly

apparent in width of the distributions. The histogram of the uncorrected image has σ= 1.4,

while the variance scaled image has σ= 1.0, as it should in the absence of systematic effects.

Figure 5.7 An individual ISGRI sky image before (top left) and after (top right) weighting taking
into account the variance of the distribution of significance values implemented by CorrectSkyIma. The
bottom panel shows the corresponding histograms of significance values where the standard deviations
are respectively 1.4 before correction and 1.0 after confirming the expected effect of the correction.
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Extracting and Manipulating Light Curves and Images

To complete the set of software tools to be used with the database, I wrote a light curve

construction program to extract the flux at a source position in all individual sky images referred

to in the input list. MakeIntegLC, uses the R.A., decl. coordinates, the ScW list specifying the

pointings to include in the light curve, the directories that contain the images, and the name

of the output light curve file. The output filename’s extension specifies one of four formats:

QDP (text file with format and style commands defined as in the interactive plotting tool used

by Xronos and Xspec), FITS, XML and PLT (text format used in the Ptolemy II package).

This program makes a light curve in the first energy band only. To get a light curve for each

energy band, one can use MakeIntegLC2 in exactly the same way. The only difference is that

the output will consist of as many light curve files as there are bands in the images. The count

rate is extracted from the nearest pixel to the nominal source position. The variance, at the

corresponding pixel in the variance image, is scaled to take into account systematic effects whose

amplitude are determined from the histogram of significance values as explained above. The

effective exposure is calculated using the kernel of another program I wrote called GetExposure

by multiplying the nominal exposure at the given pixel by the instrument’s effective surface area

taking into account off-axis effects and normalised to 1.

The last programs I wrote are higher level tools to manipulate light curves and images:

SumQdpLC and RebinQdpLC, as their names suggest, are used to sum and rebin light curves in

QDP format; SumIntegEBands and InterpIntegImage are respectively used to combine different

energy bands in an individual image or mosaic in order to optimise the signal-to-noise ratio of a

given source, and to interpolate an image or a part of one extracted as a sub-image. Examples

of their use will be seen in § 5.4, where both the 20–40 keV light curve and mosaic, on which

a lot of the analysis was done, are the sum of the 20–30 and 30–40 keV band light curves and

mosaics respectively. The mosaic was interpolated for presentation purposes, and the rebinned

light curves of IGR J17456–2901 on scales of 1 day, 2 weeks and 1 month were made using

RebinQdpLC. Figures 5.8 and 5.9 show the effects of summing and interpolating INTEGRAL

mosaic images with the programs SumIntegEBands and InterpIntegImage. The energy bands

shown and included in the sum are: 20–30, 30–40 and 40-56 keV; the interpolation is done on

the resultant image. Let us now turn to the presentation of INTEGRALGC observations carried

out in 2003 and 2004.

Figure 5.8 ISGRI mosaics of central degrees in the energy bands: 20–30, 30–40 and 40–56 keV.
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Figure 5.9 ISGRI mosaic in the 20–56 keV band resulting from the sum of the three energy bands shown
in Figure 5.8 with SumIntegEBands (left), and a bicubic interpolation of it done with InterpIntegImage

(right).

5.3 The First γ-rays Above 20 keV from the Nuclear

Region

When INTEGRAL pointed the GC for the first time in February 2003, many γ-ray astro-

physicists with longtime interest in the region, were eager to find out what this new and sensitive

soft γ-ray instrument would see, and whether the supermassive black hole and its immediate

vicinity does, in fact, radiate in this energy range. Sigma, INTEGRAL’s predecessor, gave upper

limits to the emission from the nuclear region in the two energy ranges from 35 to 75 keV and

75 to 150 keV. The sensitivity of the ISGRI detector surpasses that of Sigma’s by a factor of 10.

The observations carried out during revolution 46 with a total of 130 ks, unfortunately did

not reveal any excess near Sgr A∗. We did not wait for long, however, since about three weeks

later the Galactic Centre Deep Exposure core program began and added 110 ks to the exposure

at the nucleus during revolution 53, and allowed for the detection of a small excess near the

location the Sgr A∗. Finally, after reaching an effective exposure of 0.8 Ms at the position of

the nucleus during the month between February and May 2003, we detected a significant excess

whose centroid was coincident with the nucleus within one arcmin.1

The discovery of this excess with the ISGRI instrument, marked the first detection of emission

above 20 keV from the nuclear region. This result was published in a Letter to The Astrophys-

ical Journal entitled Detection of hard X-ray emission from the Galactic nuclear region with

INTEGRAL and included as appendix C. Below I describe results and methods of analysis in

greater detail, from the perspective we had in 2003 when this work was done.

5.3.1 Analysis

I analysed IBIS/ISGRI data collected between 2003 February 28 and May 1 in a series of

fixed pointings lasting about 37 minutes each. These include all GCDE data for which the point-

ings include the nucleus (625 ks), and two Target of Opportunity observations (475 ks). Data

reduction was performed using the standard Off-line Scientific Analysis software (OSA) version

2.0 (Goldwurm et al. 2003). This official release of the analysis software from the INTEGRAL

Science Data Centre (ISDC) (Courvoisier et al. 2003) had procedures and calibration files that

1 Effective exposure corresponds to time spent with the source at the centre of the field of view. As
the number of photons from a given source that reach the detector decreases as the angular distance
between it and the pointing direction increases, we apply a correction to the total exposure time. This
factor is given by the fraction of photons from the source that reach the detector as a function of its
angular distance from the aim point.
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did not allow for a full correction of systematic effects. Thus, in order not to overestimate the

detection level of a source, taking into account fluctuations in the observation-dependent back-

ground noise levels as well as systematics, the significance is normalised to the fitted width of

the distribution of individual significances in the image.

This normalization procedure, discussed in § 5.2.2, ensures that 68% of the distribution of

significance values in the image are indeed contained within 1σ of the mean. Image reconstruc-

tion is discussed in § 5.2.1 and can be summarised as follows: using the events list for a pointing,

subsets of events are selected according to energy bins. Each subset is used to build a detector

image or shadowgram. Convolution of the shadowgram with a decoding array gives rise to a sky

image containing the main peak of all sources in the FOV and their secondary lobes. Source

identification and subsequent subtraction of secondary lobes yield in the final reconstructed sky

image.

For our purposes of deriving a source flux at this early stage, we used INTEGRAL obser-

vations of the Crab Nebula performed just prior to the start of the GCDE, and calculated the

luminosity based on a distance of 8 kpc to the GC. The Crab spectrum is assumed to be a power

law with photon index 2.12 and flux density at 1 keV of 8 ph cm−2 s−1 keV−1 (Bartlett 1994).

5.3.2 Results

The maps of the GC shown in figure 5.10 were constructed by summing the reconstructed

images of 571 individual pointings. The effective exposure time is ∼8× 105 s on the nucleus.

In these signal-significance maps of the central two degrees of the Galaxy where 10 contour

levels mark iso-significance linearly from ∼4σ up to 15σ, we can see what appear to be six dis-

tinct sources: 1E 1740.9–2942.7, KS 1741–293, A 1742–294, 1E 1743.1–2843, SLX 1744–299/300,

whose nominal positions are marked by crosses, and a source coincident with the radio position

of Sgr A∗. 1E 1740.7–2942 is a black hole candidate, KS 1741–293 and A 1742–294 are neutron

star LMXB bursters, SLX 1744–299/300 are in fact two LMXBs separated by only 2′.72, and

1E 1743.1–2843 is an X-ray source whose nature is still uncertain. In the 20–40 keV band, con-

tours of the central source peak at the position of Sgr A∗ with a significance level of 8.7σ but

are elongated toward GRS 1741.9–2853. This suggests some contribution from this transient

neutron star LMXB burster system recently observed to have returned to an active state (Muno

et al. 2003) but could also be due to an uncorrected background structure. The central source

is also visible in the 40–100 keV band at a level of 4.7σ, and no contribution is seen from the

direction of GRS 1741.9–2853.

The position and flux of the central excess in the 20–40 keV map were determined by fitting

the peaks with a function approximating the instrument’s PSF (Gros et al. 2003) in two dif-

ferent ways. 1. All the emission is attributed to one source and is fitted as such to determine

its peak height and position. 2. The emission is attributed to two sources, a new one and

GRS 1741.9–2853, whose position is then fixed to the one determined with the Chandra obser-

vatory (Muno et al. 2003). Both of these involve a simultaneous fit of all the sources in the 2

deg2 field of the GC. In the first case, we obtain a source position of R.A.(J2000)=17h45m22s.5,

decl.(J2000)=−28◦58′17′′, and a flux of about 5.4 mcrab or (3.21± 0.36)× 10−11 ergs cm−2 s−1.

In the second, the position is 17h45m38s.5, −29◦01′15′′, and the flux is about 3.2 mcrab or

(1.92± 0.36)× 10−11 ergs cm−2 s−1.

The central source’s 40–100 keV peak position is in very good agreement with the one deter-

mined using the second method outlined above, and since there is clearly no visible contribution

from a neighbouring source, the flux in this band was extracted at that position. The estimated

error on the position is ∼4′ for a detection at the significance of 8.7σ. These positions are

respectively 4′.6 and 0′.9 from the radio position of Sgr A∗. The hardness ratio (HR), ratio of the
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count rate in the high-energy band over that in the low-energy band, for the detected excess is

0.90± 0.20. As a possible indication of the nature of the detected excess, we compare the values

of the HR to the two brightest sources in the field. The BH candidate 1E 1740.7–2942 has a HR

of 1.20± 0.03, and the neutron star LMXB KS 1741–293 has a HR of 0.89± 0.08.
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Figure 5.10 The Milky Way’s centre seen in a 2◦×2◦ field by the IBIS/ISGRI instrument in the energy
ranges 20–40 keV (top panel) and 40–100 keV (bottom panel). Each image pixel size is equivalent to
about 5 arcmin. Ten contour levels mark iso-significance linearly from about 4σ to 15σ.

The excess appears to be somewhat variable throughout the observations. In particular, we

have detected a sudden increase in flux where the count rate rose by a factor of ∼12 with respect

to the mean for about 40 min. Figure 5.11 shows a portion of the light curve from the estimated

20–40 keV flux at the radio position of Sgr A∗. Each data point corresponds to the average

flux and associated statistical error, calculated on the basis of ∼37 minute pointings, during

an observations that lasted ∼19 hr on 2003 April 6. Universal time is reported in INTEGRAL

Julian days, i.e. days from 2000 January 1. The dashed line depicts the mean count rate over

the entire data set. One peak clearly stands out at a pure statistical significance of 5σ, bearing

in mind that this significance may be hampered by systematic effects. A simultaneous increase

in flux is seen with a lower significance in the 40–100 keV light curve. Note that this result on

the variability was not confirmed and in fact, subsequent analysis of the same data set with

improved calibration procedures and software did not reveal any significant fluctuations from

the mean count rate. The persistent qualities of the central source are discussed in greater detail

in § 5.4. Below, I discuss some possible explanations for the detected excess from the perspective
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Figure 5.11 Portion of the total 20–40 keV light curve obtained by extracting the flux at the position
of Sgr A∗ in the background corrected intensity map of each elementary exposure. The statistical errors
are shown, and the dashed line corresponds to the mean count rate over the entire data set.

we had at that time.

5.3.3 Discussion

First, we considered which sources of high energy emission can be excluded based solely on

ISGRI’s error radius of 4′. There are four such sources: the GC radio arc located about 15′ from

the nucleus; the non thermal X-ray filaments associated with it and the dense molecular cloud

G 0.13–0.13 (Yusef-Zadeh et al. 2002); GRS 1743–290, observed by Sigma in 1991 (Goldwurm

et al. 1994); and GRS 1741.9–2853 mentioned above and clearly unable to account for the bulk

of the excess.

Second, we argued that this detection cannot be attributed to both diffuse emission and point

sources as thus far observed at low X-ray energies within 8′–10′ of Sgr A∗. This is so because it

is incompatible with the extrapolation to higher energies of the flux integrated over this region

as measured by XMM-Newton (A. Decourchelle 2003, private communication) and BeppoSAX

(Sidoli et al. 1999). The analysis of 2001 XMM-Newton data in the 2–10 keV range consisted

of integrating the total X-ray flux over a radius of 10′ around Sgr A∗. The resulting spectrum

is best fitted by a two-temperature plasma model with kT1=0.6 keV for the soft component

and kT2=7.2 keV for the harder one. BeppoSAX observations of the Sgr A complex carried out

in 1997 over a radius of 8′ around Sgr A∗ in the same energy band agree with XMM-Newton’s

results. These data are also best described by a two-temperature model with kT1=0.6 keV and

kT2=8 keV. The extrapolation to higher energies of the XMM-Newton and BeppoSAX results

was done using kT = 7.2 and 8 keV, respectively. Both instruments’ direct measurements of the

diffuse X-ray flux are consistent with those of Chandra (Muno et al. 2004) and ART-P (Sunyaev

et al. 1993).

Third, since the detected excess could not be fully accounted for by diffuse emission and

was apparently variable, we concluded that it was probably a point source, IGR J17456–2901,

having a 20–100 keV luminosity of ∼3× 1035 ergs s−1. One known point source found within 4′

of IGR J17456–2901 that could contribute to the signal is the eclipsing burster AX J17456–2901

(Maeda et al. 1996; Sakano et al. 2002). This source lies about 1′.3 from Sgr A∗ and was

detected in a high state only once, in 1994 (Sakano et al. 2002). The extrapolation of the flux

measured in that state is marginally compatible with that of IGR J17456–2901 and this only in

the low-energy range. The last confirmed detection of AX J17456–2901 was in 1997 by ASCA,



Chapter 5: New Horizons in γ-ray Astronomy 111

when it was found in a much lower flux state. It may have recently been detected in 2003 by

Chandra but this isn’t clear. A timing analysis of the ASCA data on AX J17456–2901 revealed

a modulation with a 40% decrease in flux and period of 8.356± 0.008 hr (Maeda et al. 1996).

1997 ASCA data folded with that period show a slight dip, but since phase information could

not be preserved over the 2.5 yr that separated the two observations, no unique solution for the

period was found (Sakano et al. 2002). Folding the INTEGRAL data for IGR J17456–2901 with

a period of 8.356 hr does not reveal any modulation.

Chandra observations of the GC performed on 2003 June 19 indicate that two sources,

CXOGC J174540.0–290005 and CXOGC J174540.0–290014, found within 0′.4 of Sgr A∗, and

another, CXOGC J174535.5–290124, lying 1′.3 from Sgr A∗ and possibly the same as AX J1745.6–

2901, had a combined intensity in the 2–8 keV band that was more than 30 times that of Sgr A∗

in its quiescent state on that day (F. K. Baganoff 2003, private communication). The nucleus

was not particularly bright in X-rays on June 19, but it must have been somewhat more active

in May when an intense IR flare was observed as originating from a region possibly very near the

supermassive black hole’s event horizon (Genzel et al. 2003). This kind near-IR variability has

been detected several times since and appears to be rather usual, and in fact, not exceptional

at all (Ghez et al. 2004; Eckart et al. 2004; Clénet et al. 2005; Ghez et al. 2005; Eckart et al.

2006).

It is noteworthy that the fairly hard X-ray source that ART-P detected in 1990 at the

position of Sgr A∗, had a 8–20 keV flux that varied between about 5 and 11 mcrab (Pavlinsky

et al. 1994). This is consistent with our detection in the 20–40 keV energy range. We also

recall the 2σ upper limits set by Sigma on the 40–80 keV and 80–150 keV luminosity of the

nucleus: 3.4 × 1035 and 2.8 × 1035 ergs s−1 respectively (Goldoni et al. 1999), both of which

are compatible with our detection. (The reader will remember the ART-P and Sigma results,

reviewed in § 3.2.2.)

Finally, INTEGRAL detected a very hard X-ray source at a position coincident with Sgr A∗

to within 1′. Due to IBIS’s 12′ angular resolution the emission from IGR J17456–2901 cannot

be attributed to one specific object and could be made up of several contributing sources found

within a few arcminutes of Sgr A∗. This is nonetheless the first detection of emission at energies

greater than 20 keV from the very close vicinity of the nucleus, and a contribution from Sgr A∗

itself cannot be excluded.

This work led us to conclude that more INTEGRAL data were needed to better constrain the

position, spectral shape, variability properties and the possible multiple nature of IGR J17456–

2901. Of course, we knew that the most constraining results would be provided by simultaneous

observations in hard and soft X-rays with INTEGRAL and XMM-Newton or Chandra. For-

tunately, as we will see in the next section of this chapter, this was indeed realised during an

even broader multi-wavelength campaign that took place in the spring and fall of 2004. The

XMM-Newton results of this observation campaign were presented in chapter 4 and I will now

turn to the results obtained during this campaign with the INTEGRAL observatory, addressed

in the larger context of the first two years of ISGRI data on the GC, and what we have learnt

from these about IGR J17456–2901.
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5.4 Two Years of INTEGRAL Observations of the

Galactic Centre

The central regions of the Galaxy, spanning ∼45◦ on either side of the Sgr A∗ along the

Galactic plane and ∼30◦ above and below the plane, were observed systematically twice per

year by the INTEGRAL satellite. Moreover, several additional Ms dedicated to yet deeper

observations of the nuclear region were added, such that by the end of 2004, a total of ∼7 Ms,

equivalent to 81 days of continuous observations, had been spent observing the central degrees

of our Galaxy. The effective exposure at the position of the nucleus amounted to 4.7 Ms.

We now had two years of data to make a detailed mapping of the central degrees, construct

the spectrum of the central source from 20 to 400 keV, and perform a statistically significant

variability study. Furthermore, our intimate work with the analysis software and its developers,

led to important improvements in the procedures and greatly enhanced software performances

in the overall standard pipeline analysis.

The multiwavelength campaign of 2004 to monitor Sgr A∗, permitted not only the fine X-

ray and IR study of the central black hole, but also the construction of the first broad band

high energy spectrum for the central arcminutes of the Galaxy from 2 to 400 keV by combin-

ing the XMM-Newton data collected during the campaign and the 7 Ms of INTEGRAL data.

Through this thorough and complete analysis of the central hard X-ray/soft γ-ray source, we

found that IGR J17456–2901 is stable, showing no significant variability over a two-year period,

its flux is of about 4 mcrab, and its spectrum above 20 keV is well characterised by a power-

law with photon index Γ∼ 3. The combined X-ray and soft γ-ray spectra is well fit with a

model comprising a two-temperature plasma, a power-law component (broken or cutoff), and

a Gaussian line for the 6.4 keV iron emission. The parameter values for the best fit model are:

kT1∼ 1 keV with an absorption column of ∼8× 1022 cm−2, kT2∼ 6.5 keV with an absorption col-

umn of ∼13× 1022 cm−2, a photon index of Γ∼ 1 and a cut off energy of T ∼ 25 keV for the cut

off power-law, and photon indices of Γ1∼ 1.5 and Γ2∼ 3 with a break temperature of T ∼ 27 keV

for the broken power-law.

Below is a detailed description of the analysis and results presented in a format analogous

to the one of § 5.3, and heavily inspired by the article published in The Astrophysical Journal

entitled A Persistent High-energy Flux from the Heart of the Milky Way: Integral’s view of the

Galactic Center and found in appendix D.

5.4.1 Analysis

I performed a detailed analysis of 2174 pointings carried out between the end of Febru-

ary 2003 and October 2004, each typically lasting ∼1800–3600 s. The basic IBIS/ISGRI data

reduction for individual pointings was performed using the OSA 4.2, and, following the recom-

mendations related to the use of the software, I restricted the analysis to events with energies

greater than 20 keV. A number of additional procedures were implemented in order to max-

imise the quality of the analysis, given the large data set and the complexity of Galactic nuclear

region. For instance, the analysis was consistently done twice: a first time to make a catalog

of detected sources and perform a preliminary evaluation of the quality of each sky image, and

a second time to ensure that all known sources in a given field of view were modelled correctly

in the reconstruction of each sky image. The total number of sources detected by ISGRI from

pointings within 10◦ of the GC, and therefore included in the analysis input catalog is 80. The

background maps were constructed from empty field observations at high latitudes in 256 bands

from 17 to 1000 keV and incorporated in the standard analysis where they were combined to

match the chosen energy ranges. This procedure has allowed us to achieve the best possible qual-



Chapter 5: New Horizons in γ-ray Astronomy 113

ity for individual sky images and thus for the mosaic and spectrum. Other additional analysis

procedures are detailed in the sections that follow.

Figure 5.12 IBIS/ISGRI significance mosaic in the 20–30 keV energy range constructed from more
than 6000 individual pointings performed in the course of 2003 and 2004 as the GCDE and GPS core
programs. Black indicates a statistical significance lesser or equal to 3σ and white to a significance
greater or equal to 150σ. The orientation is in Galactic coordinates and the size of the fields are roughly
90◦, 45◦, 22◦ and 10◦ respectively for each panel starting from the top.
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Sky maps, light curves and mosaics

Recall that for a coded mask instrument like IBIS, a sky image is obtained by convolving the

detector image or shadowgram with a decoding array derived from the spatial characteristics of

the mask. Each sky image consists of an intensity map (I), a variance map (V ) proportional

to the total counts recorded in each pixel, and a significance map (S) constructed from these

as S = I/
√
V . Given that source photons are a very small fraction of the total counts, the

background heavily dominates and the histogram of significance values for a given deconvolved

image should follow the standard Normal distribution. Significant detections appear as spikes

in the positive tail of the distribution.

A broadening of this distribution is caused by systematic effects unaccounted for in the

standard analysis software. Therefore, the standard deviation of the distribution of significance

values is used to characterise and quantify the quality of a given sky image, and is hence taken

into account when calculating the true detection significance of an excess in the image. Note

that this method used to account for systematic effects is equivalent to deriving a correction

factor to the theoretical statistical uncertainty and applying it to each pixel in the variance map.

It follows that any test statistic such as Pearson’s χ2-test in which the variance of each data

point is used to weigh the associated data value when testing for a deviation from the mean,

should be used with the corrected variance values, i.e. the statistical variance multiplied by the

variance of the distribution of significance values.

Thus, each sky image was weighted according to its total variance to produce mosaics in

seven energy bands from 20 to 400 keV: 20–30, 30–40, 40–56, 56–85, 85–120, 120–200, 200–

400 keV, and to construct the spectrum of the GC source IGR J17456–2901. I also performed

the analysis in another energy band from 500 to 522 keV which yielded upper limits compatible

with the SPI detection of the electron-positron 511 keV annihilation line reported in Knödlseder

et al. (2005) and discussed below. The mosaics were made using the pixSpread = 0 option

in the OSA 4.2 imaging procedure which by projecting and distributing pixel values on the

final mosaic pixel grid, preserves the symmetry of the PSF and allows the most accurate source

positioning. Note that since the central source is too weak to be fitted with the PSF in the

imaging procedure performed on each pointing, its light curve was obtained by extracting the

count rate at the source’s pixel position in each reconstructed image.

Source Position Determination

The densely populated region around Sgr A∗ contains at least eight sources detected by

ISGRI within one degree of the GN. Since the standard OSA pipeline does not perform simul-

taneous fitting of several sources, we used a custom fitting procedure to determine the best fit

positions of the sources near the nucleus. Sub-images 40 pixels by 40 pixels in size centred on the

radio position of Sgr A∗ were extracted from the mosaics in the different energy bands and fitted

using a model that included up to eight point-sources, each characterised by a 2-D Gaussian

approximation of the system PSF also applied in the OSA software (Gros et al. 2003).

The width of the PSF was left as free global parameter (1 for all sources) because for

mosaics, the width of the final PSF cannot be predicted. The presence of close sources and

possible confusion does not influence the result since the bright black hole candidate and micro

quasar 1E 1740.7–2942 dominates the images, and this parameter is primarily determined by

the fit on this source. The procedure gives us the possibility to fix the position of some sources

and also to set a flat background level to be fitted together with the point-sources. The residual

map is inspected to verify that the fitting procedure is performed correctly.

Statistical errors at 90% confidence level on the fitted positions were derived from the mea-

sured source signal-to-noise ratios using the empirical law determined through a systematic study
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of well known sources (Gros et al. 2003). Although this empirical function of the source location

accuracy in terms of the detection significance was determined using images reconstructed from

single pointings, it was recently validated on mosaics as well. These tests were performed on

isolated point-sources and since we are studying a region where the source density is unusually

high, we present the results of our simultaneous fit for all the sources in the field to show that

the offsets from the known positions are compatible with the empirical point-source location

accuracy (PSLA).

Spectral extraction

The standard ISGRI spectral extraction software works on the basis of a single pointing in

the following manner. Using a list of sources, the procedure first calculates the pixel illumination

factor; a model of the shadow of the mask cast on the detector plane by a given source. With this

set of modelled shadowgrams, the software then attempts to fit the detector image by adjusting

the relative intensity of each source either together with the background level simultaneously

or by subtracting a background map normalised to the mean count rate beforehand. These

procedures therefore estimate the maximum likelihood intensity of each source and in each

pointing. However, a difficulty arises in the case of week sources (∼mcrab) that require very

long exposure times to acquire sufficient statistics to be detected.

In such cases, and in particular when a large number of sources have to be modelled, the

most efficient way to derive a spectrum is to build clean sky images in the desired energy bands

and extract from each the intensity and its associated variance at the pixel that corresponds

to the source position, and to calculate the weighted mean count rate. As was described in

the previous section, the variance at a given pixel must be corrected to take into account the

systematic effects that grow additively with exposure time. In the case of IGR J17456–2901,

the flux and variance values were taken at the pixel that corresponds to the sky coordinates

R.A. = 266.4168, decl. = –29.0078 (J2000) in each sky map: the position of Sgr A∗.

The X-ray spectrum in the range 1–10 keV was extracted using 2004 XMM-Newton data from

a circular region centred on the position of IGR J17456–2901 and with a radius of 8 arcminutes.

This radius was chosen to match the PSF of the IBIS/ISGRI instrument, 13′ FWHM, derived

from the quadratic sum of the projected pixel (5′) and mask element (12′) sizes (Gros et al.

2003). The X-ray spectral extraction and characterisation are discussed below.

5.4.2 Results

Figure 5.12 presents the complete mosaic resulting from the analysis of all 2003 and 2004

core program data that span roughly 45◦ on either side of nucleus. This mosaic is for the 20–

30 keV energy range and different features can be appreciated with the four zooms starting with

the quasi totality of the field and gradually zooming in on the nuclear region by a factor of 2 at

each step. The famous Sco X-1 shines bright from its position in the sky, 25◦ above the plane.

We now come to the results we have obtained on the morphology of the Galactic nuclear

region and on IGR J17456–2901, which we tentatively associated with the supermassive black

hole Sgr A∗ in Bélanger et al. (2004), and whose features we investigate more thoroughly here.

We use three means of investigation to study the various characteristics of the source. The

mosaic provides the fine positioning and general shape of the emission from the source and its

close neighbours. The individual sky maps provide the elements needed for a variability study

from kilosecond to month time scales and the average spectrum of the source can be used to

constrain the nature of the emission. I start with a presentation of the results obtained from

the mosaic in the range 20–40 keV on the morphology of the emission from the central degrees.
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This is followed by a discussion of the changes in the emission’s morphology as a function of

energy by looking at the mosaics in the different energy bands up to 85 keV, and ends with our

results on the electron-positron annihilation line at 511 keV. Next, I discuss the light curves

and variability of IGR J17456–2901 on different timescales, and finally present the broad-band

high-energy spectrum of the central arcminutes of the Galaxy. Preliminary results on the GC

with the X-ray monitor JEM-X are briefly discussed.

Mosaics and Spatial Characteristics of Nuclear Region

The mosaic shown in figure 5.13 was constructed by summing 2174 sky images from individual

pointings and amounts to an effective exposure time of 4.7× 106 s at the position of Sgr A∗. This

figure presents the highest signal-to-noise IBIS/ISGRI 20–40 keV image of the GC yet published,

showing an excess of more than 45 in significance from the direction of Sgr A∗.

Sgr A*

SLX 1744-299

SAX J1747.0-2853

KS 1741-293IGR J17475-28221E 1743.1-2843
1E 1740.7-2942

1A 1742-294

G0.9+0.1

Figure 5.13 IBIS/ISGRI significance mosaic in the 20–40 keV energy range constructed from 2174
individual pointings with an effective exposure time at the position of Sgr A∗ of 4.7 Ms. Black indicates a
statistical significance below or equal to 3σ and white to a significance greater or equal to 60σ. Contours
mark iso-significance levels from 9.5 to 75 linearly. The orientation is in Galactic coordinates. The grid
lines indicate galactic coordinates with a spacing of 0.5 degrees.

To model the observed morphology we have assumed that the emission is due to the sum

of the known high-energy point-sources of the region that have been detected by INTEGRAL

at least once. The main sources are: 1E 1740.7–2942, KS 1741–293, 1A 1742–294, SLX 1744–

299/300, 1E 1743.1–2853, IGR J17456–2901 and SAX J1747.0–2853. The respective positions of

these sources were derived from a simultaneous fit of all 8 sources in the 20–40 keV mosaic. All

positions were left as free parameters except for that of SAX J1747.0–2853 that was fixed. This

source was quite active for the period referred to as Spring 2004 and thus contributes to the

emission near the GN but since its global contribution is weak and it cannot be clearly resolved

from 1E 1743.1–2853 we must fix its position.

The result of the fitting procedure is well illustrated in figure 5.14 where we see the mosaic

(left), the model (middle), and the residual map after subtraction of the model from the sky
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map (right). We can see that the spatial distribution of the modelled image resembles very

closely that of the mosaic, even if the residues hint at the presence of a non-uniform underlying

emission that is not properly taken into account in the tested model.

Figure 5.14 Mosaic (left), model constructed from simultaneous fitting procedure of the 8 point-sources
labelled in figure 5.13 (middle), and residuals after subtraction of model from mosaic (right). These maps
are oriented in Equatorial coordinates where North is toward the top and East toward the left.

We find that the position of IGR J17456–2901, detected at a signal-to-noise level of 45 in

this energy band, is R.A. = 17h45m42s.5, decl. =−28◦59′28′′ (J2000) with an uncertainty of 0′

.75. The reliability of the derived position for this excess is supported by the fact that all

the other sources in the field are very well positioned. The brightest source, 1E 1740.7–2942,

is well within its associated error radius. For 1A 1742–294, the reported offset is very close

to the value of PSLA, while in the case of KS 1741–293 the best known coordinate position

itself has an uncertainty of about 1′ (Sidoli et al. 1999). The source we labelled SLX 1744–

299, is in fact a system composed of two known X-ray bursters located within ∼3′ of each

other (Skinner et al. 1990; Pavlinsky et al. 1994; Sakano et al. 2002) and for this reason we

do not expect the fit to yield a position within the PSLA for either one of the two sources,

independently of the detection significance. 1E 1743.1–2853, a well known, bright X-ray source

(Porquet et al. 2003) is almost certainly contributing to the high-energy emission in the region.

However, performing the simultaneous fit using a single source to model the emission from the

region around this source gives a centroid offset by about 2′ from the XMM-Newton position

known to arcsecond accuracy; a result that is not compatible with the expected error. Since,

as mentioned above, we know of one source detected by ISGRI that was active over the course

of the first part of 2004, namely SAX J1747.0–2853, we included it and fixed its position. This

yields a fitted position for 1E 1743.1–2853 that is well within the uncertainty derived from the

source’s detection significance. The position of IGR J17475–2822 was compared to the centre of

the Sgr B2 complex and discussed below.

IGR J17456–2901 is located at 1′.1 from the radio position of Sgr A∗ and 0′.9 from the centre of

Sgr A East. It is therefore compatible with either of these sources. Indeed, even if its associated

positional uncertainty of 0′.75 is somewhat smaller than the offset, we expect this PSLA to be

slightly overestimated when fitting multiple close sources (i.e. within the full width of the PSF).

For example, in the case of the known source 1A 1742–294, the measured offset can be 20–30%

times larger than the PSLA. Moreover we have found that the positions of 1E 1743.1–2853 and

IGR J17456–2901 can change by 0′.3–0′.4 depending on the model adopted, and in some cases

IGR J17456–2901 is positioned only 0′.6 from Sgr A∗. For this reason we adopt a final error radius

for the central source (and for 1E 1743.1–2853 with a comparable signal-to-noise) of 1′, about

30% larger than the PSLA value of 0′.75 derived from Gros et al. (2003).
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On the other hand, we can safely exclude a number of other candidates such as the transient

ASCA source AX J1746.5–2901 (Sakano et al. 2002) mentioned by Revnivtsev et al. (2004) as

a possible counterpart for the central excess, based on the fact that it is located more than 2′

from it.

A similar analysis was performed on the mosaics from the same data set in different energy

bands. As is clearly seen from the iso-significance contours in figure 5.15, the morphology of

the central degrees does not radically change with increasing energy. However, we notice that

the emission that seems to bridge the sources labelled Sgr A∗ and 1E 1743.1–2843 at low-energy,

persists at higher energies such that in the 56 to 85 keV range, the emission seems to be centred

between the two sources.

Figure 5.16 is a radio continuum map at 20 cm (Yusef-Zadeh et al. 2004) on which we have

overlaid the 20–30 keV iso-significance ISGRI contours as they are shown in figure 5.15 (top left).

Firstly, the centroid of the very bright Sgr A complex which includes the luminous Sgr A East,

appears to be in best agreement with the 20–30 keV ISGRI contours. For completeness, we

performed the simultaneous fit using the position of Sgr A East instead of the one for Sgr A∗

and obtained very similar results. The offset of the fitted source is nonetheless slightly smaller

for Sgr A East than for Sgr A∗ but both are within the PSLA and thus statistically equivalent.

We also see that the radio arc is quite distant from the peak near Sgr A∗ and can therefore be

confidently excluded as a possible contributor to the flux at that position. However, the rough

alignment of the radio Arc with the elongation on the 20–30 keV contours in the direction of

negative latitudes is intriguing and will be investigated in a future work.

In the 56–85 keV contours (fig. 5.15 bottom right) we see that the centroid of the emis-

sion is almost exactly between the Sgr A complex and the radio Arc. This region is known to

harbour large molecular clouds and there appears to be a very good agreement between this

high-energy emission feature and both the 6.4 keV Fe line-emission, tracing irradiated molec-

ular regions, and the CS map, tracing regions with high gas density. Furthermore, the cen-

troid of this high-energy source is strikingly close to that of the unidentified EGRET source

3EG J1746–2851 and could in fact be its soft γ-ray counterpart. We extracted a spectrum for

this source by fitting three sources, two of which had their positions fixed to those of Sgr A∗

and 1E 1743.1–2853, and obtained a power-law photon index of Γ∼ 2.3, and a luminosity of

LX[20–120 keV]∼ 2.6× 1035 ergs s−1 for a distance of 8 kpc.
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KS 1741-293IGR J17475-28221E 1743.1-2843
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Figure 5.15 IBIS/ISGRI significance mosaic as in figure 5.13 in four energy bands: 20–30 keV (top
left), 30–40 keV (top right), 40–56 keV (bottom left) and 56–85 keV (bottom right). Black corresponds
to statistical significance below or equal to 3 and white to a significance greater or equal to 50. The 12
contour levels mark iso-significance from 8σ to 70σ linearly.
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Figure 5.16 Radio map of the Galactic centre region at 20 cm overlaid with the 20–30 keV ISGRI
contours.

Moving in the direction of positive longitudes, we clearly see an emission region depicted in

the 20–30 keV contours and whose centroid is labelled as IGR J17475–2822: a source associated

with Sgr B2 by Revnivtsev et al. (2004). Indeed this source coincides with the radio-bright

Sgr B2 complex composed of molecular clouds and several compact H ii regions. The fitted

centroid for this source, taken to be point-like in the 20–40 keV image, is positioned 1′.6 from

the estimated centre of the cloud. As was pointed out by Revnivtsev et al. (2004), there is

good agreement between the 6.4 keV Fe line contours and the emission detected by ISGRI as

IGR J17475–2822. Moreover, the extension toward the north could tentatively be associated

with the composite SNR, G0.9+0.1 (Helfand and Becker 1987).

The X-ray emission from this SNR’s pulsar wind nebula (PWN) has been mapped with

XMM-Newton (Porquet et al. 2003) and the extrapolation of the flux towards 20 keV of about

9× 10−5 ph cm−2 s−1, is consistent with the residual flux of roughly 0.06 cts/s (20–40 keV) or

8× 10−5 ph cm−2 s−1. It is therefore tempting to interpret this as a detection of the very high

energy synchrotron radiation from this source that was detected for the first time this year by

the HESS instrument (Aharonian et al. 2005a). It is worth noting that a long XMM-Newton

exposure of this object has revealed the presence of a variable source, probably of an accreting

binary type, located at a distance of 1′ (Sidoli et al. 2004). Having a luminosity close to that of

G0.9+0.1, its contribution to the residual ISGRI emission could be significant.

We performed the analysis of the entire data subset used to construct the mosaics in the

narrow band between 500 and 522 keV. This corresponds to the FWHM of the emission line

in the ISGRI instrument (Terrier et al. 2003). A background map that corresponds to this

energy range was used and thus the resulting mosaic is free of systematic effects. No sources

are detected in the field spanning 10 degrees on either side of the GN both in longitude and

latitude. We obtain a 3σ upper limit of 1.9× 10−4 ph cm−2 s−1 to the flux from a point-source

at the position of Sgr A∗ where the exposure and thus the sensitivity is maximal.

This limit is calculated taking into account corrections derived from the probability of pho-

toelectric interaction at 511 keV in the ISGRI detector (34%) and the fact that we have selected

events using a band corresponding to 78% of line flux. SPI detected a 511 keV line flux of about

10−3 ph cm−2 s−1 with intrinsic line width of 2.7 keV (FWHM) from a region well described by a

Gaussian with a FWHM of about 8◦ and that coincides approximately with the Galactic bulge

(Knödlseder et al. 2005). If we assume that our sensitivity is more or less uniform over the cen-

tral 10 degrees around Sgr A∗, our upper limit implies that if this emission is due to a collection

of n point-sources clustered together such that they cannot be resolved by SPI, then under the

simplifying assumption that they all contribute equally to the total flux, each must have a flux



120 Chapter 5: New Horizons in γ-ray Astronomy

of about 1
n × 10−3 ph cm−2 s−1. Therefore, at least 5 individual sources would be necessary to

account for this extended 511 keV emission in general agreement with the SPI result presented

by Knödlseder et al. (2005).

Finally, JEM-X mosaics in four energy bands: 3–4, 4–8, 8–14, 14–35 keV, with a total expo-

sure is 3.2 Ms and effective exposure at the location of Sgr A∗ of about 500 ks, were constructed

from 1204 science windows taken between 2003 February to 2004 October. There is no evidence

in this data sample for the presence of a JEM-X source in the Sagittarius A complex except

for a very marginal excess in the 8–14 keV mosaic. Although this analysis is preliminary and

at this point somewhat qualitative, it is an interesting result in the light of the strong ISGRI

detection and obvious intense large scale X-ray emission from this region seen by XMM-Newton

and Chandra. It may be an additional indication that the emission is not due to a point-source

but rather to a compact diffuse emission region where thermal and non-thermal processes take

place.

Light Curves and Variability Study

The complete light curve of IGR J17456–2901 in the 20–40 keV energy range, with a resolu-

tion of about 1800 s corresponding to the duration of a single pointing, is shown in figure 5.17.

Since low amplitude variability on kilosecond time scales can not be meaningfully studied for

such a weak source due to statistical limitations, we have also done a search on longer time

scales by rebinning the total light curve on the basis of 1 day, 2 weeks and 1 month. These

rebinned data sets are presented in figure 5.17.

No individual point deviates from the mean by more than 3σ. The level of variability in

the flux from the central source was evaluated by means of a simple chi-squared test. For the

unbinned data set shown in figure 5.17, the reduced chi-squared value is χ2
ν = 1.3 (2758/2093).

For the light curve with 1-day time resolution (fig. 5.17 top) we found χ2
ν = 1.7 (180/109). In the

case of the 2-week time resolution light curve (fig. 5.17 middle), the reduced χ2 value was found

to be 3.6 (61/17). However, if we exclude the first point in this data set which corresponds

to the data collected during revolution 46, the first observation of the GC just after the initial

calibration phase, we find a value of χ2
ν = 2.1 (34/16), in closer agreement with the previous

two. Finally, in the case of the 1-month time resolution light curve (fig. 5.17 bottom) we find

values of 5.2 (52/10) and 3.1 (28/9) if we exclude the first data point, heavily affected by the

revolution 46 data given that there is a three-week gap between this revolution and the second

observation of the GC during revolution 53.

The reduced chi-squared values tend to increase as the binning gets coarser and thus this

may be evidence for a small level of variability on monthly timescales. Disregarding the data

point associated with rev. 46, the only deviation that almost reaches 3σ from the mean is at the

very end of the light curve. This lack of significant flux variations is in contradiction with the

previous detection of a flare from IGR J17456–2901 (5.3) that we therefore do not confirm. We

point out that those results were obtained with the preliminary analysis procedures and without

background corrections. The data subset covering the observation period of the reported flare

(2003 April) processed with the most recent analysis software and background correction maps

contains no significant deviations from the mean count rate. Similarly, the sources 1E 1743.1–

2843 and IGR J17475–2822 seem rather constant unlike the four well known X-ray binaries that

show very large intensity variations over the two-year observation period.

Spectrum of IGR J17456–2901

Figure 5.18 shows the ISGRI spectrum of the GC source that we modelled with a sim-

ple power-law (pegpwrlw in XSPEC) for which the best-fit value of the photon index was
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Figure 5.17 Left panel: Light curve of IGR J17456–2901 in the 20–40 keV band constructed from 2174
sky images, each data point corresponding to one science window (1800 s). Right panel: Rebinned light
curves of IGR J17456–2901 constructed from the data set shown in the left panel with time bins of 1 day
(top), 2 weeks (middle) and 1 month (bottom).

Γ = 3.04± 0.08, yielding a χ2 = 7.92 for 5 degrees of freedom and 3% systematics. The total

flux in the range from 20 to 400 keV is FX[20–400 keV] = (7.02± 0.27)× 10−11 ergs cm−2 s−1,

equivalent to a luminosity of LX[20–400 keV] = (5.37± 0.21)× 1035 ergs s−1 at a distance of 8 kpc

to the GC. In the 20–100 keV range, the luminosity is LX[20–100 keV] = (4.56± 0.10)× 1035

ergs s−1, somewhat higher than our first estimate of ∼3× 1035 ergs s−1 (Bélanger et al. 2004).

This is not surprising given that the first estimate was based on a rough comparison with the

Crab’s count rate in only two energy bands, 20–40 and 40–100 keV, and that we now use 6 bands

to constrain the slope. Moreover, the detection significance of the central source was much lower

than in the present case.

Figure 5.18 Two-year averaged ISGRI spectrum of the GC source IGR J17456–2901 in the range 20–
400 keV. The spectrum is fitted with a power-law normalised over the whole energy range and yields a
photon index of Γ = 3.04 ± 0.08. Total flux is (7.02± 0.27)× 10−11 ergs cm−2 s−1. The last point in the
spectrum corresponding to the range 200–400 keV is given as the 1σ upper limit, and the data point in
the 120–200 keV band has a significance ∼2σ

Turning to the broad-band high-energy spectrum of IGR J17456–2901, figure 5.19 shows

the spectrum of the central source from 1 to 400 keV where the X-ray portion (1–10 keV) is

from XMM-Newton data collected during the multiwavelength campaign, and therefore con-

temporaneous with part of the ISGRI data from 2004 used to construct the soft γ-ray portion
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(20–400 keV) of the spectrum presented above (fig. 5.18). The X-ray spectrum was made by

extracting the photon flux from a region centred at the position of IGR J17456–2901 and with

a radius of 8′. This integration radius was chosen to be compatible with the IBIS/ISGRI PSF

because there is no obvious X-ray point-source counterpart to IGR J17456–2901 within 1′ of

Sgr A∗. Such a point-source would have to be hard, persistent and extremely bright in X-ray in

order to be compatible with the high-energy flux of the INTEGRALGC source.

The model fitting for large extended regions near the GC is challenging for two main reasons.

First, the X-ray spectra of such extended regions result in a coarse, averaged spectral behaviour of

this complex field, heavily dominated by apparently diffuse emission that we know to have several

different spectral components (Muno et al. 2004), but that also includes all the point sources

some of which surely contribute to the hard X-ray flux. Of course, this difficulty dissipates as

the integration radius decreases, since fewer components are summed together. Second, we have

no a priori knowledge of the nature of the emission detected as IGR J17456–2901 and therefore

do not know whether the comparison with the total X-ray spectrum from a region that roughly

corresponds to ISGRI’s angular resolution is an appropriate one. Keeping these caveats in mind,

we justify this type of comparison by pointing to the fact that the source coincident with the GN,

detected by INTEGRAL as what appears to be a point-source, must undoubtedly contribute

to the X-ray spectrum from the region that corresponds to its spatial extent. The spectral

transition from 10 to 20 keV must be more or less continuous and therefore we expect the high-

energy component present in the X-ray spectrum and from which IGR J17456–2901 arises, to

stand out beyond the thermally dominated spectrum at around 20 keV. Therefore, a large χ2

value should not be surprising for it mostly reflects that the emission in the range from 1 to

3 keV is not modelled properly for the reason mentioned above. Our aim in this section is to

constrain the high-energy characteristics of this source in the range 1–400 keV using the ISGRI

spectrum above 20 keV.

The broad-band spectrum can be modelled using a simple broken power-law over the entire

range to get an idea of the change of spectral index with increasing energy. However, in order

to be as constraining as possible without overlooking possibly important components to this

emission like the hot temperature plasma present in the GC region, we performed the fit with

the same model as the one used by Muno et al. (2004) to fit the diffuse emission from the various

regions in the 17′ × 17′ field around Sgr A∗ referred to as Southeast, Southwest, Northwest,

East, Close, and Northeast by the authors. This model comprises a two-temperature plasma

with different absorption columns, a power-law and a Gaussian line to fit the 6.4 keV neutral Fe

emission line absorbed with the same column density. Although providing a reasonable fit to

the data from 2–8 keV, the model does not work well in the ISGRI range of the spectrum. The

power-law fit with index Γ ≈ 2 underestimates the flux in the 20–40 keV range and overestimates

it above 85 keV. A somewhat better fit is provided by replacing the simple power-law with either

a cutoff or broken power-law. In the case of the cutoff power-law, we found a photon index Γ ≈ 1

and cutoff energy of about 25 keV, and in the case of the broken power-law, the photon indices

were found to be Γ1 ≈ 1.5 and Γ2 ≈ 3.2 with a break energy of about 27 keV.

Looking closely at the unfolded spectra shown in figure 5.19, we can distinguish the low and

high temperature plasma components drawn in red and green respectively, the Gaussian line in

light blue and the broken power-law in dark blue. The hot thermal component clearly dominates

the spectrum at low-energies but its contribution is already well below that of the power-law

component in the 20–30 keV band and is totally negligible beyond that. If we fix the temperature

of the hot component at 8 keV, the effect on the other parameters is small. The photon index in

the cutoff power-law decreases from 1.09 to 1.05 and the high-energy cutoff increases from 24.4

to 27.7 keV. The χ2 value increases to 4849.0 for one more degrees of freedom, and therefore

the reduced chi-squared is slightly larger, i.e. χ2
ν = 1.82. The contribution of the hot phase to
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the overall flux in the 20–30 and 30–40 keV bands increases by a factor of 2, but still lies 3 times

below the power-law in the first band and a factor of 7 below in the second.

Figure 5.19 Broad band high-energy spectrum of IGR J17456–2901 constructed from XMM-Newton
data in the 1–10 keV energy range and from ISGRI data from 20 to 400 keV. The X-ray portion of the
spectrum was built by integrating over a circular region of radius 8′. The model used is an absorbed
two-temperature plasma plus a broken power-law where the low and high temperature components are
drawn in red and green respectively, the power-law is in dark blue and the 6.4 keV Gaussian line is in light
blue. As in figure 5.18, the point in the last bin gives the 1σ upper limit on the flux in the 200-400 keV
range.

Multiwavelength campaign

Figure 5.20 shows the 2–10 keV XMM-Newton light curve of a 10′′ region around Sgr A∗ in

the bottom halves, and the 20–30 keV ISGRI light curve of IGR J17456–2901 in the upper halves

of each panel for epochs 1 and 2 of the 2004 multiwavelength campaign respectively. As is clearly

visible, the periods during which the factor-40 flares from the direction of Sgr A∗ occurred do

not have simultaneous coverage in the INTEGRAL data. Unfortunately, both data gaps in the

ISGRI light curve correspond to the period between orbits. For this reason we are still unable

to conclude whether or not we can expect to detect a correlated variability in the X-ray and

soft γ-ray bands. There are two features worth mentioning that can be noticed in the bottom

panel of figure 5.20 although they have marginal statistical significance. First, two points in the

ISGRI light curve, approximately in the middle of the upper panel, stand out at about 2.5σ

above the mean. These are temporally coincident with the two hiccups at the end of the first

data subset in the X-ray light curve shown in the bottom panel. Second, the weighted mean

X-ray count rate is somewhat higher in the first data subset (0.30 ± 0.001 cts/s) than in the

second (0.27± 0.001 cts/s), a behaviour apparently seen also in the two corresponding segments

of the ISGRI light curve where the weighted mean count rate is 0.42 ± 0.03 cts/s in the first

and 0.20± 0.07 cts/s in the second. This indicates that there may be a relationship between the

flaring activity of Sgr A∗ and emission at higher energies. Future simultaneous observations will

undoubtedly help elucidate this point which remains uncertain.
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Figure 5.20 Top panel: XMM-Newton light curve of the region within 10′′ of Sgr A∗ in the 2–10 keV
range with a time resolution of 500 s (bottom half) and ISGRI light curve of IGR J17456–2901 in the range
20–30 keV (top half) with time resolution of about 1800 s for epoch 1 of the multiwavelength campaign.
The data gaps correspond to the time between orbits for which there is no scientific data. Bottom panel:
Same as top panel for observation epoch 2. The periodic dips in the XMM-Newton light curve are caused
by the eclipses of the transient CXOGC J174540.0–290031 (Porquet et al. 2005; Muno et al. 2005).

Summary

We studied the morphology of the high-energy emission from the central few degrees of the

Galaxy in the energy range from 20 to 400 keV based on a sample of INTEGRAL data collected

from 2003 February to 2004 October with a total live-time of 7× 106 s. We paid particular

attention to the characteristics of the emission from the Galactic nuclear region where we detect

a source with high significance in the 20–40 keV energy range located at R.A. = 17h45m42s.5,

decl. =−28◦59′28′′ (J2000) with an uncertainty of 1′ and therefore compatible with the position

of the central black hole Sgr A∗. This detection confirms the results obtained by Bélanger et al.

(2004) on the GC source IGR J17456–2901.

The source IGR J17456–2901 is persistent and shows no variability at the 3σ level in contra-

diction with what was suggested by Bélanger et al. (2004). This result holds at kilosecond, daily,

bi-weekly and monthly timescales. The spectrum of the central source in the 20–400 keV range is

well fit by a power-law of index Γ ≈ 3. We have combined this dataset with the X-ray spectrum

of a circular region with radius 8′ centred on the INTEGRALGC source derived from partially



Chapter 5: New Horizons in γ-ray Astronomy 125

contemporaneous XMM-Newton data collected during observations of the GC performed in 2004

in the range 1–10 keV. From this we find that the broad-band high-energy spectrum can be fit

equally well with a model that comprises a two-temperature plasma (kT1 ≈ 1.0, kT2 ≈ 6.5), a

Gaussian line to account for the neutral Fe emission at 6.4 keV, and either a cutoff power-law

with photon index Γ ≈ 1 and cutoff energy of about 25 keV or a broken power-law with photon

indices Γ1 ≈ 1.5 and Γ2 ≈ 3.2, and break energy around 27 keV.

IBIS/ISGRI also detected hard (Γ∼ 2.2) emission from a region located between Sgr A∗ and

the radio arc that seems to coincides with the 6.4 keV emission from neutral to weakly ionised

Fe and with the CS map of the region. As is the case with IGR 17475–2822, we believe that this

new detection of hard X-ray emission originates in one or several large molecular clouds known

to exist in that region.

The nature of the emission from the direction of Sgr A detected as IGR J17456–2901 is

unknown. In what follows we discuss a number of scenarios in an attempt to identify the source

of the emission detected by INTEGRAL and apparently centred on Sgr A∗.
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5.5 The Galactic Soft Gamma-ray Emission

For about 30 years, a debate on the nature of the emission in the soft γ-ray domain, namely

∼20–300 keV, has endured and fueled the emergence of two main schools of thought on the

matter. The first, endorsing that this emission arises from diffuse radiative processes; the second,

espousing the view that it is due to a population of unresolved point sources. This question has

intrigued many scientists over the last decades and most space borne experiments sensitive in

this energy range have been used in an attempt to elucidate it, but none have decisively set the

debate to rest.

Proponents of the unresolved point sources hypothesis, noted quite early on that diffuse γ-

rays of these energies arise naturally from two basic processes. 1. Inverse Compton scattering of

high energy cosmic ray electrons with E∼GeV on the ambient photon field (cosmic microwave

background). 2. Bremsstrahlung emission from electrons with E∼ 100 keV interacting with

the interstellar gas. In case one, however, we know that electrons with energies ∼GeV would

necessarily emit synchrotron radiation in the radio domain as they travel through the Galactic

magnetic field, and the electron population required to account for the Galactic soft γ-ray

emission would over-produce the observed radio flux by a large factor. As for case 2, the electrons

interacting with the interstellar gas would lose their energy primarily through ionisation and

Coulomb collisions, and deplete it at a rate that requires some compensation mechanism able to

provide 1041–1043 ergs s−1. To somehow supply this much energy without affecting the ionisation

equilibrium of the interstellar medium is extremely hard. The point source scenario, is free of

these, some would argue, insurmountable constraints, but requires the instrumental capabilities

combining an accurate measurement of the total emissivity over a large field of view with sensitive

and precise means of estimating the contribution of point sources.

These two qualities of a large field of view and sensitive imaging in the soft γ-ray domain

have been combined very successfully in the ISGRI instrument on board INTEGRAL. It is

with this γ-camera that we have been able to resolve this long standing problem and show that

indeed, effectively all the Galactic emission in this energy range is attributable to point sources.

In the few paragraphs that follow I summarise the methods that have permitted us to reach this

conclusion and the details of the results. This work was published in the Letter to Nature by

Lebrun et al. (2004) and is included as appendix E.

5.5.1 Analysis

The versatility of a coded mask instrument comes from the fact that it can be used as a

simple collimator as well as an imager—more or less coarse depending on the angular resolution.

In the ISGRI γ-camera’s operating energy range of 15–1000 keV, the detected count rate can

be attributed to four components: the internal background, the extra-galactic cosmic diffuse

background, the Galactic diffuse emission and the point source contribution.

The internal background is primarily due to charged particles that either interact directly

with the detector or that activate the materials around it, which in turn radiate. Since the energy

distribution of these charged particles is rather wide and includes low energy solar protons as

well as high energy cosmic rays, their effect on the internal background level can be described

as a variable component, mostly related to the Sun’s activity and the local environment, in

addition to a time-independent one from the high energy cosmic rays. The extra-galactic diffuse

background, is uniform and does not vary with time. For this reason, it cannot be distinguished

from the constant internal background. The Galactic diffuse and point source contributions sit

on top of this total background.

Since the sum of the cosmic diffuse emission and constant internal background is time-
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independent, we need only find a way to subtract the variable internal background to get a

measure of the total Galactic emission: from point sources and diffuse emission. This was done

by using high Galactic latitude (|b|> 30◦) data, where the total Galactic emission is negligible,

and taking the ratio of the high energy count rate above 500 keV—completely dominated by the

variable internal background—to the low energy count rate which at high latitude reflects the

variable component of the internal background. The relation between these is used to derive a

correction factor for the internal background as a function of energy.

Having established a means of correcting the count rate for the time-dependent internal

background as a function of energy, we reduced all the data available at the end of 2003 cov-

ering the central regions of the Galaxy with a total exposure of ∼1.5× 106 s. The analysis was

performed by constructing a total mosaic to estimate the global contribution from the detected

point sources, on the one hand, and by averaging the background corrected count rates for

pointings within longitude and latitude bins defined to match the ∼30◦ field of view.

5.5.2 Results and Discussion

Figure 5.21 presents the results obtained using the methods described above. In both pan-

els, black dots mark the total background corrected count rate, and red triangles indicate the

contribution of the 91 point sources detected at or above our 6σ threshold. The left side panels

show the count rates as a function of Galactic longitude calculated on a 10◦ strip in latitude

(|b|< 5◦) along the Galactic plane. The four plots give the count rates in four different energy

bands: 20–40, 40–60, 60–120 and 120–220 keV, labelled in the upper right corner of each panel.

The right side panels show the count rates in the central region contained within |l|< 20◦ as a

function of Galactic latitude in the range -20◦< |b|< 20◦.

We clearly see the emission from the central regions of the Galaxy, and can estimate the

contribution of each of the different components of the total detected ISGRI count rate. In

the 20–40 keV range for example, the constant internal background and cosmic diffuse emission

contribute ∼90 cts s−1, whereas the point sources’ maximum contribution is ∼40 cts s−1. It is

also evident that the point sources account for almost all of the total background corrected

detector count rate, leaving only ∼10–15% in the lowest energy range. Note that this work was

done with one year of data and a catalog of 91 point sources, and that the ISGRI catalog now

comprises more than 200 point sources whose integrated emission will certainly compensate this

small discrepancy.

This study allowed us to conclude that the soft Galactic γ-ray emission above 20 keV is

fully dominated by compact sources, with at most 13% in the softest energy band (20–40 keV)

possibly from diffuse processes. We remarked that this was very different from what appears

to be the case in the X-ray range of the Galactic spectrum below 10 keV, where we think that

90% of the emission is diffuse. A complete change in the mechanism at the origin of the high

energy emission in our Galaxy would hence have to occur between 10 and 20 keV. This radical

difference between the X-ray and soft γ-ray domains, however, could turn out to be only an

appearance since the diffuse X-ray emission along the Galactic plane closely follows the infrared

surface brightness which has now been resolved into millions of individual stars (Revnivtsev

et al. 2006). Therefore, our finding that the soft γ-ray emission is fully dominated by point

sources may in fact be an early glimpse at what we will come to discover in X-ray domain with

the next generation of experiments: that virtually all the Galactic emission from the IR to soft

γ-rays is due to compact sources.

This concludes chapter 5 and the description of my work with INTEGRAL data. In chap-

ter 6, I gather all the key elements in our study of the GC and the nucleus, and review what we

know and what we have learned about it in the last few years. This is followed by a detailed
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discussion of several aspects of the results I have obtained.

background contribution, both experiments are actively shielded.
Coded mask imaging acts as a high-pass spatial-frequency filter,
strongly attenuating structures larger than the instrument’s angular
resolution, which is 13 0 for IBIS and 2.68 for SPI. This makes IBIS,
with its ISGRI15 photon-counting g-camera, very well suited to
measure the emission from compact sources. Below 100 keV, the
IBIS/ISGRI sensitivity reaches the millicrab level.
INTEGRAL observed the Galactic Centre region in the spring and

fall of 2003 as part of its core programme (guaranteed time) and
during two target-of-opportunity observations. The total observing
time amounts to about 1.5 £ 106 s in the central part of the survey.
Figure 1 shows an IBIS/ISGRI mosaic image produced using the
standard analysis software16. Sources were detected and removed
one by one from the most to the least significant, yielding a list of 91
excesses above 6 sigma. Catalogued counterparts were searched for
each of these sources using SIMBAD at the Centre des Données
Stellaires de Strasbourg. All but 26 were identified with known
sources. Forty of the identified sources are accreting binary systems
with low-mass companions as expected in a region that is rich in old
stars such as the Galactic bulge.
The remaining sources of known type are: seven high-mass

systems, two radio pulsars, two plerionic supernova remnants,
one millisecond pulsar, one soft g-ray repeater and one Seyfert 1
galaxy. This leaves 11 sources of unknown type. The known binaries
contribute to the total source flux at levels of 86%, 78%, 77% and
74% respectively in the 20–40, 40–60, 60–120 and 120–220 keV
bands. The global spectrum of the other sources is thus significantly
harder, possibly indicating a new emerging population of hard
sources. Some of the unidentified sources are highly absorbed such
as IGRJ16318–4848 (ref. 17), discovered during the course of this
survey. A significant contribution from plerions and pulsars could
also be considered, as their spectra are much harder than the
average.
Diffuse emission is washed out during the standard imaging

process, so its contribution can be estimated by comparing the data
before and after this processing. This entails comparing the ISGRI
count rate and the combined intensity of detected sources. The
count rate is due to the internal background, the cosmic diffuse
background, the galactic diffuse emission and point sources. If the
ISGRI count rates can be corrected for the internal background
variations and the contribution from the known point sources
removed, we should be left with a Galactic emission, possibly
diffuse, and an isotropic contribution; the latter composed of
the cosmic diffuse background and the constant internal
background.
The internal background has a hard spectrum and fully domi-

nates the count rates above 500 keV. We can therefore use the high-
energy ISGRI count-rate to predict the variable part of the internal
background. The relation between the count rate in each energy
range and that above 500 keV can be derived from high-latitude
observations devoid of galactic emission. The variable part of the
internal background has been subtracted from each observation
window to produce corrected count rates. The contribution of each
detected source was computed by applying the IBIS angular
response to the intensity at the source position in the field of
view. To convert intensities to source count rates, a conversion
factor was derived from Crab nebula observations.
Galactic maps of the difference between the corrected and the

source count rates were built. Each sky bin was assigned the average
of the count rates of all observations pointing within it. The
resulting map has a resolution of the order of the field of view
(198 full-width at half-maximum, FWHM). These residuals contain
an isotropic emission and a Galactic contribution. Their respective
importance was fitted to the latitude profile of the residuals. The
fitted count rate of this residual Galactic emission is 8.6 ^ 3.0 s21,
0.2 ^ 1.1 s21, 0.7 ^ 1.3 s21, and20.7 ^ 0.6 s21, respectively in the
20–40, 40–60, 60–120 and 120–220 keV bands. A Galactic diffuse

Figure 2 Longitude profile of the Galactic emission at jbj , 58. Comparison between the

background-corrected detector count rate (black circles) and the estimated count rate

from the detected sources (red triangles) as a function of longitude for each energy band

(a–d). These profiles were produced averaging the corrected count rates of all pointings
lying in the same longitude bin, with jbj , 58. The resulting angular resolution is then

given by the instrument’s field of view. Because the variable internal background

dominates all other components above 500 keV, the count rate above that energy can be

used to predict and subtract the internal background in each energy range. This correction

has been calibrated using the relation between the count rates in each energy range and

in the range above 500 keV during high-latitude observations (pointing at jbj . 308) that

are deprived of Galactic and point-source emission. The contribution of the Galactic

emission above 500 keV does not significantly bias the background subtraction. Even if

the total Galactic flux above 500 keV were at the Crab nebula level, the bias introduced in

the correction would never exceed 0.3 s21, which is negligible, at least below 120 keV.

The total point-source count rate profile is estimated for each pointing correcting for

acceptance and attenuation effects due to the source position in the field of view. The flux

obtained through the imagery is then calibrated on the background-corrected crab count

rate. The error bars are due to the systematic uncertainties introduced during this

process. The constant isotropic background obtained by fitting the latitude distribution

(see Fig. 3) has been added to the source count rate.
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component contribution of 13% of the total Galactic emission
appears below 40 keV. There is no indication of an interstellar
emission beyond. We note, however, that at high energy
(.120 keV) the uncertainty becomes large compared to the total
source contribution.
Figure 2 displays the longitude profile of the corrected count rate

together with that from the detected sources. The Crab nebula and
the equally bright accreting black hole Cygnus X-1 dominate the
longitude profiles. At low energy, the Galactic Centre is not much
less significant but weakens faster with energy. Although the general
agreement between both profiles is very good, particularly at low
energies, we notice significant discrepancies. Because our source list
is complete only over the central Galactic radian, some of these
discrepancies may be due to missing sources. Other discrepancies
may be ascribed to inaccurate or inappropriate response functions.
In particular, above ,100 keV, the passive shield is no longer fully
opaque, although we assumed it was in our computation of the
source contribution. Latitude profiles of the corrected count rates
are given in Fig. 3. The diffuse Galactic contribution at the 13% level
revealed in the fitting procedure is clearly apparent on the top
profile. This emission could be due to weaker sources and/or
interstellar emission. It is peaked both in latitude and longitude
and its ,108 radius is reminiscent of the Galactic bulge strongly
populated with low-mass X-ray binaries. At high energy
(E . 120 keV), the large systematic uncertainties reflect the limi-
tations of the method. It is assumed that the corrected count rates
are only due to emission within the field of view but the passive
shield is no longer opaque at these energies.
In this regard, we note that SPI, using a large anticoincidence

system, is much better shielded at high energy. Strong et al.18 have
made a preliminary attempt to estimate the Galactic diffuse emis-
sion, separating only the four brightest sources near the Galactic
Centre. We wondered what would have been the effect of the 43
sources detected in the simultaneous ISGRI data. Taking advantage
of the summed spectra of the four sources measured by both
instruments, a cross-calibration can be extracted. The total Galactic
emission measured by SPI can be obtained by summing the ‘diffuse’
and source spectra given in Fig. 2 of ref. 19. The sources detected in
the ISGRI data contribute to 86% of the Galactic emission observed
with SPI between 100 and 200 keV, giving a heuristic estimate of the
source contribution in this energy range.
It appears that the Galactic soft g-ray emission is fully dominated

by compact sources even if a little room still exists for interstellar
emission. The difference with the X-ray domain (,10 keV) is
particularly remarkable19. It seems that between 10 and 20 keV a
complete change in the mechanisms at the origin of the Galactic
emission must occur. However, we should bear in mind the vast
difference in spatial resolution between the X-ray and g-ray experi-
ments. A feature a few arcminwide will appear as diffuse to Chandra
and as a point source to IBIS. Below 40 keV the remaining 13% not
accounted for by the detected compact sources could be due to weak
bulge sources or to the same mechanism at work below 10 keV.
Interstellar processes can still contribute to the soft g-ray emission
of the Galaxy but at such a low level or in so restricted areas that the
power supply, ionization or molecule dissociation problems are
alleviated. A
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Figure 3 Latitude profiles of the Galactic emission in the central regions where
j‘j , 208. These profiles (a–d) have been produced as for Fig. 2. They show
background-corrected count rates (black circles), and source contribution (red triangles),

in the Galactic central regions. The interstellar emission is believed to be distributed as a

58 FWHM gaussian along the Galactic plane3. Such a gaussian has been convolved with

the IBIS field of view and the resulting Galactic distribution has a width of around 158. To

estimate the amount of residual emission compatible with Galactic emission, we fitted the

latitude profile of the difference between corrected count rate and source count rate, with

the previously defined Galactic distribution and an isotropic component. The latter have

been added to the source count rate in each profile to see the amount of residual

emission. A contribution of 13% is visible under 40 keV (a). Scorpio X-1 (b < 208) is not

well accounted for because of the inaccuracies of the response model at large angles. No

significant emission is seen at higher energies. In the 120–220 keV band, the systematic

errors due to the background subtraction and the source count rate normalization limit the

significance of the result.
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Figure 5.21 Left panels: Longitude profiles of the Galactic emission at |b|< 5◦, comparing the
background-corrected detector count rate (black circles) and the estimated count rate from the detected
point sources (red triangles) as a function of Galactic longitude in each of the four energy bands. The
range in longitude from which the count rates were derived and averaged is |b|< 5◦, and the resulting
angular resolution corresponds to the instruments field of view of ∼30◦. Right Panels: Latitude profiles
of the Galactic emission in the central region where |l|< 20◦, comparing the total count rate to that of
the detected point sources. It is believed that the interstellar emission is distributed as a Gaussian of 5◦

(FWHM) along the Galactic plane. Convolving such a Gaussian with IBIS’ field of view yields a Galactic
emission having a width of 15◦, just as what is seen in the profiles.



Chapter 6

What We Have Learnt About the

Galactic Centre

Chapter 2 introduced the GC and the principal elements of which it is formed as a complex

and interesting part of our Galaxy whose role in it is certainly important but still difficult to

quantify. Chapter 3 reviewed in detail the high energy observational history of the GC region.

Chapters 4 and 5, presented recent results of X-ray observations of flaring from the central

black hole with XMM-Newton, and of soft γ-ray observations of the more extended Galactic

nuclear region with INTEGRAL. Included were descriptions of specific data analysis methods,

techniques and software tools I developed to extract in a rigourous manner as much information

from these data as is possible.

This chapter offers a discussion of the results presented in the previous two chapters, and in

the light of what was conveyed in the first three chapters. The two-faceted nature of my research,

primarily related to the spatial extent of the region that can be probed with observatories like

XMM-Newton, one the one hand, and INTEGRAL, on the other, is naturally reflected in the

structure of this chapter. First, I disucss the X-ray observations and their implications on our

understanding of Sgr A∗ (§ 6.1), then those in the soft γ-ray domain and what these can teach

us about the more extended nuclear region (§ 6.2).

Section 6.1 is further divided into two subsections. One discusses emission processes in

relation to Sgr A∗ and includes a crude investigation of a few different scenarios that have been

considered to explain the spectral features of its flares (§ 6.1.1); the other relates to the dynamics

of the gas around the central black hole and is based on our detection of a quasi-period during

the August 31 2004 X-ray flare observed with XMM-Newton (§ 6.1.2).

In section 6.2, I discuss possible sources of emission and assess their likelihood in accounting

for the IBIS/ISGRI detection. I consider the hot plasma believed to pervade this region, the

transient X-ray sources nearest to Sgr A∗, flares from and particle acceleration related to Sgr A∗,

and the SNR Sgr A East in light of recent results (Fryer et al. 2006; Rockefeller et al. 2005).

Mention will also be made of the suggestion by Revnivtsev et al. (2006) that IGR J17456–2901

is the high energy tail of the peak in the Galactic ridge X-ray emission. Finally, I present some

arguments in favour of the interpretation that the emission from the region between Sgr A∗ and

the Radio Arc traces parts of the molecular cloud G0.12–0.12, and that it corresponds in part

to the GC emission detected by EGRET, as suggested by Yusef-Zadeh et al. (2002). Finally, I

consider Sgr A East in the context of the HESS detection of TeV γ-rays from the CMZ.

129
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6.1 What We Have Learnt About Sgr A∗

6.1.1 On the Nature of the X-ray Emission from Sgr A∗

We saw in chapters 2 and 3, that our vision of the Galactic centre region and of the nucleus

has slowly evloved over the years, but that the coming of the Chandra and XMM-Newton X-ray

observatories greatly amplified our ability to study and probe this dust obscured part of the

Galaxy. The important leaps in technology related to ground based near-IR observations at the

Keck and Very Large Telescope have also been absolutely essential in the study of the behaviour

of Sgr A∗ on long and short timescales. Coupling the power of these observational means, space

and ground based, has only in recent times given us for the opportunity to obtain simultaneous

temporal and spectral information about the emission from the vicinity of the central black

hole. The discussion on the nature of the high energy emission from Sgr A∗ that follows rests

primarily on what we have learnt very recently through the characterisation of simultaneously

detected flares in X-rays and near-IR. Note that the strongest such flare is the event of August

31, 2004, whose features were presented in chapter 4.

The X-ray emission in Sgr A∗ is of at least two distinct origins: one is associated with

the soft, quiescent emission, the other, with the flares. The quiescent X-ray source seen by

Chandra is resolved and has a size of 1′′–1′′.5 that corresponds approximately to the capture

diameter of ∼107 cm. This soft X-ray spectrum is likely associated with the hot gas, falling

towards the central black hole. It could be the result of inverse Compton boosting of mm and

submillimeter photons travelling outward from the inner region of the flow, or simply the tail end

of a synchrotron spectrum from the electrons falling with high velocities. The X-ray emitting

flares, on the other hand, originate much closer to the central object and are without a doubt of a

different nature. The X-rays we detect during flares are most probably not primary synchrotron

photons but rather inverse Compton boosted from lower frequencies to X-ray energies through

interactions with very energetic electrons.

As we saw in chapter 3, several ideas have been proposed to explain the X-ray emission during

flares. These include: enhanced accretion on a short time scale (Liu and Melia 2002), magnetic

reconnection or re-organization of the field and stochastic acceleration (Liu et al. 2004; Liu

et al. 2006), the formation of a jet near the central object (Markoff et al. 2001), and processes

giving rise to turbulent magnetohydrodynamic waves travelling through the disc (Tagger and

Melia 2006). Generic acceleration processes have also been discussed in the context of flaring in

Sgr A∗ (Yuan et al. 2003; Yuan et al. 2004). Combination of these are also possible, for example

a quick enhancement of accretion could also be accompanied by the formation of a short lived

jet that would give rise to non-thermal X-ray and maybe even γ-ray emission. It is possible

to constrain the emission mechanisms by considering the conditions and the physical processes

at the source of this emission independently of the models. This is the approach that I will

adopt in the rest of this chapter. (See Liu et al. 2006 for a clear exposition of the observational

constraints and what can be deduced from them on the range of allowed values for the physical

parameters like the field strength, the critical electron energy, and even the size of the emitting

region and the number density of the source population of electrons.)

In trying to understand the physics of the underlying mechanisms producing the emission

detected at various wavelengths in the quiescent state of Sgr A∗ or during flares, a few basic

concepts must be clearly grasped and incorporated into a more global perspective. The two

most relevant fundamental emission mechanisms are: synchrotron emission and inverse compton

scattering as they relate to relativistic electrons. Synchrotron, or curvature radiation, is emitted

when a charged particle is accelerated by a magnetic field. Inverse Compton is a process by

which energy from an electron is transmitted to a photon through a semi-elastic collision. In
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the case of the synchrotron process, the essential physical parameters are the strength of the

magnetic field, B, and the energy of the electrons, E. Whereas for inverse Compton, only the

energy of the electron and that of the photon come into play. In working with these, it is most

convenient to express the energy of the electrons in terms of their Lorentz factor γ, defined as

γ2≡ 1/(1− β2). Here β= v/c: the velocity of the electrons in units of the speed of light.

Three basic equations describing the characteristic frequency (or energy) of the synchrotron

radiation averaged over the pitch angle, the power radiated by an electron undergoing syn-

chrotron emission (energy loss equation), and the cooling time for synchrotron emission. These

are given by the following expressions where the fundamental constants have been combined

and replaced by their numerical values, with B in units of Gauss:

νsyn(γ) ≈ 4.2Bγ2 [MHz] or Esyn(γ) ≈ 1.73× 10−11Bγ2 [keV] (6.1)

Psyn(γ) ≈ 10−3B2γ2 [eV/sec] (6.2)

tsyn(γ) ≈ 5.1× 108 1

B2γ
[sec] (6.3)

For the inverse Compton process, in the relativistic case where the energy of the electron is

much greater than its rest mass, mec
2, the interacting photon with energy Esyn is boosted by

γ2 so that the energy of the photon becomes:

Eic = γ2Esyn (6.4)

Furthermore, conservation of energy imposes a maximum energy to the upscattered photon of

Eic ≤ γmaxmec
2 +Esyn, and if the electron energy, γmec

2, is much greater than the seed photon

energy, Esyn, then we find Eic ≤ γmec
2. This is reasonable, since an electron cannot, obviously,

transfer more energy than it has! This limit determines a cut-off in the spectrum at energies

higher than γmec
2. Let us apply these basic principles and try to shed some light on the nature

of the emission processes occuring near Sgr A∗, and in particular, see what we can learn from

considering near-IR and X-ray flares together.

The strength of the magnetic field that threads the inner region near Sgr A∗ is inferred

to be ∼10–40 G (Liu et al. 2006). The near-IR flares at 1.6 and 2.1µm are most likely due

to synchrotron emission (Genzel et al. 2003). The frequency that corresponds to 1.6µm is

1.875× 1014 Hz. The Lorentz factor derived from equation 6.1 is 2113 and hence, the synchrotron

cooling time is 40 min. This is typically the timescale seen in near-IR flares, consistent with the

synchrotron picture. Now could X-ray flares be produced via a similar process? No. From

an energetics point of view, in order to produce photons with energies of 8 keV, the radiating

electrons must have a Lorentz factor of γ= 215041, equivalent to an energy of E= 110 GeV.

Such electrons would cool excessively quickly, in about 24 s, and therefore cannot account for

X-ray flares typically lasting 1 to 3 hours, unless we invoke some kind of continuous injection

mechanism, but this is difficult. From an observationally driven, spectral point of view, the

X-ray flare spectra appear to generally be harder than their near-IR counterparts, although

important variations in spectral indeces have been seen in the near-IR flare spectra (Ghez et al.

2005; Eisenhauer et al. 2005).

A much more natural explanation for the X-ray flares is that they are composed of upscat-

tered sub-mm photons that are obiously abundant near the supermassive black hole judging

from its broadband spectrum where the peak of the emission is indeed in the mm and sub-

mm portion of the spectrum. The near-IR emitting synchrotron electrons with Lorentz factors

around γ= 2113 (1 GeV) and lifetime of about 40 min, would interact with and boost the sub-

mm photons according to equation 6.4 such that a 0.1 mm photon would result as an 8 keV
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Figure 6.1 Flare of 2004 August 31 detected in X-rays by XMM-Newton and near-IR by the Hubble
Space Telescope.

X-ray. Moreover, since the 0.1 mm photons are most likely produced through synchrotron emis-

sion of electrons with energies of 130 MeV, it is most natural to consider the interaction of these

electrons with the near-IR flare photons. For the 1.6µm photon, the interaction with an electron

of 130 MeV would upscatter it to an energy of just under 8 keV. Finally, the electrons that emit

the mm and sub-mm photons, can also interact directly with this photon field in the presence

or absence of IR, near-IR or X-ray photons. This synchrotron sef-compton process would give

rise to an upscattered, somewhat extended low-energy X-ray field with energies around 0.1 keV

while cooling the mm and sub-mm population.

In this nicely coherent picture, these three mechanisms can act together simultaneously, with

varying relative contributions to the spectrum, and give rise to a wide range of different sub-mm,

near-IR and X-ray flares, that are sometimes correlated and sometimes not, sometimes soft and

at other times hard, while explaining the source’s quiescent spectrum and features of its X-ray

morphology quite well. It is important to mention that the features and processes discussed

here, relate the very inner region of the accretion disc where we know the near-IR and X-ray

flares to occur from simple light travel time arguments since very short variations of the order

of a few hundred seconds have been detected in near-IR as well as in X-ray flares pointing to a

physical region contained within ∼10 rs, or less than 1 AU.

The importance of simultaneous observations of flares from Sgr A∗ at different wavelengths

should have become apparent from the above discussion. In order to learn as much as possible

about the central black hole, the XMM-Newton and INTEGRAL simultaneous observing pro-

grams of 2004 were accompanied by a large multiwavelength campaign involving observations

from radio to near-IR. The results of these observations, other than the XMM-Newton, presented

in Bélanger et al. (2005), and INTEGRAL, presented in Bélanger et al. (2006), were grouped

and reported in Yusef-Zadeh et al. (2006). Therein, we present the first simultaneous detection

of a bright flare in X-rays and near-IR.

Figure 6.1 shows our 2004 August X-ray flare observed with XMM-Newton (top) and a

simultaneous near-IR flare as observed by the Hubble Space Telescope (bottom). Recall that

XMM-Newton cannot resolve Sgr A∗ in quiescence, but can detect the source when it flares

above the background diffuse emission dominating the central arcseconds, to a level that allows
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Figure 6.2 Broadband spectrum of Sgr A∗ constructed using several datasets all of which are labeled.
The bowties correspond to different states of Sgr A∗. Top: Brightest and softest flare detected (Porquet
et al. 2003). Middle: First flare ever detected that lasted 10 ks (Baganoff et al. 2001) — note that the
most recent detections discussed in § 4.2 have comparable spectral characteristics. Bottom: Quiescent
state of Sgr A∗’s X-ray counterpart (Baganoff et al. 2003). The HESS data corresponds to the best fit
presented in Aharonian et al. (2004b).

the determination of the peak’s centroid within about 1′′.5 of the radio position Sgr A∗ with

sufficient significance. In this particular case, the X-ray flare was rather long, lasting about

10 ks, quite hard with a photon index Γ≈ 1.6, and apparently temporally coincident with the

near-IR event without a detectable time lag. Unfortunately, we were not able to get a spectrum

from the near-IR data but nonetheless, the very good correlation with the X-ray light curve,

does suggest a common origin for the photons. Note that just as in the case of the synchrotron

self-compton of mm and sub-mm photons and the corresponding electrons, we can imagine the

exact analogy in the IR and near-IR range of the spectrum, resulting in upscattered photons in

the γ-ray range. Even by upscattering near-IR photons with slightly more energetic electrons

with Lorentz factor ∼ 500, we obtain soft γ-rays with energies of 30 keV. It is, however, difficult

to account for all of the γ-ray emission detected by INTEGRAL as IGR J17456–2901 by inverse

compton scattering linked to the near-IR flares given the 30–40% duty cycle of these.

Let us now look at the broadband spectrum of Sgr A∗—from radio to γ-rays—and discuss its

high-energy characteristics in the light of the INTEGRAL detection presented in the previous

chapter. Figure 6.2 we see the energy spectrum of the resolved compact radio source Sgr A∗

at radio wavelengths and up to the IR with ground and space-based telescopes like the VLT ,

Keck and Hubble Space Telescope. At higher energies, we see the quiescent X-ray counterpart

to Sgr A∗ resolved by Chandra and two spectrally different flaring states. Beyond the X-ray

range, we find the spectrum of the INTEGRAL source IGR J17456–2901 from 20 to 200 keV—

the soft γ-ray range—whose nature is uncertain but that could surely be directly or indirectly

related to the central black hole. At γ-ray energies, we see the spectrum of the EGRET source

3EG J1746–2851 (Mayer-Hasselwander et al. 1998), that we now know to almost certainly be

decoupled from the central black hole (see §§ 6.2.7 and 6.2.6 for a more details), and finally the

fit to the spectrum of the recently detected source of very high-energy γ-rays from the direction

of Sgr A∗: HESS J1745–290 (Aharonian et al. 2004b).
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6.1.2 Orbital Dynamics Around the Central Black Hole

The importance of the result presented in section 4.3, where I discuss the detection of a

statistically significant semi-periodic X-ray modulation in the flux from Sgr A∗ during a flare is

that, although there are plenty of indirect observational evidence for the existence of a compact

accretion disc around the central black hole, this is one of the first direct evidences of Keplerian

motion around Sgr A∗. I write, one of the first, because previous claims pertaining to the

detection of a periodic signal during a flare have been made by Genzel et al. (2003) and

Aschenbach et al. (2004).

Implications of such a detection have already been discussed by the above cited authors to

varying degrees. Genzel et al. (2003) interpreted their 17 min quasi-period as tracing the motion

of orbiting gas in the last stable orbit (LSO) around the supermassive black hole. The authors

argued that since the orbital period at the LSO of a non-rotating or Schwarzschild black hole

with a mass of 3.6× 106M� is about 27 min, then a 17 min period implies that the black hole is

spinning at a rate that corresponds to about half of the maximum allowed spin value, a natural

consequence of such a detection. Aschenbach et al. (2004) went a lot further in their assertions

and interpretations by claiming the detection of several different periods whose relationships to

each other and to some characteristic frequencies of accretion discs lead the authors to deduce

a mass of 2.72+0.12
−0.19× 106M� and dimensionless spin parameter a= 0.9939+0.0026

−0.0074 for the central

supermassive black hole. The spin parameter is defined as a≡ Jc
GM2 , where J and M are the

angular momentum and mass of the black hole, c is the speed of light and G is Newton’s

gravitational constant. Given that a can be in the range from 0 to 0.9997, they find that the

black hole at the centre of the Galaxy is almost maximally spinning. As I showed in § 4.3, the

analysis of the XMM-Newton flare data set used by Aschenbach et al. (2004) to derive these

parameter values for Sgr A∗, with the method described in that section, yields no detection of a

significant periodic signal. We do not further discuss the results presented by Aschenbach et al.

(2004) or interpretation thereof.

Taking a closer look at the detected quasi-periodic X-ray signal of 22 min and what we

can learn from it, I will first briefly overview the basic notions and equations that relate the

mass, spin and LSO radius of a black hole. In General Relativity, the Schwarzschild radius, rs

≡ 2GM/c2, defines the event horizon or the distance from the black hole where light is in a

stable orbit around the central mass. The last stable orbit of matter turns out to be at a radius

rlso = 3 rs. Inside this radius, stable orbits cannot form due to relativistic effects, and matter

falls almost directly down onto the black hole. The left panel of Figure 6.3 illustrates the linear

mass-dependence of rlso for a Schwarzschild black hole in ranging between 3 and 4 million solar

masses. The right panel shows how the size of the last stable orbit decreases with increasing

spin (top), and the relationship between the period and the spin of a Kerr black hole of mass

3.5× 106M� (bottom).

The equations that govern the relation between the radius of the last stable orbit, rlso, and

the mass and angular momentum of the black hole are the following:

rLSO =
rS

2
[3 + z2 −

√
(3− z1)(3 + z1 + 2z2)] (6.5)

where the variables z1 and z2 are defined as follows:

z1 = 1 + (1− a2)1/3 ∗ [(1 + a)1/3 + (1− a)1/3] (6.6)

z2 =
√

(3a2 + z2
1) (6.7)
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Figure 6.3 Left panel: The period at the LSO as a function the a Schwarzschild black hole mass
in the range from 3 to 4 million solar masses. Right panel: The period at the LSO as a function
of spin (bottom) and the decrease in size rlso with increasing spin for a Kerr black hole of mass
3.5× 106M� (top).

The orbital frequency, νorb, and period, Porb, are therefore given by:

νorb =
1

2π

√
GM

r3
LSO

and Porb =
1

νorb
(6.8)

Looking at these relations either through the equations above or from the plots in Figure 6.3,

we see that the period at the LSO is quite sensitive to the mass, and highly sensitive to the spin

value for a given mass. For example, the period at the LSO of a Schwarzschild black hole of

2.3× 106M� is 17.5 min. Alternatively, we get the same period for a black hole with a mass of

4× 106M� and spin a= 0.52. Given the fact that the mass of the central Galactic black hole is

certainly between 3 and 4 million solar masses, we see while it isn’t necessary to invoke a spin

of ∼ 0.5 in order to explain a quasi-period of about 17 min that would be associated with the

LSO, it is easy to impart the black hole with an intrinsic angular momentum whose magnitude

depends on the adopted mass.

If we consider our X-ray detection of a quasi-period centered on 22 min, and adopt an average

value of 3.5× 106M� for the mass of Sgr A∗, then by associating this feature with the LSO we

find that an intrinsic angular momentum of a≈ 0.2 must be attributed to the central black hole.

Taking into account the facts that we do not expect to see periodic features inside the last

stable orbit, and that our signal is detected over about 7 cycles, we can naturally presume that

a spread in the period of the order of ±2 min would be associated with the motion of the hot

spot or surdensity in the disc from larger radii inward toward the LSO. Therefore, if the period

at the last stable orbit is as low as 20 min, then the spin must be closer to a≈ 0.3.
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6.2 On the Nature of the Soft γ-rays from the Nu-

clear Region

6.2.1 Hot Plasma

The hot component at 6–8 keV of the two-temperature plasma at the GC is well known and

its presence is viewed by many as problematic in terms of it being confined given the escape

velocity of a Hydrogen plasma at that temperature or of the heating mechanisms that would be

required to supply energy to the plasma were it not confined. It is interesting to ask what is this

hot plasma’s extrapolated flux at energies between 20 and 30 keV in order to assess its possible

contribution to the flux detected from the central arcminutes. I showed that although the hot

plasma component totally dominates the spectrum in the range from 2 to 5 keV, its contribution

to the overall flux is several times less than that of the power-law in the 20–30 keV range and

drops to a negligible level with respect to the power-law component in the range 30–40 keV.

These estimates are based on the best fit value for the temperature of 6.5 keV and clearly the

contribution increases somewhat if we fix the temperature at 8 keV. Nonetheless this hot plasma

can only provide a very small fraction of the emission detected from the direction of the GN by

INTEGRAL, and this solely in the first band, from 20 to 30 keV.

6.2.2 X-ray Transient Sources

A large number of X-ray transients have been detected in the neighbourhood of Sgr A∗ in the

last few years (Muno et al. 2004; Porquet et al. 2005). In fact, there even appears to be an over-

abundance of such sources near the GC where four X-ray binaries lie within 1 pc (25′′) of Sgr A∗

(Muno et al. 2005). These sources, observed at luminosities between 1033 and 1036 ergs s−1 in

the 2–10 keV range, are not particularly bright since these luminosities are intermediate between

quiescence and outburst. In the paragraphs that follow I estimate the effect of such sources on

the flux of IGR J17456–2901 in the 20–120 keV range, where we have the best flux estimate.

The GC source IGR J17456–2901 shows very little variability and hence its persistent quality

demonstrates that it is probably not heavily influenced by the sometimes radical brightening

of an individual X-ray transient as it moves from quiescence to outburst. Furthermore, the

high detection significance in the 20–40 keV band permits an accurate determination of the

emission centroid and yields an uncertainty of about 1′. For this reason, we do not consider

transients that lie outside the error radius of IGR J17456–2901 but turn our investigation to

the 4 transients detected by Chandra within 30′′ of the central BH (Muno et al. 2005) and

pay particular attention to the remarkable LMXB located just 3′′ south of Sgr A∗ (Muno et al.

2005). This transient, CXOGC J174540.0–290031, was very bright during both epochs of the

multiwavelength campaign, the only period for which we have contemporaneous X-ray and

INTEGRAL data, and will therefore be the main focus of the discussion.

The four transients detected within 30′′ of Sgr A∗ are also the hardest of the seven transients

discussed by Muno et al. (2005a). These are: CXOGC 174535.5–290124, CXOGC 174538.0–

290022, CXOGC 174540.0–290005 and CXOGC 174540.0-290031. Using the available Chandra

data for these (and XMM-Newton for CXOGC J174540.0–290031), we constructed their respec-

tive light curves in the range 2–8 keV and rebinned to make the long term trends more apparent

(the Chandra results were published in Muno et al. (2005a)). We plotted the light curve for

IGR J17456–2901 rebinned in 2 week segments on the same time line. The 20–40 keV range is

used because it has the highest signal-to-noise ratio. Figure 6.4 shows these light curves where

that of IGR J17456–2901 appears as the top most. The flux is in units of ph cm−2 s−1 and the

time is in modified Julian days.
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Figure 6.4 Light curves in the 2–8 keV energy range of CXOGC 174535.5-290124 (black), CX-
OGC 174540.0-290005 (red), CXOGC J174540.0–290031 (green), CXOGC 174538.0-290022 (blue) and in
the 20–40 keV range for IGR J17456–2901 binned in 2-week periods.

The observation cycles are clearly depicted by the ISGRI light curve where each data subset

corresponds to a season, the first one being Spring 2003 and the last, Fall 2004. We saw that

there is no significant variability in the INTEGRAL light curve. Furthermore, it is difficult to

draw conclusions from the general comparison with the flux levels of the four hardest Chandra

transients shown in figure 6.4. Let us take a closer look at one of these, the unusual transient

CXOGC J174540.0–290031.

This source was discovered during the 2004 July Chandra observations of the GC (Muno

et al. 2005) and was also seen to be active throughout both epochs of the multiwavelength

campaign of 2004, reaching its peak X-ray brightness in April. A very clear periodic signal was

detected from this source during epoch 2 and the orbital period was determined to be about 8 h

(Porquet et al. 2005; Muno et al. 2005; Bélanger et al. 2005). This source, located remarkably

close to the supermassive BH at only ∼3′′ from the radio position of Sgr A∗, was observed in

radio during the campaign (Bower et al. 2005), and seen to produce a jet with luminosity

Ljet∼ 1037 ergs s−1.

We estimate the possible contribution of this source to the INTEGRAL flux using the spec-

tral parameters we derived from the contemporaneous XMM-Newton observations and presented

in Porquet et al. (2005). Taking a photon index of Γ = 1.6 and 2–10 keV flux normaliza-

tion of 1.3× 10−12 ergs cm−2 s−1 we find that the extrapolated 20–120 keV luminosity is about

5× 1034 ergs s−1. For an index Γ = 1.98 and flux FX = 1.8× 10−12 ergs cm−2 s−1, we get an ex-

trapolated luminosity of 2.5× 1034 ergs s−1. The largest of these values amounts to about one

tenth of the derived luminosity of IGR J17456–2901 and is probably still over-estimated given

that the spectrum of a LMXB in outburst is rarely a pure power-law above energies ∼100 keV. A

more realistic description would be a Comptonisation model where the seed photons are boosted

to higher energies as they encounter fast thermal electrons in the hot (30–50 keV) corona. In this

case, the contribution in the ISGRI band would very likely be even less than the above extrapo-

lations. According to this simple estimate, ten sources similar to CXOGC J174540.0–290031 in

luminosity and spectral index within a few arcminutes of Sgr A∗ would have to be active more

or less continuously to account for the 20–120 keV luminosity of IGR J17456–2901. Of course,

the flux could be due to a substantially larger number of dim and hard sources that have un-

til now evaded detection by Chandra and XMM-Newton and that are clustered around Sgr A∗

(Revnivtsev et al. 2006). Only the next generation of X-ray observatories, with a sensitivity
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substantially higher than the current instruments, will bring an answer to this question.

We have considered and tried to quantify the effect of the known X-ray transients located

within 30′′ of Sgr A∗ on the ISGRI count rate. We find that the flux of IGR J17456–2901 can

not be explained by the contribution of transients located very close to the central BH, and that

their contribution appears to be negligible over the range from 20 to 120 keV.

6.2.3 Flares from Sgr A∗

Our campaign to search for correlated variability in the X-ray and soft γ-ray flux from the

central BH was inconclusive due to INTEGRAL data gaps during the Sgr A∗ flares. Of the two

factor-40 flares that occurred on 2004 March 31 and August 31, the first was somewhat harder

with a photon index of Γ = 1.5 compared to Γ = 1.9 for the second flare (Bélanger et al. 2005).

By extrapolating the flux of the hardest flare to the 20–30 keV energy band we find that its

contribution to the ISGRI count rate using an average effective area in this band of 650 cm2

should be about 0.05 cts/s. Taking a peak flare flux equivalent to twice the average gives 0.1 cts/s

and so since IGR J17456–2901’s observed ISGRI count rate in this range is around 0.4 cts/s we

would expect a rise of ∼25% due to the flare. Based on these simple assumptions, this type of

event would therefore not be detectable by ISGRI since typical errors for one ScW are of the

same order as the average count rate of this weak source, i.e. 0.4 cts/s, and for the same reason,

it cannot explain the emission seen as IGR J17456–2901.

Furthermore, the derived luminosity of the GC source of around 5× 1035 ergs s−1, cannot

result directly from the integration of successive flares from the central black hole. The flares

occur on average once per day and have typical luminosities of 1035 ergs s−1 for durations of a

few thousand seconds. If the flares last 3 to 20 ks, even if they all reached peak luminosities

of around 1036 ergs s−1, this would still not be enough to make up the persistent luminosity of

IGR J17456–2901. This is not to say, that the acceleration of particles to very high Lorentz

factors during such a flare could not lead to a secondary high-energy emission that would not be

detected by X-ray instruments but that would contribute to the flux in the range 20–400 keV.

The spectral extrapolation of a hard and moderately bright X-ray flare to higher energies

yields a maximum contribution to the ISGRI count rate in the lowest energy band (20–30 keV)

of 25% of the detected count rate, and that this would be undetectable because of low sta-

tistical significance. Furthermore, taking our current estimate of the flare rate as 1 per day,

the integrated time-averaged luminosity from flares lasting 10 ks (∼3 hours) and reaching peak

luminosities of 1036 ergs s−1, is still about only 1/5 of the luminosity of IGR J17456–2901. It is

therefore clear from these considerations, that the flare emission from Sgr A∗ characterised thus

far from X-ray observations, cannot directly account for the soft γ-rays from the Galactic nuclear

region detected as IGR J17456–2901. This does not, however, exclude the possibility that the

processes giving rise to the X-ray flare emission, also produce a population of highly energetic

accelerated charged particles of hadronic nature, like protons, that do not radiate immediately

as do the leptons, but travel further out and away from the very close vicinity of the central

black hole before interacting and giving rise to γ-ray emission.

6.2.4 Charged Particle Acceleration

The detection of a persistent source up to about 120 keV compatible with the position of

the central BH raises the very interesting possibility that it may be related to the TeV source

detected from the same region by HESS (Aharonian et al. 2004b). These observations lend

crucial support to the idea that acceleration of particles to very high energies is taking place

at the GC (Crocker et al. 2005). Furthermore, all of them agree on the apparent absence of
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variability from the central source.

The HESS Collaboration has been particularly successful at determining the high-energy

properties of this source detected over two epochs, 2003 June-July and 2003 July-August,

and together with the earlier 30 MeV to 10 GeV EGRET detection of the continuum source

3EG J1746–2851 within 1f the nucleus (Mayer-Hasselwander et al. 1998), this TeV detection

provides some evidence of hadronic acceleration at the GC, either by Sgr A∗ itself, within the

shocked shell of an SNR, such as Sgr A East or by some other mechanism including the interac-

tion of non-thermal filaments with dense molecular environments. Protons could be accelerated,

either via 1st order Fermi acceleration at a shock, or via stochastic acceleration (a 2nd order

Fermi process) in a turbulent magnetic field, and then scatter with ambient protons to produce

pions. The π0’s subsequently decay into 2 γ-rays, whereas the π+’s and π−’s initiate a muon,

electron, positron and neutrino cascade. Some evidence for a pion origin of the γ-rays is pro-

vided directly by the EGRET spectrum, which exhibits a clear break at ∼1 GeV, and therefore

cannot be fit by a single power law. Instead, this break is usually attributed to the rest-frame

energy of pion-decay photons. The secondary electrons and positrons produced by the charged

pions in concert with the π0-decay photons, are capable of producing their own γ-ray emission

via bremsstrahlung and Compton scattering. For example, if these leptons build up to a steady-

state distribution balanced by bremsstrahlung and Coulomb losses, they naturally account for

the lowest energy EGRET datum. This is rather important because the pion decays link the

lepton and photon generation rates, so the bremsstrahlung and pion-decay photon emissivities

are tightly correlated.

The possibility that the relativistic protons may be accelerated close to Sgr A∗ was first

explored by Markoff, Melia, and Sarcevic (1997, 1999) who concluded that the maximum at-

tainable energy is of the order of 4× 105 TeV. However, there appear to be two principal reasons

why the pp scatterings that lead to pionic γ-ray emission probably do not occur in the accelera-

tion zone itself. First, the ensuing particle cascade would produce a copious supply of energetic

leptons that, in the presence of the inferred ∼1–10 G magnetic field for this source, would greatly

exceed Sgr A∗’s observed radio flux. Second, the lack of variability in the data from keV to TeV

energies, argues against a compact point-source like Sgr A∗. The more recent analysis of proton

acceleration within Sgr A∗ (Liu et al. 2004; Liu et al. 2006) has shown that these relativistic

particles actually diffuse to distances ∼2–3 pc away from the acceleration site before scattering

with the ambient protons, and therefore the ensuing leptonic cascade does not over-produce

emission at longer wavelengths having left the region where the magnetic fields are very strong.

In support of this picture, wherein the relativistic particles responsible for the HESS and IN-

TEGRAL source are accelerated near Sgr A∗, it is worth noting that the mechanism responsible

for accelerating the electrons required to account for Sgr A∗’s 7 mm emissivity, also accelerates

protons in the system. These protons do not radiate as efficiently as electrons and therefore

diffuse away from the acceleration site. The electron acceleration rate implied by the radio mea-

surements also corresponds to the right ∼ TeV luminosity from the protons flooding the region

surrounding the black hole to match the HESS measurements. In addition, the time required

for these particles to diffuse outwards is ∼105–106 years, which would argue against any rapid

variability in the TeV γ-ray emission, as observed. Thus, although both the HESS and INTE-

GRALGC sources appear to be slightly extended, the origin of the particles responsible for the

broad band spectrum of the nuclear region may ultimately still be Sgr A∗.

Here we also recall the works by Liu et al. (2004), Liu et al. (2006), Aharonian and Neronov

(2005) and Atoyan and Dermer (2004) that consider and discuss various scenarios of particle

acceleration either in the inner or outer region around the supermassive black hole.



140 Chapter 6: What We Have Learnt About the Galactic Centre

6.2.5 Sgr A East

The SNR Sgr A East whose centre is located 50′′ from Sgr A∗ in projection, is a likely con-

tributor to the soft γ-ray flux detected from the direction of the central black hole. It has been

suspected as a cosmic ray accelerator for several years (Melia et al. 1998; Melia et al. 1998;

Yusef-Zadeh et al. 2000; Fatuzzo and Melia 2003), and has recently regained popularity with the

HESS and INTEGRAL detections (Aharonian et al. 2004b; Bélanger et al. 2006) of γ-rays from

the direction of the central supermassive black hole, as a source of leptonic as well as hardronic

particle acceleration (Atoyan and Dermer 2004; Crocker et al. 2005; Grasso and Maccione 2005).

The unusually bright non-thermal radio shell of Sgr A East was for a long time the source

for speculations as to its very unique character. It was observed by Chandra a few years ago

(Maeda et al. 2002), and more recently studied through XMM-Newton observations (Sakano

et al. 2004). These X-ray observations revealed that the features of this remnant are pretty

typical for a SN of type Ia or type II. The core is dominated by thermal X-ray emission that

appears to have two components at 1 and 4 keV. Fe abundances vary from ∼4 in the center,

down to about 0.5 in the outer region of the X-ray source. No non-thermal X-ray emission is

detected.

The presence of strong magnetic field of the order of a few mG in certain parts of the remnant

have been inferred from the observation of OH masers, detected in the interaction region between

the east side of the SNR and the GMC M–0.02–0.07 where the shock moves from an ambient

density of ∼102–103 cm3 to ∼105 cm3 (Yusef-Zadeh et al. 2002). The age of the remnant was

estimated to be around 10 000 years based on radio and more recently, on X-ray observations.

However, very recent detailed simulations of the explosion in which several characteristics of the

environment surrounding Sgr A East and in particlar the stellar winds from young and massive

stars were taken into account, suggest that the age of the remnant is probably closer to 1750 year

(Fryer et al. 2006). Furthermore, some of the same authors have associated an X-ray “ridge”,

a feature apparent in the deep Chandra observations of the GC, with a region where the shock

from the explosion that produced Sgr A East meets the strong central winds from Wolf-Rayet

and O/B stars (Rockefeller et al. 2005). These new results are still controversial and need

further inquiry. The relatively small size of the remnant is also an indication that what may be

the most unusual thing about Sgr A East is the very unique environment in which it is evolving.

It is likely to have expanded un-impeded for most of its life and just recently encountered very

dense molecular clouds on at least two sides.

In figure 6.5 we see radio images of Sgr A East and the surrounding region at 90 cm (top

left panel) where the contribution from non-thermal emission dominates, and at 20 cm (top

right panel) where thermal emission is more important. Below these VLA maps, we see an

XMM-Newton image of the region containing Sgr A∗ in the 2–10 keV energy range with the ra-

dio contours corresponding to the images above. The most striking feature is that the brightest

region in the 90 cm map is in the northeastern part of the remant just before the clear com-

pression of the contour lines, whereas the hot spot in the 20 cm map is on the opposite part

of the remnant. The pinch in the contours corresponds to the point of interaction between the

shell of the SNR and the very giant molecular cloud M–0.02–0.07, also known as the 50 km s−1

cloud, which has densities of the order of ∼106 cm−3 (see Serabyn et al. 1992 for a discussion

of this interaction region, and Pedlar et al. 1989 for a detailed radio study and maps at 6, 30

and 90 cm). Moreover, the intensity of the 90 cm emission extends further out away from the

shell than does the 20 cm emission, which seems to peak higher and drop off much faster moving

away from the hottest part.

Looking at the X-ray image on which the contours from the above radio maps have been

placed, we clearly see that the peak in the 2–10 keV emission closely matches that of the 20 cm
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Figure 6.5 Top panel: Radio VLA maps of Sgr A East at 90 cm (left) and 20 cm with 30′′ resolution
(right). Bottom panel: XMM-Newton images of the nuclear region in the 2–10 keV energy range on which
have been overlaid the radio contours from the maps above.

map and not the 90 cm contours, when considering the morphology of the bright central region

in X-rays. This can be explained by the fact that the thermal radio emission is dominated by

Sgr A West, the hot ionised gas streamers rotating around Sgr A∗ that look like a spiral from

our perspective, and the X-ray emission is also dominated by the hot plasma surrounding the

central black hole. As we saw earlier, Sgr A East is behind Sgr A West and Sgr A∗ along our line

of sight, and thus as we move eastward from the centre and from the bright thermal emission,

we see the non-thermal emission coming from the interaction of the shell and M–0.02–0.07. Note

that X-ray studies of Sgr A East have focused on the bright X-rays near the centre of the shell

and away from Sgr A West in order to minimise the contamination from this region.

It is more difficult to draw a conclusion about the fainter, more diffuse emission that sur-

rounds the remnant, but the southeastern portion of this emission seems to correlate slightly

better with the 90 cm contours than with the 20 cm. A thorough flux correlation study and fine

spectro-imaging analysis over this region would be very interesting, but I have to postpone such

an endeavour to a later date and simply write that the X-ray emission from the region near the

SNR appears to agree far better with the thermally dominated 20 cm map than it does with the

90 cm image.

Sgr A East is a good candidate for producing the γ-rays detected by INTEGRAL as well as

those detected by HESS. It has several characteristics in common with supernovae in molecular

clouds or dense environments like a bright radio shell with a strong non-thermal synchrotron
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component, thermally dominated X-ray emission in the central core, and a strong He-like, 6.7 keV

Fe line. The SNR G0.9+0.1, recently detected as a source of very high energy γ-rays by HESS

(Aharonian et al. 2005a), actually shares some of these features with Sgr A East. A major

difference between these, however, is that the core of G0.9+0.1 is known to be a pulsar wind

nebula whose central pulsar, detected by Gaensler et al. (2001) gives rise to a hard, non-thermal

X-ray emission. The core of Sgr A East is so heavily dominated by thermal X-ray emission, that

non-thermal emission does not even seem to be present. We know that this kind of behaviour

is not unexpected for SNRs in dense environments (Bykov et al. 2000), and moreover, there

is evidence that several of the new HESS sources distributed along the Galactic plane, might

be SNRs with weak X-ray emission (Aharonian et al. 2005c). In a thorough examination of

the particle acceleration and energetics in this source, Crocker et al. (2005) demonstrated that

Sgr A East could very well also be the source of the TeV spectrum measured by HESS.

Figure 6.6 Spectrum of the SNR Sgr A East with the synchrotron radio flux, total X-ray flux in the 2–
10 keV range from a region roughly enclosed by the radio shell, and ISGRI spectrum of IGR J17456–2901.

Figure 6.6 shows a spectral energy distribution that includes the radio flux measurements for

the shell of Sgr A East, the de-absorbed 2–10 keV X-ray flux for the region contained within the

shell, and the flux of IGR J17456–2901, 3EG J1746–2851 and HESS J1745–290. The EGRET

data points represent the flux and spectral index of the emission from ∼300 MeV to 1 GeV

integrated over the central 2◦ around Sgr A∗. Moreover, the analysis as it was performed with

EGRET data (and as is generally done in this energy range), depends very sensitively on the

background emission model. This emission model is based on the molecular matter distribution

and so when the molecular clouds are in fact the source of the emission, to separate what is

considered as source from background photons becomes excessively delicate. For this reason,

even though the spectral index found by EGRET is probably very close to that of integrated

spectrum of the region in its energy range, the normalisation should be considered as somewhat

qualitative.

If we hypothesise that an important contribution of the flux of IGR J17456–2901 is due to

non-thermal synchrotron from Sgr A East, then the first step is to fit the ISGRI data using a

synchrotron emission model with an exponential decay beyond some critical frequency νc. I did

this by fixing the normalization of the radio synchrotron emission to 100 J at 1 GHz (Pedlar

et al. 1989; Yusef-Zadeh and Morris 1987), and fitting for the spectral index α expected to lie
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in the range 0.5–1.0 from radio measurements, and the cutoff frequency. The best-fit values I

found are: α= 0.68 and νc = 7× 1017 Hz (2.9 keV) giving an acceptable fit for such a small data

set with a reduced χ2 of 2.1 for 5 degrees of freedom. Note, however, that the determination of

the spectral index in the radio band relies on two (6 and 20 cm) or at most three measurements

(3, 6, and 20 cm), and that extremely small changes in this value have enormous effects on the

flux in the soft γ-ray energy range from 20 to 200 keV. This implies that the ISGRI spectrum

tightly constrains the parameters of the synchrotron component.

Going further with this investigation, we use the X-ray data in the range 1–10 keV, and

through model fitting, attempt to shed some light on the likelihood that Sgr A East is the

main component of the emission detected above 20 keV. Since IGR J17456–2901 is necessarily

the sum of all the components that contribute to the emission originating within a radius of

∼8′ around the nucleus, it is most appropriate to rely on model fitting to gain insight into

the nature of the emission. The model comprises two groups of components: an absorbed two-

temperature plasma, on the one hand, and a differently absorbed single temperature plasma with

a exponentially cutoff synchrotron law, on the other. A Gaussian is added to fit the Fe line.

The XSPEC form of the model is: wabs*(mekal+mekal) + wabs*(mekal+srcut+gaussian).

Figure 6.7 shows the X-ray spectrum from 1 to 10 keV integrated over the region with an

8′ radius centred on IGR J17456–2901. The different components are represented in different

colours. Starting from the low energy part of the spectrum, we have the contribution of the two-

temperature plasma absorbed by a column density of N low
H = 9× 1022 cm−2 in red (kT1 = 0.19 K,

N1 = 94) and green (kT2 = 1.27 K, N2 = 0.55). The more heavily absorbed components are seen

through a column density of Nhigh
H = 35× 1022 cm−2 and include the thermal plasma shown in

dark blue (kT3 = 0.45, N3 = 55), the Gaussian line shown in turquoise is centred at an energy of

EFe = 6.69 keV, has a sigma of 0.23 keV and a normalisation of NFe = 1.43× 10−3 (the absorption

is negligible at this energy). Finally, also included in the more heavily absorbed components,

is the synchrotron emission with exponential cutoff (violet), whose parameter values are tightly

constrained by the radio flux and ISGRI spectrum as discussed above.

Figure 6.7 Spectrum of central 8′ around Sgr A∗ from 1 to 200 keV with X-ray data from 1 to 10 keV
and ISGRI data from 20 to 200 keV. The model components are discussed in the text.

The fit is good, yielding a reduced χ2 value of 1.4 for 1748 degrees of freedom. Of course

this value is determined based on the fit of the X-ray data that totally dominate the statistics,
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and therefore suggests that the emission from this extended region is well described by the

combination of components included in the model described in the previous paragraph.

I will investigate this result further in the next few months, but it could be the key to

resolving several important issues regarding the GC. First, this would be a simple and elegant

solution to the unknown nature of IGR J17456–2901. Second, it would remove the need to invoke

the presence of an 8 keV plasma in the central region, first put forward by Koyama et al. (1989)

and Yamauchi et al. (1990) after Ginga observed the central arcminutes of the Galaxy. This

idea persists to this day and was reinforced by Muno et al. (2004) who analysed the data from

the deep Chandra observation of the central 17′ by 17′ region around Sgr A∗. The problem linked

to the confinement and heating of this extremely hot gas within the central potential well has

also fueled many debates and discussions over the years.

Very recently, Belmont et al. (2005) suggested a picture in which the plasma is in fact

not a hydrogen plasma but is primarily made up of helium. As He is substantially heavier, it

remains bound by the gravitational potential. To heat this He plasma, the authors propose

the interactions of this very viscous magnetised gas with the many giant molecular clouds that

orbit the GC. This 8 keV thermal component in the spectrum contributes almost exclusively to

the high energy continuum and to the 6.7 keV Fe line. Hence, it can easily be replaced by the

synchrotron power law which fills in the continuum part of the spectrum from 4–5 keV onwards,

with an addition of 6.7 keV photons to model the ionised Fe line emission. Several point sources

have been found to be strong emitters at 6.7 keV (M. Sakano private comm.), and iron-rich,

unresolved SN fragments, would also undoubtably contribute to the line flux at 6.7 keV (Bykov

2003).

Second, it would entail a revision of the age of the SNR Sgr A East closer to 2 000 years, thus

five times younger than the canonical value of 10 000 years. This is interesting in light of the fact

that detailed simulations of the explosion that gave birth to this SNR, taking into account the

distribution of molecular matter and winds from massive stars as well as some features in the

morphology of the X-ray emission were recently performed by Fryer et al. (2006). The authors

found an age of 1750 yr for the remnant, in close agreement with the requirements for a strong

synchrotron emission in ISGRI’s operating energy range.

Third, this solution offers a natural explanation for the TeV γ-ray emission detected as

originating in the CMZ and extending from Sgr B2 in the east to Sgr C on the western side of

the molecular zone. This emission would result from the interaction of protons accelerated by

the SNR Sgr A East with the dense clouds, giving rise primarily to π0’s, π+’s and π−’s. These

very short lived mesons decay to two γ-rays in the case of the π0, and µ± and νµ in the case of

the π±. The µ± then decay to e± and νe. The TeV emission would probably be mostly from

the decay of the neutral π0 to γγ, and even though the contribution from the secondary leptons

could be important, it is a little harder to quantify.

Finally, if this scenario holds, it would provide the first observational evidence of hadronic

acceleration from a SNR.

6.2.6 Another Possibility

The emission that is detected as IGR J17456–2901, could also be linked to an ensemble of

very weak hard X-ray and soft γ-ray sources forming a cusp in the stellar distribution along

the Galactic plane. This is exactly what Revnivtsev et al. (2006) propose in their recent work.

The authors studied the Galactic ridge X-ray emission and analysed RXTE data in the range

3–20 keV along the plane of the Galaxy. After an examination of the IR surface brightness

along the Galactic plane, they found that the X-ray emission follows almost exactly the same

distribution as the IR surface brightness and by normalizing this surface brightness to match
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the X-ray level, they subtracted it from the total X-ray map to find that only the point sources

remain. The authors draw the conclusion that the Galactic ridge X-ray emission follows very

closely the IR surface brightness along the Galactic plane and thus this diffuse X-ray emission

traces the distribution of stellar mass just as the IR emission does. This leads to the statement

that this apparently diffuse emission is in fact the emission of a large number of unresolved point

sources that will probably be detectable by the next generation of X-ray space observatories.

Revnivtsev et al. (2006) claim that the emission that we see as the point source IGR J17456–

2901, is simply the hard X-ray counterpart of the very tight peak seen in the IR and almost

centered on the position of the Galactic nucleus. I believe that this is a beautiful and elegant

result, but that the parts of the discussion presented in this thesis convingly demonstrate that

it is very unlikely that the GC source IGR J17456–2901 is a single component source as these

authors seem to suggest.

6.2.7 IBIS/ISGRI Reveals the Nature of 3EG J1746–2851?

The study of the morphology of the emission near the GC based on the very long effective

exposure of 4.7 Ms has revealed: 1) that as the brighter and softer sources IGR J17456–2901

and 1E 1743.1–2853 become fainter with increasing energy, a hard but dim emission about 6′

from Sgr A∗ in the direction of positive longitudes appears, and 2) that the spectral index of

this emission is quite hard and apparently qualitatively similar to that of IGR J17475–2822

(Sgr B2). This new source of soft γ-rays is probably related to the unidentified EGRET source

3EG J1746–2851 and to the giant molecular cloud G0.12–0.12.

This source appears to be diffuse and irregular in shape, it correlates very well with a region

of bright Fe line emission at 6.4 keV and its centroid is within the 99% confidence level position

contour for the unidentified EGRET source 3EG J1746–2851. These characterisitcs point toward

a GMC, and in particular the cloud G0.12–0.12, that has been suspected to play an important

role as a high-energy source of non-thermal emission near the GC (see (Yusef-Zadeh et al. 2002)).

So in fact, it may not be a new source of high-energy emission but it is its first detection with an

instrument like ISGRI that has an agular resolution of 13′. This, is interesting and will motivate

a deeper investigation of the data available on this region.

Sgr A*
1E 1743.1-2843

Sgr A*
1E 1743.1-2843

Sgr A*

Figure 6.8 The top panel shows an ISGRI image of the region near the GC Radio Arc in the 56–85 keV
range showing the presence of a new source of high-energy emission not yet indentified as such. The
position contours for the EGRET source 3EG J1746–2851 at the 50, 90, 95 and 99% confidence levels are
shown in green. In the bottom panel, we see the ASCA map of the same region in the Fe line centered at
6.4 keV. Here, the green contours are the same as in the top panel and in yellow are shown the significance
contours of the ISGRI image where 5 levels are spaced linearly between 5 and 20σ.
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6.2.8 Final comments

The ISGRI instrument on the INTEGRAL satellite has detected with a high significance

soft γ-ray emission centered within 1′ of the Galactic nucleus. I analysed two years of IN-

TEGRAL observations and thoroughly examined this data over the energy range 20–400 keV.

Combining these results with XMM-Newton data in the range 1–10 keV, we have found that this

emission cannot be attributed to the hot thermal plasma in the Sagittarius complex, it cannot

be explained by the integrated flux from known X-ray transients near the central black hole,

and it cannot be the simple extrapolation of the X-ray flux of flares from Sgr A∗. In addtion,

the fact that IGR J17456–2901 is comparable in brightness to the well known binary system

1E 1743.1–2853 in the 20–40 keV range but that unlike this source it does not produce the large

X-ray flux that makes 1E 1743.1–2853 so incredibly conspicuous in the soft X-ray band, also

suggests that IGR J17456–2901 is not point-like. These considerations lead us to conclude that

IGR J17456–2901 is a compact diffuse emission region a few arcminutes in size and where as-

trophysical processes give rise to thermal and non-thermal emission. My investigation of the

obvious candidate Sgr A East yields promising results that have to be considered in greater

detail.

It is clear that further work on various aspects of the high energy emission from the central

region of the Galaxy will surely bring to light other interesting elements of the overall picture. I

therefore plan to thoroughly investigate to questions related to the nature of IGR J17456–2901

under the hyposthesis that Sgr A East is its main contributor. I will also examine the high

energy characteristics of the extended sources like the molecular clouds Sgr B2 and G0.12–0.12,

as seen by IBIS/ISGRI. Together with the completion of my work related to the quasi-period in

the flare of 2004 August 31, and of the development of a general method for this type of analysis,

this reserach will undoubtably help clarify a number of open issues about the mysterious region

at the heart of our Galaxy.



Chapter 7

Concluding Remarks

In the introduction to this thesis, there was mention of black holes, of Einstein’s theory of

Relativity, quasars, galactic nuclei and supermassive black holes. I presented a brief historical

review of research related to quasars and galactic nuclei, and how it has led the majority of

astrophysicists to believe that most galaxies harbour supermassive black holes in their centre.

I emphasised the point that Sgr A∗, the supermassive black hole located at the centre of the

Milky Way, is by far the closest such object, and thus, its relative proximity permits us to study

of the region in which it is embedded with amazing detail.

As we saw in chapters 2 and 3, the study of the GC region goes back several decades. As early

as the mid to late 1970’s, radio astronomy gave us moderately good measures of the distribution

of mass in this region, from which we could already infer that the most likely configuration for

the central parsec was one that involved a point mass of ∼3× 106M�, in addition to roughly

the same mass distributed amongst the stars and molecular matter (Lacy et al. 1980). Great

leaps in technology gave way to a new era of astronomy with the launch of satellites in space.

This opened the door to unexplored portions of the electromagnetic spectrum, with these space

observatories carrying instruments sensitive to radiation from which the Earth’s atmosphere

protects its living inhabitants: ultraviolet waves, X-rays and γ-rays.

The study of the GC and its nucleus is strongly rooted in radio astronomy, a field from which

we have gained knowledge about the state and distribution of the gas in the region, the geometry

of the various components that populate the core of our Galaxy, and at the same time, on the

fine features of Sgr A∗ itself, like its spectral energy distribution, and polarization characteristics

as a function of wavelength. The compact radio source coincident with the nucleus of the

Galaxy was resolved at short radio wavelengths over 30 years ago (Balick and Brown 1974).

Nonetheless, it was not until 1999 that Chandra resolved what we believe to be Sgr A∗’s X-ray

counterpart. Recall that the Einstein satellite detected a point source, 1E 1742.5–2859, nearly

coincident with the GN (Watson et al. 1981), which was resolved into three point sources by

Rosat, giving the community confidence that RXJ 1745.6–2900 was indeed the X-ray counterpart

to Sgr A∗ (Predehl and Trümper 1994). Chandra, however, resolved Rosat’s point source into

three more distinct sources, and gave what is now believed to be the “true” X-ray counterpart

to the compact radio source: CXOGC J174540.0–290027, coincident with Sgr A∗ to less than 0′′

.3, and with probability of a false match estimated at less than 0.5% (Baganoff et al. 2003).

Clearly, it is not impossible that the next generation of X-ray imaging instruments will resolve

this source into another three fainter point sources, but it is not very likely.

Flaring from the central black hole is also a recently detected phenomenon, and as we saw

from the results presented in chapter 4 and the discussion of these in chapter 6, we can learn

a great deal from these relatively rare events. As was also clearly shown in the discussion, the

potential to understand the nature of the source and of the conditions that give rise to flaring in

147
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Sgr A∗, is amplified several fold when X-ray observations are coupled with simultaneous near-IR

and radio monitoring.

We have measurements of the proper motion of stars near the central dark object that

give us indirect measures of its mass and maximum size. With a distance of closest approach

of ∼120 AU∼ 1015 cm, the density of the central mass must be greater than ∼1015 M� pc−3,

making this the most compelling evidence for the existence of supermassive black holes in the

universe. The Galactic nucleus’s X-ray counterpart flares in X-rays, probably close to once a day

on average, but flaring events seem to occur in clusters. Sgr A∗’s near-IR counterpart also flares,

and although the amplitude variations are substantially lower than those seen during X-rays

flares, the frequency of occurrence is much greater than at higher energy. It almost appears as

though there is no “quiescent” state at near-IR wavelengths, just a contiunous low level of flux

variability. Chapter 4 presented my work on the first strong evidence in X-rays, that some flares

are clearly associated with orbital motion of matter around the central mass. Despite our very

detailed view of the central region, and many years of observations, it should have been clear

from the discussion in the last chapter that even if we known many things about Sgr A∗ and its

environment, there are as many if not more facets of this system that we have yet to uncover.

With the INTEGRAL observatory, I was fortunate to be the first to see with my own eyes,

images in soft γ-rays of the emission emerging from the nuclear region. We had to wait for the

combination of sensitivity and angular resolution at energies above 20 keV offered by the ISGRI

detector mounted in the IBIS imager in order to finally detect high energy emission that we can

decisively associate with the central parsecs of the Galaxy. A thorough analysis of these data led

to the conclusion that the INTEGRALGC source, IGR J17456–2901, is extended but relatively

small in comparison with the point spread function of the IBIS instrument. These results were

presented in chapter 5.

Finally, the discussion of chapter 6 ended with a series of arguments based on a preliminary

investigation of links between the SNR Sgr A East and the hard emission above 20 keV. This

possibility appears promising, and I am actively pursuing this. Moreover, the indication that

IBIS/ISGRI is imaging the energetic emission from extended sources like the molecular clouds

near the GC is also very intriguing and interesting. This analysis will require the development

of different methods than the standard ones, which are optimised for point sources, and will

therefore be done over several months, given the time necessary for software development, as

well as the enormous quantity of data to process. The results will surely bring our understanding

of the region, and of interstellar interactions in general, to a higher level.

Many of the next generation of space obervatories will be composed of two or more satellites

in formation. This is the natural progression towards finer angular resolution and also higher

energies, as far as grasing incidence focussing telescopes are concerned. Philippe Ferrando of

the Service d’Astrophysique (SAp) and Astroparticule et Cosmology (APC) laboratory, has put

forward and led the project of an X-ray/soft γ-ray telescope in formation as the first of its kind

for the French Space Agency (CNES). This observatory will have two detector planes: one very

similar to those used in the MOS cameras on XMM-Newton for energies up to ∼10 keV, and

another, new type of detector developed at the SAp by Olivier Limousin, Bob Dirks and other

CEA collaborators, using CdTe, as in the ISGRI γ-camera, or a similar semi-conductor, CdZnTe.

The second layer, sensitive to much higher energies, combined with the long focal length and

grazing incidence mirrors similar to those of XMM-Newton, would provide an instrument with

an angular resolution of ∼5′′ and a sensitivity comparable to that of XMM-Newton up to roughly

80 keV.

Simbol-X (Ferrando et al. 2005) will undoubtably bring about a revolution in X-ray and

soft γ-ray astronomy. It will, for instance, be able to simultaneously resolve the X-ray emitting

components in the GC as well as clearly disentangle those whose contribution is primarily
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thermal from those that give rise to hard, non-thermal emission: exactly what is required to

resolve the mystery linked to the nature of IGR J17456–2901 and of its relation to Sgr A East.

Observations of Sgr A∗ with Simbol-X will allow a full characterisation of the spectral distribution

of the emission during flares detected in X-rays, into ISGRI’s energy range. Moreover, it will

be the first instrument with imaging and spectral capabilitites of current X-ray observatories,

extending to ∼80 keV without significant decrease in sensitivity. We will also, finally, be able

to probe and study this infamous region in the spectrum between 10 and 20 keV, where the

transition from thermal to non-thermal emission occurs, and where the overall X-ray emisison

appears to be dominated at 90% by diffuse emission below 10 keV, to the exact opposite at

energies above 20 keV.

At much higher energies, the HESS cerenkov array has largely proven its high sensitivity and

unequalled angular resolution at energies in the range between ∼100 GeV and 10 TeV. The first

striking discovery by the HESS collaboration in relation to the topics discussed in this thesis, was

the detection of TeV γ-rays from what appears to be a point source located within 30′′ of Sgr A∗.

The second, was the very recent detection of extended emission from the central molecular zone

and tracing the distribution of molecular matter over the bulk of this region. This is the clear

signature of hadronic interactions in the giant molecular clouds, and thus indirectly, of the

presence of a relatively young accelerator. My investigation of the link between Sgr A East and

IGR J17456–2901 is obviously intimately related to the HESS results whose details are essential

for a complete understanding of the nature of this high energy emission. The second phase of

HESS will bring an additional cerenkov detector dish with a 27 m diameter, thereby lowering

the energy threshold of the high energy spectroscopic system to ∼20 GeV.

We now have the ability to resolve and image sources of very high energy radiation like never

before. Although it is tempting to the write the so-very-common phrase we have entered a new

era in astrophysics, I will abstain from it, despite the fact that I sincerely consider this to be the

case, because I know this to be true for everyone who has worked with new instruments, seen

what no one had seen before, and glimpsed and understood what few ever will. I am in no way

different, but nonetheless feel deeply fortunate to be engaged in such passionately interesting

research.

A wide open sky, pale grey.

The shimmering of a thousand leaves, soaring, free.

The ground, covered in a million shades of rust.
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M. Tluczykont, G. Vasileiadis, C. Venter, P. Vincent, B. Visser, H. J. Völk, and
S. J. Wagner (2005a, March). Very high energy gamma rays from the composite
SNR G0.9+0.1. A&A 432, L25–L29.

Aharonian, F., A. G. Akhperjanian, K.-M. Aye, A. R. Bazer-Bachi, M. Beilicke,
W. Benbow, D. Berge, P. Berghaus, K. Bernlöhr, C. Boisson, O. Bolz, C. Borgmeier,
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M. Rouger, A. Sauvageon, and T. Tourrette (2003, November). ISGRI: The INTE-
GRAL Soft Gamma-Ray Imager. A&A 411, L141–L148.

Lebrun, F., R. Terrier, A. Bazzano, G. Bélanger, A. Bird, L. Bouchet, A. Dean, M. Del
Santo, A. Goldwurm, N. Lund, H. Morand, A. Parmar, J. Paul, J.-P. Roques,
V. Schönfelder, A. W. Strong, P. Ubertini, R. Walter, and C. Winkler (2004, March).
Compact sources as the origin of the soft γ-ray emission of the Milky Way. Nat 428,
293–296.

Lee, S. (2005). Structure and Dynamics at the Central 10 Parsecs of the Galaxy. Ph.
D. thesis, Seoul National University.

Limousin, O. (2001). Qualification model of the space ISGRI CdTe gamma-ray camera.
Nucl. Instrum. Methods Phys. Res., Sect. A 471, 174–178.

Liszt, H. S. and W. B. Burton (1980, March). The gas distribution in the central region
of the Galaxy. III - A barlike model of the inner-Galaxy gas based on improved H
I data. ApJ 236, 779–797.



158 Bibliography

Liu, S. and F. Melia (2001, November). New Constraints on the Nature of Radio Emis-
sion in Sagittarius A*. ApJ 561, L77–L80.

Liu, S. and F. Melia (2002, February). An Accretion-induced X-Ray Flare in Sagittar-
ius A*. ApJ 566, 77–80.

Liu, S., F. Melia, and V. Petrosian (2006). Stochastic electron acceleration during the
near-infrared and X-ray flares in Sagittarius A*. ApJ 636, 798–803.

Liu, S., V. Petrosian, and F. Melia (2004, August). Electron Acceleration around the
Supermassive Black Hole at the Galactic Center. ApJ 611, L101–L104.

Lund, N., C. Budtz-Jørgensen, N. J. Westergaard, S. Brandt, I. L. Rasmussen, A. Horn-
strup, C. A. Oxborrow, J. Chenevez, P. A. Jensen, S. Laursen, K. H. Andersen, P. B.
Mogensen, I. Rasmussen, K. Omø, S. M. Pedersen, J. Polny, H. Andersson, T. An-
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Appendix A

Repeated X-ray Flaring in Sgr A∗

Here is presented the paper in which are described the result of the long XMM-Newton
observation of the GC carried out in 2004 during the multiwavelength campaing aiming
to study correlated flux variability in the central black hole.
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ABSTRACT

Investigating the spectral and temporal characteristics of the X-rays coming from Sagittarius A! (Sgr A!) is es-
sential to our development of a more complete understanding of the emission mechanisms in this supermassive black
hole located at the center of our Galaxy. Several X-ray flares with varying durations and spectral features have already
been observed from this object. Here we present the results of two long XMM-Newton observations of the Galactic
nucleus carried out in 2004, for a total exposure time of nearly 500 ks. During these observations we detected two
flares from Sgr A! with peak 2–10 keV luminosities about 40 times (LX " 9 ; 1034 ergs s#1) above the quiescent
luminosity: one on 2004March 31 and another on 2004 August 31. The total duration of the first flare was about 4 ks.
The second, simultaneously detected in the near-IR, lasted about 10 ks. The combined fit to the EPIC spectra yields
photon indices of about 1.5 and 1.9 for the first and second flares, respectively. This hard photon index strongly
suggests the presence of an important population of nonthermal electrons during the event and supports the view that
the majority of flaring events tend to be hard and not very luminous.

Subject headinggs: black hole physics — Galaxy: center — Galaxy: nucleus — stars: neutron — X-rays: binaries —
X-rays: general

1. INTRODUCTION

Sagittarius A!, the black hole at the Galactic center, is a source
of fascination and curiosity for many in the astrophysical com-
munity. There are several reasons for this, including the fact that
Sgr A! provides us with the most compelling evidence to date for
the existence of supermassive black holes in the universe and is
the closest such object (Schödel et al. 2003; Ghez et al. 2003). Its
relative proximity allows us to investigate Sgr A!’s radiative char-
acteristics, as well as those of its nearby environment, with great
detail and excellent spatial and spectral resolution in all of the
accessible wave bands. In addition, unlike more typical active
and bright galactic nuclei, Sgr A! is very dim and shines at less
than 10#9 (Melia & Falcke 2001) times the Eddington luminos-
ity for an object of its mass, now thought to beM $ 3:4 ; 106 M%
(Schödel et al. 2003). This faintness is itself intriguing and raises
many more questions about the conditions that exist in the en-
vironment surrounding the massive black hole.

And yet, this faintness may actually be a blessing in dis-
guise for probing the innermost regions of this object, for it
points to an optically thin envelope that is almost transparent to
high-energy IR and X-ray photons produced during transient
events manifested within a mere handful of Schwarzschild radii
(rS & 2GM /c2, or roughly 9 ; 1011 cm) of the event horizon.
Thus, the Galactic center’s supermassive black hole provides a
wonderful laboratory for the study of accretion and related phe-

nomena, including the formation and evolution of accretion disks,
the causes and effects of magnetic reconnection, the emission
characteristics from the acceleration of charged particles in the
strong magnetic and gravitational fields, the relationship between
radiation at different wavelengths, and the processes that give rise
to these (see Melia & Falcke 2001 for a review).

In early 2001, the Chandra X-Ray Observatory detected what
we now consider to be the first X-ray counterpart (Baganoff et al.
2003) to the radio source SgrA!. The quiescent state of this source
was characterized by a power-lawphoton index! ' 2:7(1:3

#0:9 and a
derived 2–10 keV luminosity of LX ' (2:2) 0:4) ; 1033 ergs s#1.
It is thought that the same population of electrons that produces
the synchrotron peak at submillimeter wavelengths give rise to
this quiescent component through synchrotron self-Compton (SSC)
(Liu & Melia 2001; Markoff et al. 2001).

In the fall of the same year, Chandra detected the first X-ray
flare from this source (Baganoff et al. 2001). This flare lasted
about 10 ks, had a harder photon index of ! ' 1:3) 0:6, and
reached a peak luminosity of LX ' (1:0) 0:1) ; 1035 ergs s#1

(or a factor of 45 above the quiescent level). To this day, two
additional bright flares from the direction of Sgr A!, with varying
timescales and spectral features, have been detected and reported.
Goldwurm et al. (2003) reported the detection of the rising portion
of a flare from Sgr A! over some 900 s. They found a flare photon
index of ! ' 0:7) 0:6, compatible with the Chandra flare pho-
ton index within the errors, and they derived a peak luminosity
of LX ' (5:4) 1:0) ; 1034 ergs s#1 (a factor of 25 above quies-
cence). The most recent report of a flare from Sgr A! is that pre-
sented by Porquet et al. (2003). This flare was quite different from
the two previous events, for it lasted roughly 2.7 ks, had a soft
spectral index (! ' 2:5) 0:3), and reached a surprisingly high
peak 2–10 keV luminosity of LX ' (3:6) 0:4) ; 1035 ergs s#1.
This corresponds to an unprecedented factor of 160 above the
source’s quiescent luminosity.

X-ray flaring activity in Sgr A! could be induced by a sudden
enhancement of accretion (Liu & Melia 2002), from a swift ac-
celeration of electrons in a magnetic flare near the black hole (Liu
et al. 2004), within a jet (Markoff et al. 2001), or perhaps through
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some other nonthermal process within a radiatively inefficient
accretion flow (Yuan et al. 2003, 2004). Furthermore, short-
timescale X-ray and IR flares could be much more difficult to
detect if the luminosity of Sgr A! were even slightly larger, in
which case the thermal SSC emission would possibly dominate
over the nonthermal emission (Yuan et al. 2004). The recent de-
tection of Sgr A! in the near-IR band in both the quiescent and
flaring states (Genzel et al. 2003) and the more recent detection
of a correlated increase in near-IR and X-ray flux (Eckart et al.
2004) provide further important constraints on building a com-
prehensivemodel of this source. Although relatively few instances
of detected flares from Sgr A! have been reported, there appears
to be two ‘‘types’’ of flares—the soft and hard—and amodel that
can naturally explain both of these types of events is presented in
Liu et al. (2004).

We here present the results of two long XMM-Newton obser-
vations of Sgr A! and the Galactic center in which we detected
two flares that rose to a factor of 40 above the quiescent luminos-
ity from the direction of the central black hole, and several other,
less significant events that could also be coming from Sgr A!.
Both of these observations were conducted concurrently with
INTEGRAL in order to investigate possible links in the manifes-
tation of a sudden enhanced accretion, magnetic reconnection,
or other type of event in the hard X-ray (2–12 keV) and soft
gamma-ray (20–120 keV) domains. Furthermore, a set of other
observations of Sgr A! covering the radio, submillimeter, and
infrared frequencies, coordinated with the 2004 XMM-Newton
large project, were also planned and partly performed, and two
new transient radio sourceswere discoveredwith theVLA (Bower
et al. 2005). The results from the INTEGRAL observations are re-
ported in Bélanger et al. (2005), and those from the overall multi-
wavelength campaign in Yusef-Zadeh et al. (2005). The two main
flares, which we refer to as the factor-40 flares hereafter, occurred
on timescales between4000 and 10,000 s, and have similar spectral
characteristics. These may be added to the statistics of detected
flares from Sgr A! and add weight to the interpretation that there
are indeed two types of flares, bright and soft or not so bright and
hard, and that the majority of these events are of the latter kind. A
larger sample of such events is essential for constructing a more
robust classification—and thus identification—of the causes for
this flaring activity in Sgr A!. Furthermore, a brightening of the
region around SgrA! by a factor of"2 in the 2–10 keV bandwith
respect to all previous XMM-Newton observations of the Galac-
tic center is evident in both data sets. The astrometry-corrected
fitted centroid of this emission coincides with the position of a
bright transient lying about 300 south of Sgr A! and discovered by
Chandra in the summer of 2004 (Muno et al. 2005a). Here we
only briefly comment on the emission characteristics of this new
source, CXOGC J174540.0#290031, during the XMM-Newton
observations and refer the interested reader to Porquet et al. (2005)
and Muno et al. (2005b) for further details.

The structure of this paper is as follows: In x 2 we describe the
observations and the analysis methods used to reduce the data. In
x 3 we present the results of the analysis, and in x 4 we discuss
their possible implications and interpretations.

2. OBSERVATIONS AND METHODS OF ANALYSIS

The XMM-Newton satellite observed the Galactic center as
part of a large project during revolutions 788 and 789, between
2004March 28 and April 1, and then during revolutions 866 and
867, between 2004 August 31 and September 2, for a total ex-
posure time of "490 ks, during which the EPIC MOS and pn
cameras were in Prime Full Window and Prime Full Window
Extended modes, respectively, during epoch 1, and in Prime Full

Window during epoch 2. The log of the observations is presented
in Table 1. We use epoch 1 to refer to the observation period
spanning ObsIDs 788 and 789, and epoch 2 for the one spanning
ObsIDs 866 and 867.
We generated event lists for the MOS1, MOS2, and pn cam-

eras using the emchain and epchain tasks of the XMM-Newton
Science Analysis System (SAS; ver. 6.1.0). These were subse-
quently filtered and used to construct images in two energy bands:
0.5–2 keV and 2–10 keV. The filter on the event pattern in im-
aging mode (PATTERN<=12 for MOS and PATTERN<=4 for pn)
ensures that only events created byX-rays and free of cosmic-ray
contamination are selected. Artifacts from the calibrated and con-
catenated data sets, as well as events near CCD gaps or bad pixels,
are rejected by setting FLAG==0 as a selection criterion. A fur-
ther selection on themaximum count rate in the 10–12 keVrange
(18 counts s#1) for MOS and 12–14 keV range (22 counts s#1)
for pn was applied to exclude all periods of increased charged
particle flaring activity. This stringent selection criterion was only
applied to the image construction.
The heavy absorption in the direction of the Galactic center

prevents photons from this region having energies below 1.5–
2 keV from reaching us. For this reason, we used the 0.5–2 keV
images of foreground stars to identify counterparts for astrome-
tric corrections, and the 2–10 keV image to determine the flare
centroid.

2.1. Astrometry

We identified three Tycho-2 and two Chandra sources with
positional uncertainties of 0B025 and 0B16, respectively.8 Of these
calibration sources, three were in the central MOS CCD and two
just outside of it. This is an essential point in the astrometric
corrections because the positional uncertainty of one MOS CCD
relative to another is"1B5 and this therefore determines the min-
imum systematic positional uncertainty over the whole field of
view. However, if we have at least three calibration sources in the
central CCD, then we can reduce this systematic uncertainty for
sources in that CCD.
The astrometric correction was done by first running

edetect_chain using the 0.5–2 keV images to get a list of the
detected sources with their fitted position and associated statisti-
cal uncertainty. Then, using eposcorr, which optimizes the cor-
relation between the positions of the calibration sources and their
X-ray counterparts, allowing for a displacement in right ascen-
sion and declination as well as rotation, we found the boresight
corrections for the three EPIC instruments. The MOS cameras
have smaller pixels and therefore a finer angular resolution than
the pn instrument. We therefore used the MOS images for our

TABLE 1

Observation Log

ObsID

Start Time

(UT)

End Time

(UT)

Duration

(UT)

788............ 2004 Mar 28, 14:57:08 2004 Mar 30, 04:44:00 112.6

789............ 2004 Mar 30, 14:46:36 2004 Apr 01, 04:35:49 123.4

866............ 2004 Aug 31, 03:12:01 2004 Sep 01, 16:45:58 130.1

867............ 2004 Sep 02, 03:01:39 2004 Sep 03, 16:35:35 131.4

8 The astrometric sources are Tycho-2 6840-20-1, 6840-666-1, and 6840-
590-1, and CXOGC J174545.2#285828 and CXOGC J174607.5#285951.
Tycho-2 positions were taken from http://www.astro.ku.dk /~cf /CD/data /catalog
.dat, and astrometric precision from Hog et al. (2000). Chandra positions are from
Muno et al. (2003), and errors are from Baganoff et al. (2003).
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astrometric study of the observations during which the flares
occurred, namely, ObsIDs 789 and 866. The results of this study
are listed in Table 2, where we give the offsets and rms dispersion
in the positions of the astrometric sources with respect to their
reference positions before and after correction.

Although we performed this procedure for each individual
camera as well as for the merged MOS event list, we used the
MOS2 results for our analysis of the first flare (ObsID 789) and
theMOS1 for the analysis of the second (ObsID 866), since these
had the smallest dispersion after boresight corrections. We found
that the merged MOS image systematically yielded smaller off-
sets in both coordinates and that the rms dispersion remained in
the range 0B9–1B2 before and after boresight corrections were ap-
plied. This behavior is expected since the astrometric precision
that is derived from calibrations and that relies on the knowledge
of the position of one camera with respect to the other is stated
as 1B2 (Kirsch 2005). So even though we can generally expect
smaller offsets and dispersions before corrections when using the
merged MOS image, as this naturally averages the astrometry of
both MOS cameras, the minimum dispersion after corrections
will always be around 1B2. Unusually large dispersions can be
caused by the ‘‘splitting’’ of one ormore of the astrometric sources
by a column of bad pixels, as was seen in MOS2 during ObsID
866.Astrometric correctionsmaximize our ability to locate sources
and to distinguish a flaring source from its closest known neigh-
bor, as is our intention here.

We found that the change in position due to corrections of up
to 2B7 in a given coordinate has negligible effects on the light
curve and spectra that are constructed by integrating over a 1000

radius around the source. This is primarily due to the shape of the
instrument point-spread function, which is characterized by a very
narrow peak and broad wings. As long as the peak is included
in the extraction region, variations due to a shifted centroid are
completely negligible. Each individual event list is treated sep-
arately to ensure proper good-time-interval corrections.

2.2. Light Curve Construction

The source extraction region is defined as a circular area
of radius 1000 centered on Sgr A!’s radio position: R:A: "
17h45m40:s0383, decl: " #29$00028B069 (J2000.0; Yusef-Zadeh
et al. 1999). The light curves for each observationweremade from
the event files of the EPIC instruments—MOS1, MOS2, and pn—
using the times of the first and last events overall to determine the
bounds used to define the temporal bins. We constructed a rate
set for each event file, calculated the effective bin time defined as
the sum of the good time intervals (GTIs) within a bin, applied
the GTI corrections by multiplying each rate by the ratio of nom-
inal bin time to effective bin time, and finally summed these cor-
rected rates for all temporally coincident bins.

To correct for background fluctuations even though they are
generally assumed to be negligible on a source extraction zone
as small as 1000, we extracted a background light curve from an
annular region with inner and outer radii of 1000 and 50000 around
Sgr A!. These background rates were also GTI-corrected and
then rescaled to the area of the source extraction zone before be-
ing subtracted from the source rates. (Themaximum background
count rate we found for any given bin was of the order of 10% of
the source count rate.)

This procedure yielded the background-subtracted, GTI-
corrected light curves. The GTI correction was particularly im-
portant for the data of ObsID 789, during which high levels of
background solar flare particles caused the saturation of buffers
and thus the loss of data in the pn camera by switching it to count-
ing mode for short time periods and so generating several short
GTIs. In such instances, the count rate must be estimated on lon-
ger timescales, and thus we used larger binning.

For all light curves, we excluded the bins that correspond to
time periods that do not have simultaneous coverage by all three
instruments and those with very high count rates seen in only one
of the instruments; these are identified by looking at the ratio of
the MOS to pn count rates. All light curves presented in this pa-
per are combined EPIC light curves (MOS1+MOS2+pn).

2.3. Spectral Extraction

The source and background spectra for each flare were ex-
tracted over a circular region with a radius of 1000 centered on
Sgr A!, and in each case, the backgrounds were integrated over
about 50 ks during ‘‘quiescent’’ periods—excluding flares and
eclipses—as done by Goldwurm et al. (2003) and Porquet et al.
(2003). This ensures that the spectrum is composed almost en-
tirely of flare photons, such that the contribution from the under-
lying nearby emission is negligible. The timewindows overwhich
each flare spectrum was extracted were optimized for maximum
signal-to-noise ratio and are [197161000:197163000] for the 2004
March 31 event and [210335000:210337500] for the 2004August
31 flare, given as XMM-Newton time in units of seconds (see
Figs. 4 and 6). These intervals correspond to 2000 and 2500 s,
respectively, and do not cover the entire event.

Since the source photons represent between about 35% and
50% of the total counts and since these are in all cases quite low
in number, we used theC-statistic (Cash 1979) to fit and derive the
model parameters. In the context of this statistic, the source spec-
tra do not have to be rebinned. However, the method requires a
moderately well defined background with at least 5–8 counts per
bin, and we therefore grouped these using grppha such that each
bin contains a minimum of 10 counts. To ensure coherence be-
tween the source and background spectra, we applied exactly the
same grouping to the source spectra. Regrouping in larger bins,
with 20 counts per bin for example, gives parameter values that are
statistically consistent with the ones derived from the ungrouped
data set.

The redistribution and ancillary response matrices were gen-
erated for each source spectrum using the rmfgen and arfgen
SAS tasks.

3. RESULTS

Figures 1 and 2 show the epoch 1 and epoch 2 light curves,
respectively. Two large flares and a few smaller ones are apparent
in the second portion of Figure 1 and the first portion of Figure 2.
More detailed views of the flaring periods are shown in Figures 4
and 6.

During epoch 1 the flaring activity occurs toward the end the
observation, where a large event is preceded by two smaller ones.

TABLE 2

Astrometric Corrections

Parameter ObsID 789 ObsID 866

R.A. offset ....................................... #2.67 % 0.60 #0.88 % 0.61

Decl. offset ...................................... #0.35 % 0.56 #0.35 % 0.46

Rotation........................................... #0.20 % 0.30 #0.05 % 0.25

rms before correction...................... 3.22 1.40

rms after correction......................... 0.59 0.88

Note.—All quantities are given in arcseconds. The column ObsID 789 lists
the parameter values for MOS2, and the column ObsID 866 lists those for
MOS1. No significant rotational offset was detected in either case, and therefore
none was applied in the analysis.
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In epoch 2 the large flare and its precursor occur near the start of
the first observation. In the latter, themain event is closely followed
by a small peak and another statistically significant flare closer to
the end of ObsID 866 (marked by an arrow in Fig. 2). Two small
peaks at the very end of the same observation have significances
just above 3 !. In addition, there is a distinct periodic eclipse
clearly seen over more than four complete cycles in the course
of ObsID 866 and also present in ObsID 867, even though it is
not as evident.

In the next section, we present a detailed survey of the results
obtained for the most significant flares, followed by an analysis
of the temporal characteristics of the light curves. We show that
the two factor-40 flares are coming from the direction of Sgr A!

and not from the transient binary system CXOGC J174540.0"
290031, to which the eclipses can be attributed (see Porquet et al.
2005).

3.1. Flare Analysis

The position of the flaring source was determined by running
edetect_chain on an image of the central region constructed
by selecting events in a temporal window corresponding to the
duration of the flare and applying the astrometric corrections to
the fitted position of the most significant detection. The resulting
flaring source position for the 2004March 31 event was found to
be R:A: # 17h45m40:s08, decl: # "29$00028B48 (J2000.0) with
an uncertainty in the position of 1B12, calculated by combining
the statistical uncertainty on the fitted position (0B44), the bore-
sight correction (0B82), and the rms dispersion in the astrometric
sources after correction (0B62). This position is at 0B66 from the
radio position of Sgr A! and 2B58 from the new transient CXOGC
J174540.0"290031, the closest knownX-ray source to the central
black hole. This permits us to unambiguously associate the flar-
ing source with Sgr A!.

For the 2004 August 31 flare, the position of the flaring source
was found to be R:A: # 17h45m40:s14, decl: # "29$00028B40
(J2000.0) with a positional uncertainty of 1B31. This is 0B52 from
Sgr A! and 2B98 from CXOGC J174540.0"290031; therefore
the association of this flaring source with the central black hole is
once again unambiguous. This event was simultaneously detected
by theHubble Space Telescope at near-IRwavelengths (seeYusef-
Zadeh et al. 2005 for further details). The centroid of the 2–
10 keV emission in the nonflare period of ObsID 866 is located
just 0B71 fromCXOGCJ174540.0"290031 but 2B38 fromSgrA!.
This strongly suggests that this source does indeed contribute a
large portion of the X-ray flux in this band, but that it is without a
doubt not the flaring source.

As an example, we show in the left-hand panel of Figure 3
an image of the Galactic center during the August 31 flare com-
posed of events selected from the same temporal window as the
one used to build the flare spectrum (see Fig. 6). In black, the po-
sition of SgrA! is crossed and labeled, that of CXOGCJ174540.0"
290031 is simply marked by a cross for clarity, and the circles
show the uncertainty on the position after boresight corrections.
In green, the cross marks the fitted position of the brightest source
detected in the flare image, and the circles indicate the 68% and
90% confidence regions derived by combining the statistical error
on the fit (0B60), the error from the boresight correction (0B77),
and the rms (0B88) that we take as a systematic uncertainty. In the
right-hand panel, we see the nonflare image of the same region
constructed by selecting all event used to build the background
spectrum. The labeling scheme is the same as in the left panel.
Each pixel is 1B1 in size, matching the sky projected size of the
camera’s physical pixels. Awavelet filter was applied to smooth
the image for presentation purposes only.
It is evident that the centroid of the emission during the flare is

significantly shifted toward Sgr A! and that the transient source
CXOGCJ174540.0"290031 can be excluded as theflaring source
at the 90% confidence level. In the nonflare period, the emission is
very closely centered on the transient binary—the central black
hole’s closest known, hard X-ray emitting neighbor—and in this
case, Sgr A! can be excluded at more than the 90% confidence
level as the source of this emission. The error circles on the fitted
centroid of the nonflare image are smaller because the statistical
uncertainty on the fit is 0B22 compared with 0B60 for the flaring
source. Combining this value with the same boresight correction
uncertainty and rms as was used in the analysis of the flare image
yields a total uncertainty of 1B19.
The first flaring period occurred on 2004 March 31 (Fig. 4)

and contains one of the two factor-40 flares detected over the
course of all four pointings, preceded by two smaller ones. The
most prominent flare took place around 23:05 and peaked at
0.76 counts s"1, estimated on the basis of 500 s time bins. This
event lasted%2.5 ks from rise to fall. The pn (black),MOS1(red),
and MOS2 (green) spectra for this flare are shown in Figure 5.
We fitted each spectrum individually and also simultaneously.

The low statistics limit the reliability of the MOS results, and for
this reason we present the best-fit parameters for the pn data, as
well as for the combined data set, in Table 3. Three models were
tested: absorbed power law, blackbody, and bremsstrahlung. All
give satisfactory fits. We used the pegpwrlw model in XSPEC
version 11.3.1, in which the total unabsorbed flux over the range

Fig. 1.—Light curve in the 2–10 keV energy range for a circular region of
radius 1000 centered on Sgr A! binned in 500 s intervals for the epoch 1 obser-
vations. MJD 53,092 corresponds to 2004 March 28.

Fig. 2.—Light curve in the 2–10 keVrange for a circular region of radius 1000

centered on Sgr A! binned in 500 s intervals for the epoch 2 observations. The
arrow marks an isolated peak with statistical significance of about 5 !. MJD
53,248 corresponds to 2004 August 31.
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of the fit is used as the normalization. This allows the photon
index and normalization to be fit as independent parameters in
the model, and allows us to derive the uncertainty on the flux
directly from this normalization.

For the pegged power-law model, the best-fit values of the
combined data set are a photon index of ! ! 1:5" 0:5 with a
column density of NH ! (8:3" 2:5) ; 1022 cm#2. The average
unabsorbed flux during the flare was found to be (6:35" 0:45) ;
10#12 ergs cm#2 s#1. Since the count rate at the peak is about
twice the average, we estimate that the maximum flux is also
about twice the average and so that the peak 2–10 keV luminos-
ity is around 1035 ergs s#1 at a distance of 8 kpc, a factor of 45
above quiescence.9

The blackbodywas best fit with a temperature of 1:9" 0:3 keV
and absorbing column of (4:1" 1:7) ; 1022 cm#2. Finally, fit-
ting a bremsstrahlung model resulted in an absorption column of

(7:8" 1:9) ; 1022 cm#2—similar to that of the power law—and
a temperature around 35 keV. The error range on the temperature,
however, is huge and therefore not constraining at all. The large
upper bounds in the error of the bremsstrahlung temperature
probably reflect the fact that there is no statistically significant
break in the spectrum. The best-fit parameter values, fluxes, and
luminosities for the power-law and blackbody models are given
in Table 3.

The respective occurrence times, peaks, and durations of the
two small flares that preceded it are 17:59, 0:51" 0:04 counts s#1

($5 !), and 1500 s for the first, and 19:48, 0:45" 0:04 counts s#1

($4 !), and 1000 s for the second. These two events are marked
by green arrows in Figure 4. Unfortunately, the short duration
and lower signal-to-noise ratio of these events prevent us from
doing their spectral analysis.

The secondmajor flare was on 2004August 31 and is shown in
detail in Figure 6. The large flare is preceded very closely by what

Fig. 3.—Left: Smoothed MOS2 image of the August 31 flare with an exposure time of 2000 s. Right: Average nonflare image with an exposure of about 50 ks. The
boresight-corrected position of Sgr A% is labeled, and that of CXOGC J174540.0#290031 is marked by a cross. The black circles indicate the 1 ! uncertainty on the
position due to the astrometric correction. The green cross and circles mark the fitted emission centroid and the associated uncertainty at the 68% and 90% confidence
levels.

Fig. 4.—Zoom on the flare of 2004 March 31 with time bins of 500 s where
the first factor-40 flare occurred. Its significance is about 10 !. The red lines
delineate the time window used in the spectral extraction. Two other smaller
flares are marked by the green arrows and have significances of about 5 and 4 !,
respectively. MJD 53,092 corresponds to 2004 March 28.

Fig. 5.—EPIC spectra during the Sgr A% flare of 2004 March 31. The spectra
are shown with the best-fit absorbed power-law model and the corresponding
residuals. The fit is done in the range 2–10 keV. The pn spectrum is shown in
black, and the MOS1 and MOS2 spectra are in red and green, respectively.

9 We refer to both events as factor-40 flares for simplicity.

REPEATED X-RAY FLARING ACTIVITY IN SGR A% 1099No. 2, 2005



Appendix A: Repeated X-ray Flaring in Sgr A∗ 171

TABLE 3

Spectral Characteristics of X-Ray Flares

Power Law Blackbody

Date Instr.
NH

(1022 cm!2) !
FX(2–10)

(10!12 ergs cm!2 s!1)

LX(2–10)

(1034 ergs s!1) C/ bins

NH

(1022 cm!2)

kT

( keV)

Norm

(10!5)

FX(2–10)

(10!12 ergs cm!2 s!1)

LX(2–10)

(1034 ergs s!1) C/ bins

Mar 31.............. pn 8:0"3:3
!2:8 1:7"0:6

!0:6 4:0"0:4
!0:9 5:1"0:3

!0:7 689/740 3:4"2:3
!1:9 1:9"0:5

!0:3 7:4"1:6
!1:2 4:0"1:2

!1:6 3:6"0:7
!1:4 691/740

All 8:3"2:5
!2:1 1:5"0:5

!0:4 4:0"0:3
!0:4 4:9"0:9

!0:7 883/936 4:1"1:7
!1:5 1:9"0:2

!0:3 7:4"1:6
!0:8 3:8"0:7

!0:9 4:6"0:5
!0:9 886/936

Aug 31 ............. pn 10:0"3:4
!2:5 1:3"0:5

!0:5 2:7"0:2
!0:4 3:4"0:8

!0:5 883/731 6:5"2:3
!1:7 2:1"0:4

!0:3 5:9"1:5
!0:8 2:6"0:5

!0:9 2:6"0:4
!0:8 883/731

All 12:5"3:4
!2:8 1:9"0:5

!0:5 2:7"0:2
!0:4 4:3"1:2

!0:8 1082/913 7:1"2:3
!2:1 1:8"0:3

!0:2 5:7"0:9
!0:5 2:6"0:4

!0:4 2:9"0:3
!0:7 1086/913

Notes.—Errors on fitted parameters correspond to the 68% confidence interval. Flux density for the power-lawmodel is normalized over the range from 2 to 10 keVand corresponds to the total unabsorbed flux in this range.
The listed flux values are absorbed with the associated column density, and the luminosity is calculated using the power-law normalization and is derived for a distance of 8 kpc to the Galactic center. In the blackbody model,
the normalization corresponds to the dimensionless ratio of the luminosity in units of 1039 ergs s!1 to the distance in units of (10 kpc)2. The instrument column refers to the instrument whose data was used in the fit; ‘‘All’’ refers
to the combination of pn, MOS1, and MOS2. ‘‘C/ bins’’ refers to the value of the C-statistic over the number of bins used.
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we will call a double-peaked precursor that lasted about the same
length of time as the flare itself. Furthermore, we see a !30%
change in flux over about 900 s or 15 minutes between the two
peaks of the precursor that constrains the emitting region to less
than 2AU at a distance of 8 kpc. The first peak of the precursor oc-
curred at around 9:00, and the flare that followed rose to its max-
imum at about 11:05 with a count rate of 0:62" 0:03 counts s#1

for 500 s bins. Both the precursor and the flare lasted !5000 s,
and so the whole flaring period had a duration of about 10,000 s
from rise to fall. The narrow peak following the flare occurred
at 13:01, and the last flare (marked by an arrow in Fig. 2) oc-
curred the next day, 2004 September 1, at 6:48. Figure 7 shows
the pn (black), MOS1 (red ), MOS2 (green) spectra of the flaring
event with the best-fit absorbed power-law model and residuals.

This flare was modeled in the same way as was done for the
March 31 flare, and the detailed spectral fitting results are listed
in Table 3. The combined spectrum was best fit with an absorbed
power law of photon index ! $ 1:9" 0:5 and column density
NH $ (12:5" 3:4) ; 1022 cm#2. For the blackbody model, the
temperature was 1.8 keVand the absorbing column density was
(7:1" 2:3) ; 1022 cm#2. The bremsstrahlung columndensitywas
found to be 11:3" 2:5with a temperature around 15keV, but once
again the error range is so large that this value cannot be con-
strained. The low statistics severely limit our ability to detect spec-
tral variations during the flares. The average 2–10 keV luminosity
of this flare is around 4:3 ; 1034 ergs s#1 (see Table 3), and as in
the case of theMarch 31 flare, we estimate the peak luminosity to
be about twice the average and thus that it reached a maximum
intensity around 40 times the quiescent luminosity of Sgr A%.

A summary of the basic temporal features of the two factor-40
flares are given in Table 4. This includes the start, peak, and end
times of the flares given in UTC and XMM-Newton time in sec-
onds to facilitate reference to the data. We also listed the peak
count rate and the deviation from the mean in units of sigma.

3.2. Timing Analysis

The cyclical decrease in flux observed during ObsID 866 (first
portion of Fig. 2) occurs with a period of about 8 hr and is most
probably due to an eclipse in the binary systemCXOGCJ174540.0#
290031. A complete analysis of the XMM-Newton observations
of this transient source is presented by Porquet et al. (2005), and
the results of the Chandra observations are given by Muno et al.
(2005b).

A spectral density analysis of the X-ray data from Sgr A%was
performed, and since XMM-Newton’s spatial resolution severely
limits our ability to distinguish the quiescent emission of Sgr A%

from that of its surroundings, temporal structures in the X-ray
emission detected by XMM-Newton from the Galactic center can
only be attributed to Sgr A%with confidence if seen during a flare,
when the flux rises substantially above the quiescent emission.
Therefore, periodic features seen in the base level of the light curve
cannot readily be attributed to Sgr A%. Furthermore, a period de-
tected during a flare can only be confidently attributed to Sgr A%

if it is not present in the rest of the light curve.
Since the range of frequencies and resolution in a periodogram

are primarily functions of the total length of the observation and
sampling or bin time, only the second of the two factor-40 flares
allowed us to perform a meaningful search for periodic modu-
lations. This event lasted about 10 ks, including the precursor.
This is about 4 times longer than the first.

The first analysis revealed a periodic structure that could be
significant, but the proper treatment of the signal that includes
white and possibly a component of red noise requires a detailed
analysis that is quite complex and that we have begun but will
present elsewhere upon completion.

4. DISCUSSION AND CONCLUSION

We observed the neighborhood of Sgr A% for more than 3 con-
secutive days from 2004 March 28 to April 1, and for an addi-
tional 3 consecutive days from 2004 August 31 to September 3.
Both observations were interrupted for only &30 ks, and during
each of these observation periodswe detected flaring activity com-
posed in each case of a large flare accompanied by smaller ones.
The two main flares are positionally coincident with Sgr A%, and
as did Baganoff et al. (2001), we associate these with the super-
massive black hole at the center of the Milky Way, given our
current knowledge of the region surrounding this source. These
flares, both with peak luminosities about 40 times that of the
assumed quiescent level, exhibit similar spectral characteristics:
a hard photon index of ! & 1:5 1:9 and a column density of
NH & 8 13 ; 1022 cm#2. These parameter values are more akin
to those of the first two detected flares (Baganoff et al. 2001;
Goldwurm et al. 2003) than to those of the very bright flare
reported by Porquet et al. (2003).

There were a total of three flares with significance greater than
3 !, corresponding to a factor of 15 above Sgr A%’s quiescent
level in ObsID 789 and the same number in ObsID 866, if we

Fig. 6.—Light curve of the 2004 August 31 flare binned in 500 s intervals.
Green arrows point out local peaks with respective significances of about 4, 5,
10, and 4 !. We show the base level of the light curve before and after the flare
for reference. The drop in flux at the base of the precursor corresponds to the
first of five eclipses in the binary system CXOGC J174540.0#290031 de-
tected during ObsID 866. MJD 53,248 corresponds to 2004 August 31.

Fig. 7.—EPIC spectra during the Sgr A% flare of 2004 August 31 fitted in
the range 2–10 keV. The colors are the same as in Fig. 5.
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consider the precursor to be a separate flaring event. Although
we cannot determine the position of the smaller flares accurately
and thus cannot attribute them to Sgr A! with certainty, if these
are indeed coming from the central black hole, then irrespective
of the temporal distribution of these flares, our estimate of their
average occurrence rate is about 1 per day. This estimate agrees
with those based on Chandra observations performed between
1999 and 2002 (Baganoff 2003). Note that flares from Sgr A!

appear to occur in clusters.
In light of the recently detected near-IR spectrum of Sgr A!

(Genzel et al. 2003) and of the constraints that it imposes on the
various emission models for this source, the flares we detected
could have resulted from a sudden increase in accretion accompa-
nied by a reduction in the anomalous viscosity, which would point
to thermal bremsstrahlung as the X-ray emission process. This
would give rise to a hard spectrum, unlike the softer one expected
from a synchrotron self-Compton process (Liu & Melia 2002).

Another possibility is that the flares arose from the quick ac-
celeration of electrons in the accretion flow near the black hole,
producing either a two-component distribution characterized by
a broken power law, with steep low-energy and flat high-energy
components, or amodified thermal distributionwith a high-energy
enhancement (see, e.g., Liu et al. 2004; Yuan et al. 2003, 2004).
In either of these cases, the lower energy electrons produce the
near-IR emission as seen in the August 31 flare, and the high-
energy distribution produces the hard X-rays. Further, the rather
short timescale at the peak ("2500–4500 s) and hard spectral in-
dex (! # 1:7) of the flares would, according to this model, favor
magnetic reconnection as the engine of the event.

In either of these two scenarios—an accretion instability or a
magnetic reconnection event—one could expect to see a modu-
lation in the light curve, mirroring the underlying Keplerian pe-

riod of the emitting plasma. Indications of the presence of such
a periodic modulation during a near-IR flare were presented by
Genzel et al. (2003) and during an X-ray flare by Aschenbach
et al. (2004). These results must be confirmed by similar detec-
tions in other events seen in the near-IR andX-ray bands. A search
for such a semiperiodicmodulation in the longer of the two factor-
40 flares from Sgr A! presented here is under way, and the results
will be reported elsewhere.
The accretion instability scenario predicts a strong correlation

between the submillimeter/ IR and the X-ray photons with no or
little change in the millimeter flux density. The two-component
synchrotron model predicts possible, although not necessary,
correlations between X-ray and near-IR flares, with larger X-ray
amplitudes in the case of simultaneous flaring, important varia-
tions in the spectral slopes of the X-ray flares compared with
those in the near-IR flares, and small amplitude variability in the
radio and submillimeter wavebands. It is on this last point that we
could distinguish the accretion-induced X-ray flare model from
the two-component synchrotron model.
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TABLE 4

Basic Features of X-Ray Flares

2004 March 31 2004 August 31

Parameter UTC Time XMM Time (s) Other Data UTC Time XMM Time (s) Other Data

Flare start time ................................. 22:48 1.9716050 + 08 . . . 09:58 2.1033350 + 08 . . .
Peak occurrence time....................... 23:09 1.9716175 + 08 . . . 11:05 2.1033750 + 08 . . .
Flare end time .................................. 23:22 1.9716250 + 08 . . . 11:22 2.1033850 + 08 . . .
Duration (s) ...................................... . . . . . . 2500 . . . . . . 5000

Peak count rate (counts s$1)............ . . . . . . 0.760 % 0.048 . . . . . . 0.617 % 0.035

Mean count rate (counts s$1) .......... . . . . . . 0.303 % 0.002 . . . . . . 0.293 % 0.002

Deviation from mean (!)................. . . . . . . 9.6 . . . . . . 9.7

Notes.—Error bars correspond to the 68% confidence interval. Count rates and times are estimated using 500 s time bins, and all quantities are derived from the
count rate optimized spectral extraction window.
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Appendix B

Mosaicking Preparation

1) Construct complete list of pointings from: Ra, Dec, angular distance, and outfile

csh>java MakeScwlis 266.4168 -29.0078 12 gcTot.lis

2) Create corresponding OG from: source data directories, ScW list and new OG dirname

csh>java OG merge $DB/scw/0046/obs/myobs/ $DB/scw/005*/obs/myobs/

$DB/scw/0[1-2]*/obs/myobs/ gcTot.lis mosaicOfGC

3) Make the ScW list that actually corresponds to the available pre-analysed images and the
catalog that includes only and all sources present in the data set

csh>cd mosaicOfGC/

csh>ls -1 obs/myobs/scw/ dir.lis

csh>java Dirlis2Scwlis dir.lis gc.lis cons

csh>java UpdatePointList

csh>set lmin = ‘java GetLmin gc.lis point.lis‘

csh>set lmax = ‘java GetLmax gc.lis point.lis‘

csh>set fov = 14

csh>set lmin fov = ‘calc $lmin - $fov‘

csh>set lmax fov = ‘calc $lmax + $fov‘

csh>java MakeCat2 $DB/refcats/isgriCat.txt ./gcCat.fits $lmin fov $lmax fov

4) Launch ii skyimage to make the mosaic

Note the commands in step 3 were put into a script called mosaprep.
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Hard X-rays from Nuclear Region

This Letter, published in the Astrophysical Journal Letters in early 2004, presents

the first detection of emission above 20 keV coming from the Galactic Nuclear region, i.e.

within 1′ of Sgr A∗.
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ABSTRACT

This Letter presents the first results of an observational campaign to study the Galactic center with INTEGRAL,
the International Gamma-Ray Astrophysics Laboratory. Mosaicked images were constructed using data obtained
with ISGRI, the soft gamma-ray instrument of the coded aperture IBIS imager, in the energy ranges 20–40 and
40–100 keV. These give a yet unseen view of the high-energy sources of this region in hard X-rays and gamma
rays with an angular resolution of 12! (FWHM). We report on the discovery of a source, IGR J1745.6!2901,
coincident with the Galactic nucleus Sgr A* to within 0!.9. Located at R.A. p 17h45m38s.5 (J2000.0), decl. p

(J2000.0), the source is visible up to about 100 keV with a 20–100 keV luminosity at 8 kpc of! !!!29"0115
. Although the new INTEGRAL source cannot unequivocally be associated to the35 !1(2.89# 0.41)# 10 ergs s

Galactic nucleus, this is the first report of significant hard X-ray emission from within the inner 10! of the Galaxy
and a contribution from the Galactic supermassive black hole itself cannot be excluded.

Subject headings: black hole physics—Galaxy: center—Galaxy: nucleus— gamma rays: observations—
stars: neutron—X-rays: binaries

1. INTRODUCTION

From the prediction of the existence of a massive compact
source at the center of the Milky Way by Lynden-Bell & Rees
(1971) to the discovery of such a source in the radio domain
3 years later by Balick & Brown (1974) and to the first detection
of soft X-rays unmistakably attributable to it by Chandra in
1999 (Baganoff et al. 2003), the supermassive black hole can-
didate Sgr A* and the Galactic center (GC) region as a whole
have been put under intense scrutiny for many years from radio
wavelengths to gamma rays. This has led to several discoveries
and advances in our understanding of the processes and inter-
actions at the heart of the Milky Way. For example, it is now
known that the soft X-ray emission (!10 keV) in the central
10! is heavily dominated by diffuse emission due primarily to
hot gas (Koyama et al. 1996; Sidoli & Mereghetti 1999) and
that only about 10% of the total emission in this energy range
can be accounted for by X-ray point sources brighter than 1031

ergs s!1 (Muno et al. 2003b). Also, the contribution of point
sources in this domain is about the same along the Galactic
ridge as it is in the GC (Ebisawa et al. 2001).
The Galactic nuclear region consists of six primary compo-

nents that give rise to an array of complex phenomena through
their mutual interactions. These constituents are Sgr A*, a super-
massive black hole with a mass of around (Schö-63.5# 10 M,

del et al. 2002; Ghez et al. 2004a); the surrounding cluster of
evolved and young stars; ionized gas streamers, some of which

1 Based on observations with INTEGRAL, an ESA project with instruments
and science data center funded by ESA member states (especially the PI
countries: Denmark, France, Germany, Italy, Switzerland, and Spain), the
Czech Republic, and Poland, and with the participation of Russia and the US.

2 Service d’Astrophysique, DAPNIA/DSM/CEA, 91191 Gif-sur-Yvette,
France; belanger@cea.fr.

3 IASFC-CNR, I-00133 Rome, Italy; ubertini@rm.iasf.cnr.it.
4 ESA, ESTEC, NL-2200 AG Noordwijk, Netherlands; christoph.winkler@

rssd.esa.int.
5 ISDC, CH-1290 Versoix, Switzerland; ebisawa@obs.unige.ch.
6 CESR, Toulouse Cedex 4, France; roques@sigma-0.cesr.cnes.fr.
7 DSRI, DK-2100 Copenhagen Ø, Denmark; nl@dsri.dk.
8 Department of Physics and Steward Observatory, University of Arizona,

Tucson, AZ 85721; melia@physics.arizona.edu.

form a three-armed spiral centered on Sgr A* known as
Sgr A West; a molecular dusty ring surrounding Sgr A West;
diffuse hot gas; and a powerful supernova-like remnant known
as Sgr A East (Melia & Falcke 2001). Furthermore, both the IR
and the X-ray point source populations decrease in spatial density
approximately as , where R is the distance from the GC21/R
(Serabyn & Morris 1996; Muno et al. 2003b).
The first imaging observations of the GC in hard X-rays were

performed by the X-ray telescope on Spacelab 2 in the range
2.5–20 keV with an angular resolution of 3!. A source located
within 1!.1 of Sgr A* was detected (Skinner et al. 1987). Such
a source was also detected by ART-P (8–20 keV) on the Granat
satellite in 1990–1991 (Pavlinsky, Grebenev, & Sunyaev 1994).
At energies above 20 keV, only the coded mask instrument
SIGMA/Granat, sensitive to energies above 35 keV, provided
imaging capability with a "20! angular resolution, allowing an
exploration of the dense GC region. In spite of the deep 9#

SIGMA survey of the central parts of the galaxy performed610 s
between 1990 and 1997, only upper limits were set for the hard
X- and gamma-ray emission from the neighborhood of Sgr A*
at energies above 35 keV (Goldwurm et al. 1994; Goldoni et al.
1999). The derived low bolometric luminosity of the Galactic
nucleus (GN), in contrast with the powerful output from active
galactic nuclei or black hole binaries, has motivated the devel-
opment of several models for radiatively inefficient accretion
onto or ejection from Sgr A*. These models have been widely
applied to other accreting systems (Melia & Falcke 2001).
A recent breakthrough discovery by Chandra and XMM-

Newton is that Sgr A* is the source of powerful X-ray flares
(Baganoff et al. 2001; Goldwurm et al. 2003a; Porquet et al.
2003) during which the soft X-ray luminosity can increase by
factors of 50–180 over a period of up to 3 hr. Some of these X-
ray flares feature a significant hardening of the spectrum up to
photon indices of "1. Furthermore, a very recent discovery with
the Very Large Telescope NAOS/CONICA imager (Genzel et
al. 2003) and the Keck telescope (Ghez et al. 2004b) is that
Sgr A* is also the source of frequent IR flares. This activity
could indicate the presence of an important population of non-
thermal electrons in the vicinity of the black hole. These results
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Fig. 1.—Milky Way’s center seen in a field by the IBIS/ISGRI2! # 2!
instrument in the energy ranges 20–40 keV (top) and 40–100 keV (bottom).
Each image pixel size is equivalent to about 5!. Ten contour levels mark
isosignificance linearly from about 4 j to 15 j.

have raised great interest in the possibility of observing hard X-
rays from the GN, a measure of which may particularly shed
light on the relative role of accretion and ejection in the Sgr A*
system.
This Letter presents preliminary results of an observation

campaign to study the GC at high energies with INTEGRAL,
the International Gamma-Ray Astrophysics Laboratory, per-
formed during the INTEGRAL Galactic Center Deep Exposure
(GCDE) program in the spring of 2003. The focus is set on
the inner 10!–15! of the Galaxy and, more particularly, on the
detection of a significant excess in this region. The results are
based on data obtained with the INTEGRAL Soft Gamma-Ray

Imager (ISGRI), the low-energy camera of the main Imager on
Board the INTEGRAL Satellite (IBIS), proven to be accurate
between 20 and 200 keV. The morphology of the central 2! in
the 20–100 keV band and the derived positions of close-by
high-energy sources are briefly discussed to elucidate the ex-
perimental context from which the results on the central source
are drawn.

2. OBSERVATIONS AND RESULTS

INTEGRAL (Winkler 2003) is a European Space Agency ob-
servatory that began its mission on 2002 October 17 carrying four
instruments. These consist of two main ones, IBIS (Ubertini et al.
2003) and SPI, the Spectrometer on INTEGRAL (Vedrenne et al.
2003), and two monitors, JEM-X (Lund et al. 2003) and OMC
(Mas-Hesse et al. 2003).
The IBIS coded mask instrument is characterized by a wide

field of view (FOV) of ( fully coded), a point29! # 29! 9! # 9!
spread function (PSF) of 12! (FWHM), and a sensitivity over
the energy range between 15 keV and 8 MeV. This sensitivity
is achieved via two detector layers: ISGRI (Lebrun et al. 2003),
an upper CdTe layer sensitive between 15 keV and 1 MeV with
peak sensitivity between 15 and 200 keV, and PICsIT, a bottom
CsI layer, sensitive between 200 keV and 8 MeV.
We have analyzed IBIS/ISGRI data collected between 2003

February 28 and May 1 in a series of fixed pointings lasting
about 37 minutes each. These include all GCDE data for which
the pointings include the GN (!625 ks) and two Target of Op-
portunity observations (!475 ks). Data reduction was performed
using the standard OSA 2 INTEGRAL Science Data Center anal-
ysis software (Goldwurm et al. 2003b), whose present version
of the analysis procedures and calibration files does not allow
for a full correction of systematic effects. Thus, in order not to
overestimate the detection level of a source, taking into account
fluctuations in the observation-dependent background noise lev-
els as well as systematics, the significance was normalized to
the fitted width of the distribution of individual significances in
the image. This straightforward normalization procedure ensures
that 68% of the distribution of significance values in the image
are indeed contained within 1 j of the mean. Image reconstruc-
tion can be summarized as follows: from the events list for a
pointing, subsets of events are selected according to energy bins.
Each subset is used to build a detector image or shadowgram.
Convolution of the shadowgram with a decoding array gives rise
to a sky image containing the main peak of all sources in the
FOV and their secondary lobes. Source identification and sub-
traction of secondary lobes results in the final reconstructed sky
image. Fluxes are derived using INTEGRAL observations of the
Crab Nebula performed just prior to the start of the GCDE, and
luminosity calculations are based on a distance of 8 kpc to the
GC assuming a Crab spectrum of a power law with photon index
2.12 and flux density at !2 !1 !11 keV of 8 photon cm s keV
(Bartlett 1994).
The maps of the GC shown in Figure 1 were constructed by

summing the reconstructed images of 571 individual exposures.
The total effective exposure time is about on the58.5# 10 s
GN. In these signal-significance maps of the central 2! of the
Galaxy where 10 contour levels mark isosignificance linearly
from about 4 j up to 15 j, we can see what appear to be
six distinct sources: 1E 1740.9!2942.7, KS 1741!293,
A1742!294, 1E 1743.1!2843, and SLX 1744!299/300, whose
nominal positions are marked by plus signs and identification is
still preliminary, and a source coincident with the radio position
of Sgr A*. 1E 1740.7!2942 is a black hole candidate, KS
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TABLE 1

Sources Detected by INTEGRAL Near the Galactic Center

Source Name Significance
Fitted Position
(R.A., decl.)

Offseta

(arcmin)

1E 1740.7!2942 . . . . . . . . . 70.0 265.98, !29.74 0.32
KS 1741!293 . . . . . . . . . . . . 18.9 266.23, !29.32 2.31
A1742!294 . . . . . . . . . . . . . . . 15 266.52, !29.51 0.05
SLX 1744!299/300 . . . . . . 9.6 266.86, !30.02 1.59
1E 1743.1!2843 . . . . . . . . . 9.2 266.59, !28.67 3.96
Sgr A* . . . . . . . . . . . . . . . . . . . . 8.7 266.41, !29.02 0.86

a Distance between the fitted and nominal source positions.

TABLE 2

IGR J1745.6!2901 Flux and Integrated Flux within 10! of
Sgr A* from X-Ray Instruments

Instrument Energy
(keV)

Energy Flux
(10!11 ergs cm!2 s!1)

Energy Flux
(mcrab)

INTEGRAL . . . . . . . . . 20–40 1.92 ! 0.36 3.2 ! 0.6
40–100 1.86 ! 0.40 3.4 ! 0.7

XMM-Newton . . . . . . 2–10a 10.0 5.78
20–40b 0.61 1.03
40–100b 0.031 0.04

BeppoSAX . . . . . . . . . . 2–10a 11 6.36
20–40c 0.89 1.49
40–100c 0.061 0.09

a Measured.
b Extrapolated using keV.kT p 7.2
c Extrapolated using keV.kT p 8.0

Fig. 2.—Portion of the total 20–40 keV light curve obtained by extracting
the flux at the position of Sgr A* in the background-corrected intensity map
of each elementary exposure. The statistical errors are shown, and the dashed
line corresponds to the mean count rate over the entire data set.

1741!293 and A1742!294 are neutron star low-mass X-ray
binary (LMBX) bursters, SLX 1744!299/300 are in fact two
LMXBs separated by only 2!.72, and 1E 1743.1!2843 is an X-
ray source whose nature is still uncertain. In the 20–40 keV
band, contours of the central source peak at the position of
Sgr A* with a significance level of 8.7 j but are elongated toward
GRS 1741.9!2853. This suggests some contribution from this
transient neutron star LMXB burster system recently observed
to have returned to an active state (Muno, Baganoff, &Arabadjis
2003a) but could also be due to an uncorrected background
structure. The central source is also marginally visible in the 40–
100 keV band at a level of 4.7 j but without any contribution
from the direction of GRS 1741.9!2853.
The position and flux of the central excess in the 20–40 keV

map were determined by fitting the peaks with a function ap-
proximating the instrument’s PSF (Gros et al. 2003) in two dif-
ferent ways: (1) all the emission is attributed to one source and
is fitted as such to determine its peak height and position, and
(2) the emission is attributed to two sources: a new source and
GRS 1741.9!2853, whose position is then fixed to the one
determined with the Chandra observatory (Muno et al. 2003a).
Both of these involve a simultaneous fit of all the sources in the
2 deg2 field of the GC. In the first case, we obtain a source
position of R.A.p 17h45m22s.5 (J2000.0), decl.p ! !!!28"58 17
(J2000.0) and a flux of about 5.4 mcrab or (3.21! 0.36)#

. In the second, the position is R.A.p!11 !2 !110 ergs cm s
17h45m38s.5, decl.p , and the flux is about 3.2 mcrab! !!!29"0115
or . The central source’s!11 !2 !1(1.92! 0.36)# 10 ergs cm s
40–100 keV peak position is in very good agreement with the
one determined using the second method outlined above, and
since there is clearly no visible contribution from a neighboring
source, the 40–100 keV flux was extracted at that position. The
estimated error on the position is of about 4! for a detection
at the significance level of 8.7 j. These positions are, respec-
tively, 4!.6 and 0!.9 from the radio position of Sgr A*. The
results of the fine position determination for the six above-
mentioned GC sources are shown in Table 1. In Table 2, flux
estimates for the central source are given adopting the result
of the second method for position and flux determination. The
hardness ratio (HR)—the ratio of the count rate in the high-
energy band over that in the low-energy band—for the detected
excess is . As a possible indication of the nature0.90! 0.20
of the detected excess, we can compare the values of the HR
to the two brightest sources in the field. The black hole can-
didate 1E 1740.7!2942 has an HR of , and the1.20! 0.03
neutron star LMXB KS 1741!293 has a HR of .0.89! 0.08
The excess appears to be somewhat variable throughout the

observations. In particular, we have detected a sudden increase
in flux where the count rate rose by a factor of "12 with respect
to the mean for about 40 minutes. Figure 2 shows a portion
of the light curve from the estimated 20–40 keV flux at the
radio position of Sgr A*. Each data point corresponds to the

average flux and statistical error from "37 minute intervals
during observations that lasted "19 hr on 2003 April 6. Uni-
versal time is reported in INTEGRAL Julian days, i.e., days
from 2000 January 1. The dashed line depicts the mean count
rate over the entire data set. One peak clearly stands out at a
pure statistical significance of 5 j, bearing in mind that this
significance may be hampered by systematic effects. A simul-
taneous increase in flux is seen with a lower significance in
the 40–100 keV light curve. In what follows we discuss a
number of possible explanations for this detected excess.

3. DISCUSSION AND CONCLUSION

In attempting to identify the excess at R.A.p 17h45m38s.5,
decl.p , we first consider which sources of high-! !!!29"0115
energy emission can be excluded based solely on ISGRI’s error
radius of 4!. There are four such sources: the radio arc located
about 15! from the GN; the nonthermal X-ray filaments associated
with it and the dense molecular cloud G0.13!0.13 (Yusef-Zadeh,
Law, & Wardle 2002); GRS 1743!290, observed by SIGMA in
1991 (Goldwurm et al. 1994); and GRS 1741.9!2853, mentioned
above and clearly unable to account for the bulk of the excess.
Second, we argue that this detection cannot be attributed to

both diffuse emission and point sources as thus far observed
at low X-ray energies within 8!–10! of Sgr A*. This is so
because it is incompatible with the extrapolation at higher en-
ergies of the flux integrated over this region as measured by
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L166 BÉLANGER ET AL. Vol. 601

XMM-Newton (A. Decourchelle 2003, private communication)
and BeppoSAX (Sidoli et al. 1999). The analysis of 2001 XMM-
Newton data in the 2–10 keV range consisted of integrating
the total X-ray flux over a radius of 10! around Sgr A*. The
resulting spectrum is best fitted by a two-temperature plasma
model with keV for the soft component andkT p 0.61

keV for the harder one. 1997 BeppoSAX observa-kT p 7.22

tions of the Sgr A complex over a radius of 8! around Sgr A*
in the same energy band agree with XMM-Newton’s results. In
this case the data are also best described by a two-temperature
model with keV and keV. The extrapolationkT p 0.6 kT p 81 2

of the XMM-Newton and BeppoSAX results to higher energies
was done using and 8 keV, respectively. Both in-kT p 7.2
struments’ direct measurements of the diffuse X-ray flux are
consistent with those of Chandra (Baganoff et al. 2003) and
ART-P (Sunyaev et al. 1993). Table 2 reports the XMM-Newton
and BeppoSAX measurements as well as their respective ex-
trapolations. Note that the variability timescale of the INTE-
GRAL source equally excludes a major diffuse contribution and
also strongly suggests that accelerated charged particles in the
expanding shell of Sgr A East (Melia et al. 1998) cannot sig-
nificantly contribute to the detected signal.
Third, since the detected excess cannot be fully accounted

for by diffuse emission and is variable, it is reasonable to
consider it a point source, IGR J1745.6!2901, of 20–100 keV
luminosity ! ergs s!1. One known point source found353# 10
within 4! of IGR J1745.6!2901 that could contribute to the
signal is the eclipsing burster AX J1745.6!2901 (Maeda et al.
1996; Sakano et al. 2002). This source lies about 1!.3 from
Sgr A* and was detected in a high state only once, in 1994
(Sakano et al. 2002). The extrapolation of the flux measured
in that state is marginally compatible with that of IGR
J1745.6!2901, and this only in the low-energy range. The last
confirmed detection of AX J1745.6!2901 was in 1997 by
ASCA, when it was found in a much lower flux state. It may
have recently been detected by Chandra. A timing analysis of
the ASCA data on AX J1745.6!2901 revealed a modulation
with a 40% decrease in flux and period of hr8.356! 0.008
(Maeda et al. 1996). 1997 ASCA data folded with that period
show a slight dip, but since phase information could not be
preserved over the 2.5 yr that separated the two observations,
no unique solution for the period was found (Sakano et al.

2002). Folding the INTEGRAL data for IGR J1745.6!2901
with a period of 8.356 hr does not reveal any modulation.
Chandra observations of the GC performed on 2003 June

19 indicate that two sources, CXOGC J174540.0!290005 and
CXOGC J174540.0!290014, found within 0!.4 of Sgr A*, and
another, CXOGC J174535.5!290124, lying 1!.3 from Sgr A*
and possibly the same as AX J1745.6!2901, had a combined
intensity in the 2–8 keV band that was more than 30 times that
of Sgr A* in its quiescent state on that day (F. K. Baganoff
2003, private communication). The GN was not particularly
bright on June 19, but it must have been somewhat more active
in May when an intense IR flare was observed to come from
a region possibly very near the supermassive black hole’s event
horizon (Genzel et al. 2003).
It is noteworthy that the fairly hard X-ray source that ART-

P detected in 1990 at the position of Sgr A* had a 8–20 keV
flux that varied between about 5 and 11 mcrab (Pavlinsky et al.
1994). This is consistent with our detection in the 20–40 keV
energy range. We also recall the 2 j upper limits set by SIGMA
on the 40–80 and 80–150 keV luminosity of the GN: 3.4#

and , respectively (Goldoni et al. 1999),35 35 !110 2.8# 10 ergs s
both of which are compatible with our detection.
Finally, INTEGRAL has detected a very hard X-ray source at

a position coincident to within 1!with Sgr A*. Because of IBIS’s
12! angular resolution, the emission from IGR J1745.6!2901
cannot be attributed to one specific object and could be made
up of several contributing sources found within a couple of arc-
minutes of Sgr A*. Nonetheless, this remains the first detection
of emission at energies greater than 20 keV from the very close
vicinity of the GN, and a contribution from Sgr A* itself cannot
be excluded.
More INTEGRAL data are needed to better constrain the

position, spectral shape, variability properties, and the possibly
multiple nature of IGR J1745.6!2901. We expect that the most
constraining results will be provided by simultaneous obser-
vations in hard and soft X-rays with INTEGRAL and XMM-
Newton or Chandra.

We gratefully thank François Lebrun for insightful sugges-
tions and Anne Decourchelle for her analysis of XMM-Newton
data on the GN.
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ABSTRACT

Highly sensitive imaging observations of the Galactic center (GC) at high energies with an angular resolution of
order 100 is a very recent development in the field of high-energy astrophysics. The IBIS/ISGRI imager on the
INTEGRAL observatory detected for the first time a hard X-ray source, IGR J17456!2901, located within 10 of
Sagittarius A" (Sgr A") over the energy range 20–100 keV. Here we present the results of a detailed analysis of
approximately 7 ; 106 s of observations of the GC obtained since the launch of INTEGRAL in 2002 October. Two
years and an effective exposure of 4:7 ; 106 s have allowed us to obtain more stringent positional constraints on this
high-energy source and to construct its spectrum in the range 20–400 keV. Furthermore, by combining the ISGRI
spectrum with the total X-ray spectrum corresponding to the same physical region around Sgr A" from XMM-Newton
data collected during part of the !-ray observations, we constructed and present the first accurate wideband high-
energy spectrum for the central arcminutes of the Galaxy. Our complete and updated analysis of the emission
properties of the INTEGRAL source shows that it is faint but persistent with no variability above 3 ", contrary to what
was alluded to in our first paper. This result, in conjunction with the spectral characteristics of the soft and hard X-ray
emission from this region, suggests that the source is most likely not pointlike but rather that it is a compact yet diffuse
nonthermal emission region. The centroid of IGR J17456!2901 is estimated to be R:A: # 17h45m42:s5, decl: #
!28$5902800 (J2000.0), offset by 10 from the radio position of Sgr A" and with a positional uncertainty of 10. Its 20–
400 keV luminosity at 8 kpc is L # (5:37 % 0:21) ; 1035 ergs s!1. A 3 " upper limit on the flux at the electron-
positron annihilation energy of 511 keV from the direction of Sgr A" is set at 1:9 ; 10!4 photons cm!2 s!1. Very
recently, the HESS collaboration presented the detection of a source of&TeV !-rays also located within an arcminute
of Sgr A".We present arguments in favor of an interpretation that the photons detected by INTEGRAL andHESS arise
from the same compact region of diffuse emission near the central black hole and that the supernova remnant
Sgr A East could play an important role as a contributor of very high energy !-rays to the overall spectrum from this
region. There is also evidence for hard emission from a region located between the central black hole and the radio arc
near l & 0N1 along the Galactic plane and known to contain giant molecular clouds.

Subject headinggs: black hole physics — Galaxy: center — Galaxy: nucleus — stars: neutron —
X-rays: binaries — X-rays: general

1. INTRODUCTION

The year 2004 marked the 30th anniversary of the discovery
of the compact radio source Sgr A" (Balick & Brown 1974),
which is now firmly believed by many to be the manifestation of
a supermassive black hole that sits at the very heart of the Milky
Way and around which everything in the Galaxy turns. That year
also marked the first detection of !-rays from a compact region
of size &100 around Sgr A" with the INTEGRAL (International
Gamma-Ray Astrophysics Laboratory) observatory in the en-
ergy range from 20 to 100 keV (Bélanger et al. 2004) and with

the HESS (High Energy Stereoscopic System) Cerenkov tele-
scope array between 165 GeV and 10 TeV (Aharonian et al.
2004). After three decades of observations, we finally detected a
source of very high energy radiation that appears to be pointlike
and coincident with the Galactic nucleus (GN). However, the
exact nature of the highly energetic emission from this compact
region is unknown. Our aim here is to present observational evi-
dence that will lead to a deeper understanding of the emission
process and help to unfold the mystery of the !-rays arriving
from the heart of the Milky Way.

The Galactic nuclear region is very dense and complex—so
dense that certainly more than one source could contribute to the
high-energy flux detected by present-day !-ray instruments with
typical angular resolutions of 100–150. Located at 8 kpc from the
Sun, the Galactic center (GC) harbors a supermassive black hole
whose presence and mass of about 3:6 ; 106 M' were deduced
primarily from near-infrared (NIR) observations and measure-
ments of the velocity and proper motion of the stars con-
tained in the central cluster (Schödel et al. 2003; Ghez et al.
2005; Eisenhauer et al. 2005). A black hole of this mass has a
Schwarzschild radius (RS) of about 1:2 ; 1012 cm and is ex-
pected to accrete matter from its nearby environment, producing
a detectable emission in a broad range of frequencies (Melia
& Falcke 2001). The bright, compact, nonthermal radio source
Sgr A", located at less than 0B01 from the dynamical center of the

1 Based on observations with INTEGRAL, an ESA project with instruments
and science data center funded by ESA member states (especially the PI coun-
tries: Denmark, France, Germany, Italy, Switzerland, and Spain), the Czech
Republic, and Poland, and with the participation of Russia and the USA.

2 Service d’Astrophysique, DAPNIA/DSM/CEA, 91191 Gif-sur-Yvette,
France; belanger@cea.fr.

3 Unité mixte de recherche Astroparticule et Cosmologie, 11 place Berthelot,
75005 Paris, France.

4 Physics Department and Stewart Observatory, University of Arizona,
Tucson, AZ 85721; melia@physics.arizona.edu.

5 DanishNational Space Center, JulianeMaries vej 30, Copenhagen, Denmark;
nl@spacecenter.dk.

6 CESR, Toulouse Cedex 4, France; skinner@.cesr.fr.
7 Department of Physics and Astronomy, Northwestern University, Evanston,

IL 60208.
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central star cluster, is most likely the manifestation of such ac-
cretion processes. Undetectable in the visible and UV bands due
to the large Galactic absorption, and only recently detected in the
NIR in both quiescent and flaring states (Genzel et al. 2003;
Ghez et al. 2004), this source is surprisingly weak in X-rays,
where it appears slightly extended with a luminosity of only
LX(2 10 keV) ! 2 ; 1033 ergs s"1 (Baganoff et al. 2003).

The dense central region of the Milky Way, where the 2–
10 keV flux is heavily dominated by diffuse radiation, includes
the emission from a hot (kT # 6 8 keV), probably unbound
thermal plasma component, the supernova remnant (SNR) Sgr A
East, several knots and filaments, and thousands of point sources
(Maeda et al. 2002; Park et al. 2004; Muno et al. 2004a, 2004b).
The faint X-ray counterpart of Sgr A$ would likely have gone
unnoticed were it not positioned almost exactly at the center of
the Galaxy.

Following a monitoring of this faint X-ray source by the
Chandra observatory, it was discovered that Sgr A$ is the site
of sometimes powerful X-ray flares (Baganoff et al. 2001). This
flaring activity was also detected and studied with XMM-Newton
(Goldwurm et al. 2003a; Porquet et al. 2003b; Bélanger et al.
2005), and the peak luminosity during these flares was seen to
rise above quiescence by factors up to 180 and then decay in a
few hours or less. The majority of flares have spectra that are
significantly harder (power-law photon index ! # 1:5) than the
quiescent spectrum (! # 2:7), but the most powerful of them
was quite soft (! # 2:5). Note that dust scattering can have some
effect on the observed fluxes and spectral indices of both the
quiescent and flaring states of Sgr A$ (Tan & Draine 2004).
Variations on timescales as short as 200 s have been detected
during flares, indicating an emitting region with a size on the
order of 10RS. Recent Chandra and XMM-Newton campaigns
have allowed us to estimate the average X-ray flare rate to about
1 per day, bearing in mind that the flaring events appear to be
clustered (Bélanger et al. 2005). At slightly longer wavelengths,
NIR observations with the Very Large Array NACO imager
(Genzel et al. 2003) and the Keck telescope (Ghez et al. 2004)
have shown that Sgr A$ is also the source of frequent IR flares
with durations commensurable with those seen in X-rays. Some
IR flares even appear to be simultaneous with X-ray flares
(Eckart et al. 2004; Bélanger et al. 2005; Yusef-Zadeh et al. 2005).
Both the IR and X-ray flaring events strongly suggest the pres-
ence of an important population of nonthermal relativistic elec-
trons in the vicinity of the black hole horizon (Markoff et al.
2001; Liu&Melia 2002; Yuan et al. 2002, 2003; Liu et al. 2004),
and therefore their detection has raised great interest in the pos-
sibility of observing hard X-rays from the GN.

Sgr A$’s bolometric luminosity from radio to X-rays (includ-
ing the flares) barely amounts to a few ; 1036 ergs s"1, while the
Eddington luminosity for a black hole of its mass reaches LE !
4 ; 1044 ergs s"1. Even the expected accretion luminosity, based
on an estimated stellar wind mass rate at the accretion radius, is
on the order of 1042–1043 ergs s"1, i.e., about 6–7 orders of mag-
nitude higher than Sgr A$’s total observed emitted power (see
Cuadra et al. 2005 for a recent update on the issue).

In the 1990s it was thought that the bulk of the power could be
found at higher energies: in hard X-rays, as is the case for black
hole binaries in the hard state, or even at the electron-positron
annihilation energy of 511 keV (see, e.g., Genzel & Townes
1987). Other than the detections in the 10–20 keV range from the
direction of the GC based on Spacelab 2 XRT (Skinner et al.
1987) and Granat ART-P (Pavlinsky et al. 1994) data, no detec-
tion at energies above 20 keVemanating from the Sgr A complex
was reported. A long monitoring of the region by the SIGMA

telescope on the Granat satellite yielded upper limits on the
order of several 1035 ergs s"1 to the 35–150 keVemission from
Sgr A$ (Goldwurm et al. 1994; Goldoni et al. 1999), and
2:3 ; 10"4 photons cm"2 s"1 to the flux at 511 keV from a point
source at the GC (Malet et al. 1995).
In the 100MeV to 10 GeVenergy range, an unidentified !-ray

source in the Compton Gamma Ray Observatory EGRET cata-
log was found to be somewhat compatible with the GN (Mayer-
Hasselwander et al. 1998). In the third EGRETcatalog (Hartman
et al. 1999), this source, 3EG J1746"2851, is located 0N17 from
Sgr A$, and the reported error radius is 0N13 at the 90% con-
fidence level. Taking this at face value would marginally ex-
clude Sgr A$. However, given the 1% angular resolution of the
instrument and hence its inability to exclude the contribu-
tion from other sources contained in a region of this size, 3EG
J1746"2851 is still considered to be possibly coincident with
the GN.
Finally, INTEGRAL observations performed during the first

half of 2003with the IBIS telescope revealed for the first time the
presence of a significant excess in the energy range 20–100 keV
coming from the inner region of the Galaxy (Bélanger et al.
2004). The position of this excess was found to lie 10 from Sgr A$

with a 40 error radius, and its luminosity was estimated to be
LX(20 100 keV) ! 3 ; 1035 ergs s"1. An indication of vari-
ability on timescales comparable to those of flares in Sgr A$was
reported, but a subsequent analysis that included data collected
over the second half of 2003 with improved analysis procedures
found the source to be stable (Goldwurm et al. 2004). In 2003
June, Chandra detected two new transient sources in the close
vicinity of Sgr A$. Given the 120 resolution of the INTEGRAL
IBIS telescope, the possibility that the 20–100 keV excess was
linked to the emission from these objects was considered and
discussed by Bélanger et al. (2004).
Meanwhile, the HESS collaboration (Aharonian et al. 2004)

announced the detection of a bright source of TeV photons co-
incident with Sgr A$ to within 10. The source appears to be point-
like and stable, with a power-law spectrum index of 2.2 and a
luminosity of L!(1 10 TeV) ! 1035 ergs s"1.
This wealth of high-energy data all point to the presence of

one or several high-energy nonthermal emission components
likely produced by accelerated particles in the environment of
the GC. Both leptonic and hadronic origins for the accelerated
particles giving rise to the !-rays have been considered either in
the inner (Markoff et al. 1997; Aharonian & Neronov 2005a)
or outer (Atoyan & Dermer 2004) region of Sgr A$, while Melia
et al. (1998), Fatuzzo &Melia (2003), and recently Crocker et al.
(2005) discussed the possibility that the site of particle acceler-
ation could be the unusual supernova remnant Sgr A East.
Sgr A East is a mixed-morphology SNR whose center is less

than 10 from Sgr A$ and whose radio shell spans a few arcmin-
utes. Given its position and dimensions, it would appear like a
stable pointlike source for !-ray observatories. This remnant is
characterized by a nonthermal radio shell, at the center of which
lies an apparently ejecta-dominatedX-ray emitting regionwhose
spectrum indicates that the plasma is rich in heavy elements, es-
pecially toward the core, where Fe abundances reach 4–5 times
solar (Maeda et al. 2002; Sakano et al. 2004). For this reason, it
has been classified as a metal-rich mixed-morphology SNR. The
fact that Sgr A East is the smallest of the known SNRs of this
type and that its radio shell appears to be quite symmetrical,
although slightly elongated along the Galactic plane, suggests
that the ejecta from the explosion have expanded in a very dense
but more or less homogenous environment (Maeda et al. 2002).
According to a more recent analysis of the X-ray features of
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Sgr A East by Sakano et al. (2004) based on XMM-Newton
observations, the derived total energy, mass, and abundance
pattern are consistent with a single supernova event of Type Ia
or Type II involving a relatively low mass progenitor star. Fur-
thermore, according to these authors the morphology and spec-
tral characteristics do not show evidence of a clear connection
between the SNR and past activity in Sgr A!.

Sgr A East may very well have arisen from a single explosion
akin to most other supernova events in terms of its energetics, as
is suggested by Sakano et al. (2004). The most recent simula-
tions of its genesis and evolution (Fryer et al. 2005) indicate that
the progenitor was likely a star of mass "15M# that exploded a
mere"1750 years ago. Reaching theM$0.02$0.07 cloud some
300–400 years ago, the expanding shock collided with the dense
molecular gas, producing a bright flash of 2–200 keV emission
lasting several hundred years, whose X-ray echo we may be
viewing today in the form of Fe fluorescent emission from
Sgr B2 (and other nearby clouds). However, Sgr A East does
distinguish itself from other Galactic remnants in three important
ways. First, it is located very near the GC, within 5000 of Sgr A!,
and is therefore subject to interactions and forces uncommon in
the rest of the Galaxy. Second, its nonthermal shell emission
caused by synchrotron radiation from relativistic electrons has
an unusually high surface brightness compared to other Galactic
SNRs (Green 2004). Third, OH (1720 MHz) maser emission
detected in several locations around the GC, and particularly at
the boundary of Sgr A East and the M$0.02$0.07 molecular
cloud, indicates the presence of strong shocks where rapid ac-
celeration of electrons (and protons) is taking place, in a medium
threaded by very strongmagnetic fields of order 2–4mG (Yusef-
Zadeh et al. 1996). As pointed out by Yusef-Zadeh et al. (2000),
the presence of relativistic electrons and strong magnetic fields
within Sgr A East makes it a unique and potentially powerful
Galactic accelerator.

Other possible sources of nonthermal !-rays, some of which
were initially proposed to explain certain features of the X-ray
emission, such as the hot component and the bright 6.4 keV line
of neutral Fe, or the nonthermal radio characteristics of the re-
gion, include the radio arc, several nonthermal filaments, and re-
gions marked by cosmic-ray electron interactions (Yusef-Zadeh
et al. 2002), supernova ejecta (Bykov 2002), and scattering of
highly energetic radiations from molecular clouds. In partic-
ular, Revnivtsev et al. (2004) proposed a model in which the
INTEGRAL source IGR J17475$2822, coincident with the
dense molecular cloud Sgr B2, is due to Compton reflection (i.e.,
the scattering of high-energy photons by cold electrons in the
outer layers of the cloud) of highly energetic emission froma very
powerful flare in the Sgr A! system about 300 years ago. In any
case, none of the current models can integrate the three high-
energy sources (IGR J17456$2901, 3EG J1746$2851, HESS
J1745$290) detected near the GC in a comprehensive manner.

We report here a complete study of the 2003–2004 INTEGRAL
IBIS data of the GC, aiming to depict in detail the morphology
of this interesting region in the energy range 20–400 keVand to
present the properties of the central source IGR J17456$2901.
The INTEGRAL observatory monitored the GC region for all of
2003 and 2004, including some dedicated programs specifically
planned to study the properties of the GN. An important goal of
this study was to search for correlated variability between the
X-rays from Sgr A! and the higher energy emission from the
central INTEGRAL source.

We describe the observations and data reduction methods
in xx 2 and 3. Our results, presented in x 4, include those of the

multiwavelength campaign on Sgr A! performed in 2004 per-
taining to INTEGRAL (x 4.4). Finally, we discuss some of their
implications in x 5.

2. OBSERVATIONS

The INTEGRAL observatory carries twomain !-ray instruments,
IBIS and SPI, working in the energy range 15 keV to 10 MeV
(Winkler 2003). Since its launch, INTEGRAL has observed the
central degrees of our Galaxy for a total of about 7 Ms. This time
was divided between the Galactic Center Deep Exposure and
Galactic Plane Scan core programs, and Guest Observer (GO)
observations. In particular, we include here analysis of GO pro-
grams performed in 2003 and in 2004 specifically dedicated to
the GN. The 2004 GO program ("600 ks) was part of a broad
multiwavelength campaign driven by a XMM-Newton large proj-
ect aimed at studying the flaring activity of Sgr A!.

The data that form the basis of this paper constitute a subset of
all these observations selected such that the aim point is within
10% of the central black hole. We have performed a detailed anal-
ysis of 2174 pointings carried out between the end of 2003
February and 2004 October. Each pointing or science window
(ScW) typically lasts between 1800 and 3600 s, during which the
telescopes are aimed at a fixed direction in the sky. Table 1 gives
a summary of the overall periods spanned by the observations.

With a total effective exposure time of 4.7 Ms at the position
of Sgr A!, we have constructed high signal-to-noise ratio (S/N)
images of the central degrees and the spectrum of the central
source IGR J17456$2901 first detected by INTEGRAL in 2003
(Bélanger et al. 2004). The results presented here are based on
data collected with the IBIS/ISGRI telescope (Ubertini et al.
2003; Lebrun et al. 2003) sensitive in the energy range between
15 and 1000 keV. The angular resolution of the high-energy
(15 keV to 10 MeV) SPI telescope ("3%) is not sufficient to
resolve the contribution of the high-energy sources known to be
present in the central degrees of the Galaxy, and we have there-
fore not used these data.

The X-raymonitor on board INTEGRAL, JEM-X, has a smaller
field of view than IBIS and SPI, and therefore the effective ex-
posure at the location of Sgr A! is substantially lower ("500 ks
for the data set considered in this paper).We analyzed the JEM-X
data to produce mosaics for the GC, and we discuss the results
below.

We have also made use of XMM-Newton data from the multi-
wavelength campaign on Sgr A! carried out in 2004 to construct
the broadband high-energy spectrum of IGR J17456$2901 and
to identify the X-ray and soft !-ray components. A detailed
description of the XMM-Newton observations during this cam-
paign, and of the characteristics of the two factor-40 flares de-
tected from the direction of Sgr A!, are presented in Bélanger
et al. (2005).

TABLE 1

Observation Log

Perioda
Start Time

(UT)

End Time

(UT) Pointings

Exposure

(Ms)

2003 spring ......... 2003 Feb 28 2003 Apr 22 413 0.67

2003 fall .............. 2003 Aug 18 2003 Oct 16 805 2.20

2004 spring ......... 2004 Feb 7 2004 Apr 21 550 1.01

2004 fall .............. 2004 Aug 28 2004 Sep 17 262 0.53

a ‘‘Spring’’ and ‘‘fall’’ are loosely used to designate the first and second parts
of the year, respectively.
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3. DATA ANALYSIS METHODS

The basic IBIS/ISGRI data reduction for individual pointings
was performed using the INTEGRALOff-line Scientific Analysis
software (OSA; ver. 4.2) delivered by the INTEGRAL Science
Data Centre (Courvoisier et al. 2003) and whose algorithms are
described in Goldwurm et al. (2003b) and Gros et al. (2003).
Following the recommendations related to the use of the OSA
software, we restricted our analysis to events with energies greater
than 20 keV. A number of additional procedures were imple-
mented in order to maximize the quality of our analysis given the
large data set and the complexity of Galactic nuclear region. For
instance, the analysis was consistently done twice: a first time
to make a catalog of detected sources and perform a preliminary
evaluation of the quality of each sky image, and a second time
to ensure that all known sources in a given field of view were
modeled correctly in the reconstruction of each sky image. The
total number of sources detected by ISGRI within 10! of the GC
and therefore included in the analysis input catalog is 80. The
background maps were constructed from empty field observa-
tions at high latitudes in 256 bands from 17 to 1000 keVand in-
corporated into the standard analysis, where they were combined
to match the chosen energy ranges. This procedure has allowed
us to achieve the best possible quality for individual sky images
and thus for the mosaic and spectrum. Other additional analysis
procedures are detailed in the sections that follow.

3.1. Sky Maps, Light Curves, and Mosaics

For a coded mask instrument like IBIS, a sky image is ob-
tained by convolving the detector image or shadowgram with
a decoding array derived from the spatial characteristics of the
mask. For each sky image there is an intensity map (I ), a vari-
ance map (V ) proportional to the total counts recorded in each
pixel, and a significance map (S ) constructed from these as S "
I /

!!!!
V

p
. Given that source photons are a very small fraction of the

total counts, the background heavily dominates and the histo-
gram of significance values for a given deconvolved image should
follow the standard normal distribution. Significant detections
appear as spikes in the positive tail of the distribution. A broad-
ening of this distribution is caused by systematic effects un-
accounted for in the standard analysis software. Therefore, the
standard deviation of the distribution of significance values can
be effectively used to characterize and quantify the quality of a
given sky image and must be taken into account when calcu-
lating the true detection significance of a signal in that image.8

For this reason, we have weighted each sky image according to
the variance of its significance distribution to produce sky maps
in seven energy bands from 20 to 400 keV, namely, 20–30, 30–
40, 40–56, 56–85, 85–120, 120–200, and 200–400 keV, and to
construct the spectrum of the GC source IGR J17456#2901. We
also performed the analysis of another energy band from 500 to
522 keV, which yielded upper limits compatible with the SPI
detection of the electron-positron 511 keV annihilation line re-
ported in Knödlseder et al. (2005) (see x 4). The mosaics were
made using the pixSpread option in the OSA 4.2 imaging pro-
cedure, which, by projecting and distributing pixel values on
the final mosaic pixel grid, preserves the symmetry of the point-

spread function (PSF) and allows the most accurate source
positioning.
Since the central source is too weak to be fitted with the PSF

in the imaging procedure performed on each pointing, the light
curve was obtained by extracting the count rate at the source’s
pixel position from each reconstructed image.

3.2. Source Position Determination

The densely populated region around Sgr A$ contains at least
eight sources detected by ISGRI within 1! of the GN. Since the
standard OSA pipeline does not perform simultaneous fitting of
several sources, we have used a custom fitting procedure to deter-
mine the best-fit positions of the sources in the neighborhood of
the GC. Subimages 40 pixels by 40 pixels in size centered on the
radio position of Sgr A$ were extracted from the mosaics in the
different energy bands and fitted using a model that included up
to eight point sources, each characterized by a two-dimensional
Gaussian approximation of the system PSF and applied in the
OSA software (Gros et al. 2003).
The width of the PSF was left as free global parameter (1 for

all sources) because for mosaics, the width of the final PSF
cannot be predicted. The presence of close sources and possible
confusion does not influence the result since a very strong point-
like source (1E 1740.7#2942) dominates the images and this
parameter is basically determined by the fit of this source. The
procedure gives us the possibility of fixing the position of some
sources and also of setting a flat background level to be fitted to-
gether with the point sources. The residual map is inspected to
verify that the fitting procedure is performed correctly.
Statistical errors at the 90% confidence level on the fitted

positions were derived from the measured source signal-to-noise
ratios using the empirical law determined through a systematic
study of well-known sources (Gros et al. 2003). Although this
empirical function of the source location accuracy in terms of the
detection significancewas determined using images reconstructed
from single pointings, itwas recently validated onmosaics aswell.
These tests were performed on isolated point sources, and since
we are studying a region where the source density is unusually
high, we present the results of our simultaneous fit for all the
sources in the field to show that the offsets from the known po-
sitions are compatible with the empirical point-source location
accuracy (PSLA).

3.3. Spectral Extraction

The standard ISGRI spectral extraction software works on the
basis of a single pointing in the following manner. Using a list
of sources, the procedure first calculates the pixel illumination
factor: a model of the shadow of the mask cast on the detector
plane by a given source. With this set of modeled shadowgrams,
the software then attempts to fit the detector image by adjusting
the relative intensity of each source either together with the back-
ground level simultaneously or by subtracting a background map
normalized to the mean count rate beforehand. These procedures
therefore estimate themaximum likelihood intensity of each source
and in each pointing. However, a difficulty arises in the case of
week sources (%mcrab) that require very long exposure times to
acquire sufficient statistics to be detected. In such cases, and in
particular when a large number of sources have to be modeled,
the most efficient way to derive a spectrum is to build and clean
sky images in the desired energy bands and then to extract in
each the intensity and its associated variance at the pixel that
corresponds to the source position and to calculate the weighted
mean count rate. As was described in the previous section, the

8 The method used to account for systematic effects on a per-ScW basis
described here is equivalent to deriving a correction factor to the theoretical
statistical uncertainty and applying it to each pixel in the variance map. It follows
that any test statistic such as Pearson’s !2 test, in which the variance of each data
point is used to weigh the associated data value when testing for a deviation from
the mean, should be used with the corrected variance values, i.e., the statistical
variance multiplied by the variance of the distribution of significance values.
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variance at a given pixel must be corrected to take into account
the systematic effects that grow additively with exposure time. In
the case of IGR J17456!2901, the flux and variance values were
taken at the pixel that corresponds to the sky coordinates R:A: "
266N4168, decl: " !29N0078 (J2000.0) in each sky map, the po-
sition of Sgr A#.

3.4. X-Ray Spectrum

The X-ray spectrum in the range 1–10 keV was extracted
using 2004 XMM-Newton data from a circular region centered
on the position of IGR J17456!2901 and with a radius of 80.
This radius was chosen to match the PSF of the IBIS/ISGRI in-
strument, 130 FWHM, derived from the quadratic sum of the pro-
jected pixel (50) and mask-element (120) sizes (Gros et al. 2003).

For a spectral extraction in which a large portion of the
camera’s field of view is used as a collecting surface, it is most
suitable to use XMM-Newton background event files compiled
from high-latitude observations to construct a background spec-
trum. The procedure can be summarized as follows. EPIC pn,
MOS1, and MOS2 event files are filtered to exclude all non–
X-ray triggers using the event flag and pattern, after which a
good time interval (GTI) selection is performed to exclude pe-
riods of solar flaring activity. The GTI selection criteria are based
on the count rates in the high-energy bands, i.e., 10–12 keV for
MOS1 and MOS2, and 12–14 keV for pn. An interval of 100 s
qualifies as a GTI if it has less than 18 counts for both MOS
cameras and 22 counts in the case of the pn camera. These strict
selection criteria ensure that only the cleanest parts of the obser-
vation are used. The resulting filtered event files are used tomake
images in the high-energy bands in which a uniform distribution
of events is expected under the assumption that energetic charged
particles heavily dominate the instruments’ respective spectra at

these energies and that these fall uniformly on the telescope. If
no point sources are visible in these images, the ratios of the av-
erage count rate in the images to that of the background event file
are used to scale the background spectra.

4. RESULTS

We now come to the results we have obtained on the morphol-
ogy of the Galactic nuclear region and on IGR J17456!2901,
which we tentatively associated with the supermassive black hole
Sgr A# in Bélanger et al. (2004) andwhose features we investigate
more thoroughly in the present paper. We use three means of in-
vestigation to study the various characteristics of the source. The
mosaic provides the fine positioning and general shape of the
emission from the source and its close neighbors. The individual
skymaps provide the elements needed for a variability study from
kilosecond to month timescales, and the average spectrum of the
source can be used to constrain the nature of the emission. Sec-
tion 4.1 begins with a presentation of the results obtained from the
mosaic in the range 20–40 keVon themorphology of the emission
from the central degrees. This is followed by a discussion of the
changes in the emission’s morphology as a function of energy by
looking at the mosaics in the different energy bands up to 85 keV,
and endswith our results on the electron-positron annihilation line
at 511 keV. In x 4.2 we discuss the light curves and variability of
the central source on different timescales, and in x 4.3 we present
the broadband high-energy spectrum of the central arcminutes
of the Galaxy. Preliminary results on the GCwith the X-raymon-
itor JEM-X are briefly discussed.

4.1. Mosaics and Spatial Characteristics

The mosaic shown in Figure 1 was constructed by summing
2174 sky images from individual pointings and amounts to an

Fig. 1.—IBIS/ISGRI significance mosaic in the 20–40 keVenergy range constructed from 2174 individual pointings with an effective exposure time at the position
of Sgr A# of 4.7 Ms. Black indicates a statistical significance below or equal to 3 !, and white indicates a significance greater than or equal to 60 !. Contours mark
isosignificance levels from 9.5 to 75 linearly. The orientation is in Galactic coordinates. The grid lines indicate Galactic coordinates with a spacing of 0N5.
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effective exposure time of 4:7 ; 106 s at the position of Sgr A!.
This figure presents the highest S/N IBIS/ISGRI 20–40 keV
image of the GC yet published, showing an excess of more than
45 in significance from the direction of Sgr A!.

To model the observedmorphology, we have assumed that the
emission is due to the sum of the known high-energy point
sources of the region that have been detected by INTEGRAL at
least once. The main sources are 1E 1740.7"2942, KS 1741"
293, 1A 1742"294, SLX 1744"299/300, 1E 1743.1"2853,
IGR J17456"2901, and SAX J1747.0"2853. The respective po-
sitions of these sources were derived from a simultaneous fit of
all eight sources in the 20–40 keVmosaic. All positions were left
as free parameters except for that of SAX J1747.0"2853, which
was fixed. This source was quite active for the period referred to
as 2004 spring and thus contributes to the emission near the GN,
but since its global contribution is weak and it cannot be clearly
resolved from 1E 1743.1"2853, we must fix its position.

The result of the fitting procedure is well illustrated in Fig-
ure 2, where we see the mosaic (left), the model (middle), and the
residual map after subtraction of the model from the sky map
(right). We can see that the spatial distribution of the modeled
image resembles very closely that of the mosaic, even if the
residues hint at the presence of a nonuniform underlying emis-
sion that is not properly taken into account in the tested model.
The fitted source positions are listed in Table 2, where we also

report the S/N, the estimated error radius corresponding to the
90% confidence level, and the offset with respect to the proposed
counterpart.
We find that the position of IGR J17456"2901, detected at an

S/N level of 45 in this energy band, is R:A: # 17h45m42:s5,
decl: # "28$5902800 (J2000.0) with an uncertainty of 0A75. The
reliability of the derived position for this excess is supported by
the fact that all the other sources in the field are very well po-
sitioned. The brightest source, 1E 1740.7"2942, is well within
its associated error radius. For 1A 1742"294, the reported offset
is very close to the value of the PSLA, while in the case of KS
1741"293 the best-known coordinate position itself has an un-
certainty of about 10 (Sidoli et al. 1999). The source we labeled
SLX 1744"299 is in fact a system composed of two known
X-ray bursters located within %30 of each other (Skinner et al.
1990; Pavlinsky et al. 1994; Sakano et al. 2002), and for this rea-
son we do not expect the fit to yield a position within the PSLA
for either one of the two sources, independently of the detection
significance. 1E 1743.1"2853, a well-known bright X-ray source
(Porquet et al. 2003b), is almost certainly contributing to the
high-energy emission in the region. However, performing the
simultaneous fit using a single source to model the emission
from the region around this source gives a centroid offset by
about 20 from the XMM-Newton position known to arcsecond
accuracy, a result that is not compatible with the expected error.

Fig. 2.—Left: Mosaic.Middle: Model constructed from simultaneous fitting procedure of the eight point sources labeled in Fig. 1. Right: Residuals after subtraction
of model from mosaic. These maps are oriented in equatorial coordinates, where north is toward the top and east is toward the left.

TABLE 2

Positions of INTEGRAL Sources in the Galactic Nuclear Region

Fitted Position

Source ID
Significance

(!)
R.A.

(deg)

Decl.

(deg)

PSLAa

(arcmin)

Offsetb

(arcmin)

1E 1740.7"2942.................... 241.8 265.9794 "29.7430 0.28 0.14

1A 1742"294 ........................ 98.6 266.5138 "29.5109 0.40 0.55

SLX 1744"299...................... 61.8 266.8600 "30.0183 0.60 1.14

KS 1741"293 ........................ 63.9 266.2130 "29.3327 0.59 1.23

1E 1743.1"2843.................... 46.3 266.5782 "28.7378 0.74 0.54

Sgr A! .................................... 45.4 266.4285 "28.9918 0.75 1.13

IGR J17475"2822................. 18.9 266.8422 "28.4139 1.24 1.51

SAX J1747.0"2853............... 16.5 266.7500c "28.8700c 1.45 0.0

a Point-source location accuracy at 90% confidence level.
b Distance between the fitted and nominal source positions.
c Position was fixed in the fit.
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Since, as mentioned above, we know of one source detected by
ISGRI that was active over the course of the first part of 2004,
namely SAX J1747.0!2853, we included it and fixed its posi-
tion. This yields a fitted position for 1E 1743.1!2853 that is well
within the uncertainty derived from the source’s detection signif-
icance. The position of IGR J17475!2822 was compared to the
center of the Sgr B2 complex and is discussed below.

IGR J17456!2901 is located at 1A1 from the radio position
of Sgr A" and 0A9 from the center of Sgr A East. It is therefore
compatible with either of these sources. Indeed, even if its asso-
ciated positional uncertainty of 0A75 is somewhat smaller than
the offset, we expect this PSLA to be slightly overestimated
when fitting multiple close sources (i.e., within the full width
of the PSF). For example, in the case of the known source 1A
1742!294, the measured offset can be 20%–30% times larger
than the PSLA.Moreover, we have found that the positions of 1E
1743.1!2853 and IGR J17456!2901 can change by 0A3–0A4 de-
pending on the model adopted, and in some cases IGR J17456!
2901 is positioned only 0A6 from Sgr A". For this reason we
adopt a final error radius for the central source (and for 1E
1743.1!2853, which has a comparable S/N) of 10, about 30%
larger than the PSLA value of 0A75 derived from the relation
given by Gros et al. (2003).

On the other hand, we can safely exclude a number of other
candidates such as the transient ASCA source AX J1746.5!2901
(Sakano et al. 2002) mentioned by Revnivtsev et al. (2004) as a
possible counterpart for the central excess based on the fact that
it is located at a distance of more than 20 from it.

A similar analysis was performed on the mosaics from the
same data set in different energy bands. As is clearly seen from
the isosignificance contours in Figure 3, the morphology of the
central degrees does not radically changewith increasing energy.
However, we notice that the emission that seems to bridge the
sources labeled Sgr A" and 1E 1743.1!2843 at low energy per-
sists at higher energies such that in the 56 to 85 keV range, the
emission from the region seems to be centered between the two
sources. This is a surprising result that we cannot readily interpret.
An investigation of this based on a comparison of the emission

detected by IBIS/ISGRI with the 20 cm radio map, the 6.4 keV
Fe line emission contours, and the CS map of the region raises
several other interesting questions.

Figure 4 is a radio continuum map at 20 cm (Yusef-Zadeh
et al. 2004) on which we have overlaid the 20–30 keV isosig-
nificance ISGRI contours as they are shown in Figure 3 (top left).
First, the centroid of the very bright Sgr A complex, which
includes the luminous Sgr A East, appears to be in best agree-
ment with the 20–30 keV ISGRI contours. For completeness, we
performed a simultaneous fit using the position of Sgr A East
instead of the one for Sgr A" and obtained very similar results.
The offset of the fitted source is nonetheless slightly smaller for
Sgr A East than for Sgr A", but both are within the PSLA and
thus statistically equivalent.We also see that the radio arc is quite
distant from the peak near Sgr A" and can therefore be confi-
dently excluded as a possible contributor to the flux at that po-
sition. However, the rough alignment of the radio arc with the
elongation on the 20–30 keV contours in the direction of neg-
ative latitudes is intriguing. In the 56–85 keV contours (Fig. 3,
bottom right) we see that the centroid of the emission is almost
exactly between the Sgr A complex and the radio arc. This re-
gion is known to harbor large molecular clouds, and there ap-
pears to be a very good agreement between this high-energy
emission feature and both the 6.4 keV Fe line emission, tracing
irradiated molecular regions, and the CS map, tracing regions
with high gas density. Furthermore, the centroid of this high-
energy source is strikingly close to that of the unidentified EGRET
source 3EG J1746!2851 and could in fact be its soft !-ray coun-
terpart. We extracted a spectrum for this source by fitting three
sources, two of which had their positions fixed to those of Sgr A"

and 1E 1743.1!2853, and obtained a power-law photon in-
dex of ! # 2:3 and a luminosity of LX(20 120 keV) # 2:6 ;
1035 ergs s!1 for a distance of 8 kpc. A more detailed analysis
of this source will be presented in future work.

Moving in the direction of positive longitudes, we clearly see
an emission region depicted in the 20–30 keV contours and
whose centroid is labeled as IGR J17475!2822, a source asso-
ciatedwith Sgr B2 byRevnivtsev et al. (2004). Indeed, this source

Fig. 3.—IBIS/ISGRI significance mosaic as in Fig. 1 in four energy bands: 20–30 keV (top left), 30–40 keV (top right), 40–56 keV (bottom left), and 56–85 keV
(bottom right). Black corresponds to statistical significance below or equal to 3 ", and white to a significance greater than or equal to 50 ". The 12 contour levels
mark isosignificance from 8 to 70 " linearly.
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coincides with the radio-bright Sgr B2 complex composed of
molecular clouds and several compact H ii regions. The fitted
centroid for this source, taken to be pointlike in the 20–40 keV
image, is positioned 1A6 from the estimated center of the cloud.
As was pointed out by Revnivtsev et al. (2004), there is good
agreement between the 6.4 keV Fe line contours and the emission
detected by ISGRI as IGR J17475!2822. Moreover, the exten-
sion toward the north could tentatively be associated with the
composite SNR G0.9+0.1 (Helfand & Becker 1987). The X-ray
emission of its pulsar wind nebula (PWN) has been mapped
with XMM-Newton (Porquet et al. 2003a), and the extrapolation
of the flux toward 20 keVof about 9 ; 10!5 photons cm!2 s!1 is
consistent with the residual flux of roughly 0.06 counts s!1 (20–
40 keV) or 8 ; 10!5 photons cm!2 s!1. It is therefore tempting to
interpret this as a detection of the very high energy synchrotron
radiation from this source that was first detected this year by the
HESS instrument (Aharonian et al. 2005a). It is worth noting that
a long XMM-Newton exposure of this object has revealed the
presence of a variable source probably of an accreting binary
type, located at a distance of 10 (Sidoli et al. 2004). Having a
luminosity close to that of G0.9+0.1, its contribution to the re-
sidual ISGRI emission could be significant.

We performed an analysis of the entire data subset used to con-
struct the mosaics in the narrow band between 500 and 522 keV.
This corresponds to the FWHMof the emission line in the ISGRI
instrument (Terrier et al. 2003). A background map that corre-
sponds to this energy range was used, and thus the resulting
mosaic is free of systematic effects. No sources are detected in
the field spanning 10" on either side of the GN both in longitude
and latitude. We obtain a 3 ! upper limit of 1:9 ; 10!4 photons
cm!2 s!1 to the flux from a point source at the position of Sgr A#,
where the exposure and thus the sensitivity is maximal. This
limit is calculated taking into account corrections derived from
the probability of photoelectric interaction at 511 keV in the
ISGRI detector (34%) and the fact that we have selected events
using a band corresponding to 78% of line flux. SPI detected a
511 keV line flux of about 10!3 photons cm!2 s!1 with intrinsic
line width of 2.7 keV (FWHM) from a region well described by
a Gaussian with a FWHM of about 8" and that coincides ap-

proximately with the Galactic bulge (Knödlseder et al. 2005). If
we assume that our sensitivity is more or less uniform over the
central 10" around Sgr A#, our upper limit implies that if this
emission is due to a collection of n point sources clustered to-
gether such that they cannot be resolved by SPI, then under the
simplifying assumption that they all contribute equally to the
total flux, each must have a flux of about 1/n$ % ; 10!3 photons
cm!2 s!1. Therefore, at least five individual sources would be
necessary to account for this extended 511 keVemission, in gen-
eral agreement with the SPI result (Knödlseder et al. 2005).
Finally, JEM-X mosaics in four energy bands, with a total ex-

posure of 3.2Ms and effective exposure at the location of Sgr A#

of about 500 ks, were constructed from 1204 science windows
taken between 2003 February to 2004 October. We used the en-
ergy ranges 3–4, 4–8, 8–14, and 14–35 keV and find no evi-
dence in this data sample for the presence of a JEM-X source in
the Sgr A complex, except for a very marginal excess in the 8–
14 keV mosaic. Although this analysis is preliminary and at this
point somewhat qualitative, it is an interesting result in light of
the strong ISGRI detection and obvious intense X-ray emission
from this region seen by XMM-Newton and Chandra. It may be
an additional indication that the emission is not due to a point
source but rather to a compact diffuse emission region where
thermal and nonthermal processes take place.

4.2. Light Curves and Variability Study

The complete light curve of IGR J17456!2901 in the 20–
40 keV energy range, with a resolution of about 1800 s corre-
sponding to the duration of a single pointing, is shown in Figure 5.
Since low-amplitude variability on kilosecond timescales cannot
be meaningfully studied for such a weak source due to statistical
limitations, we have also done a search on longer timescales by
rebinning the total light curve on the basis of 1 day, 2 weeks, and
1 month. These rebinned data sets are presented in Figure 6.

No individual point deviates from the mean by more than 3 !.
The level of variability in the flux from the central source was
evaluated by means of a simple "2 test. For the unbinned data set
shown in Figure 5, the reduced "2 value is"2

# & 1:3 (2758/2093).
For the light curve with a 1 day time resolution (Fig. 6, top), we

Fig. 4.—Radio map of the GC region at 20 cm with the 20–30 keV ISGRI contours overlaid.
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found !2
" ! 1:7 (180/109). In the case of the 2 week time res-

olution light curve (Fig. 6, middle), the reduced !2 value was
found to be 3.6 (61/17). However, if we exclude the first point in
this data set, which corresponds to the data collected during
revolution 46, the first observation of the GC just after the initial
calibration phase, we find a value of !2

" ! 2:1 (34/16), in closer
agreement with the previous two. Finally, in the case of the
1 month time resolution light curve (Fig. 6, bottom), we find
values of 5.2 (52/10) and 3.1 (28/9) if we exclude the first data
point, heavily affected by the revolution 46 data given that there
is a 3 week gap between this revolution and the second obser-
vation of the GC during revolution 53. These reduced !2 values
tend to increase as the binning gets coarser, and thus wemight be
seeing a small level of variability on monthly timescales. Dis-
regarding the data point associated with revolution 46, the only
deviation that almost reaches 3 # from themean is at the very end
of the light curve. This lack of evidence of significant variations
in flux other than the low level of variability seen on monthly
timescales is in contradiction with the previous detection of a
flare from IGR J17456"2901 (Bélanger et al. 2004) that we
therefore do not confirm. We point out that those results were
obtained with the preliminary analysis procedures and without

background corrections. The data subset covering the observa-
tion period of the reported flare (2003 April ) processed with the
most recent analysis software and background correction maps
do not indicate significant variability with respect to the mean
count rate. Similarly, the sources 1E 1743.1"2843 and IGR
J17475"2822 seem rather constant, unlike the four well-known
X-ray binaries that show very large intensity variations over the
2 year observation period.

4.3. Spectrum of IGR J17456"2901

Figure 7 shows the ISGRI spectrum of the GC source that we
modeled with a simple power law of index ! ! 3:04 # 0:08
(!2 ! 7:92 for 5 degrees of freedom and 3% systematics). The
pegged power-law model pegpwrlw in XSPEC uses the total
flux as normalization, and in this way the photon index and
normalization are independent parameters. The total flux in
the range from 20 to 400 keV is FX(20 400 keV) ! (7:02#
0:27) ; 10"11 ergs cm"2 s"1, which corresponds to a luminosity
of LX(20 400 keV) ! (5:37 # 0:21) ; 1035 ergs s"1 at a distance
of 8 kpc to the GC. In the 20–100 keV range, the luminosity is
LX(20 100 keV) ! (4:56 # 0:10) ; 1035 ergs s"1, somewhat
higher than our first estimate of $3 ; 1035 ergs s"1 (Bélanger
et al. 2004). This is not surprising given that the first estimate
was based on a rough comparison with the Crab’s count rate
in only two energy bands, 20–40 and 40–100 keV, and that we
now use six bands to constrain the slope. Moreover, the detec-
tion significance of the central source was much lower than in
the present case.

Now turning to the broadband high-energy spectrum of IGR
J17456"2901, we can see in Figure 8 the spectrum of the central
source from 1 to 400 keV, where the X-ray portion (1–10 keV) is
from XMM-Newton data collected during the multiwavelength
campaign and therefore contemporaneous with part of the ISGRI
data from 2004 used to construct the soft $-ray portion (20–
400 keV) of the spectrum that was discussed earlier and is shown
by itself in Figure 7. The X-ray spectrumwasmade by extracting
the photon flux from a region centered at the position of IGR
J17456"2901 and with a radius of 80. This integration radius
was chosen to be compatible with the IBIS/ISGRI PSF because
there is no obvious X-ray point-source counterpart to IGR
J17456"2901 within 10 of Sgr A%. Such a point source would
have to be hard, persistent, and extremely bright in X-rays in

Fig. 5.—Light curve of IGR J17456"2901 in the 20–40 keV band con-
structed from 2174 sky images, each corresponding to one pointing (1800 s).

Fig. 6.—Rebinned light curves of IGR J17456"2901 constructed from the
data set shown in Fig. 5 with time bins of 1 day (top), 2 weeks (middle), and
1 month (bottom).

Fig. 7.—Two-year averaged ISGRI spectrum of the GC source IGR J17456"
2901 in the range 20–400 keV. The spectrum is fit with a power law normalized
over the whole energy range and yields a photon index of ! ! 3:04 # 0:08.
Total flux is (7:02 # 0:27) ; 10"11 ergs cm"2 s"1. The last point in the spectrum
corresponding to the range 200–400 keV is given as the 1 # upper limit, and the
data point in the 120–200 keV band has a significance of $2 #.
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order to be compatible with the high-energy flux of the INTEGRAL
GC source.

The model fitting for large extended regions near the GC is
challenging for two main reasons. First, the X-ray spectra of
such extended regions give a coarse, averaged spectral behavior
of a complex field heavily dominated by diffuse emission that we
know to have several different spectral components (Muno et al.
2004a) but that also includes all the point sources, some of which
surely contribute to the hard X-ray flux. Of course, this difficulty
dissipates as integration radius decreases since fewer compo-
nents are summed together. Second, we have no a priori knowl-
edge of the nature of the emission detected as IGR J17456!2901
and therefore do not know whether the comparison with the total
X-ray spectrum from a region that roughly corresponds to ISGRI’s
angular resolution is an appropriate one. Keeping these caveats
inmind, we justify this type of comparison by pointing to the fact
that the source coincident with the GN, detected by INTEGRAL
as what appears to be a point source, must undoubtedly contrib-
ute to the X-ray spectrum from the region that corresponds to its
spatial extent. The spectral transition from 10 to 20 keV must
be more or less continuous, and therefore we expect the high-
energy component present in the X-ray spectrum and from which
IGR J17456!2901 arises to stand out beyond the thermally
dominated spectrum at around 20 keV. Therefore, a large !2

value should not be surprising, for it points to the fact that the
emission in the range from 1 to 3 keV is not modeled properly for
the reason mentioned above. Our aim in this section is to con-
strain the high-energy characteristics of this source in the range
1–400 keV using the ISGRI spectrum above 20 keV.

The broadband spectrum can bemodeled using a simple broken
power law over the entire range to get an idea of the change of
spectral index with increasing energy. However, in order to be as
constraining as possible without overlooking possibly important
components to this emission such as the hot-temperature plasma
present in the GC region, we performed the fit with the same

model as the one used by Muno et al. (2004a) to fit the diffuse
emission from the various regions in the 170 ; 170 field around
Sgr A" referred to as the southeast, southwest, northwest, east,
close, and northeast regions by the authors. This model comprises
a two-temperature plasma with different absorption columns, a
power law, and a Gaussian line to fit the 6.4 keV neutral Fe
emission line absorbed with the same column density. Although
providing a reasonable fit to the data from 2–8 keV, the model
does not work well in the ISGRI range of the spectrum. The
power-law fit with index ! # 2 underestimates the flux in the
20–40 keV range and overestimates it above 85 keV. A some-
what better fit is provided by replacing the simple power law
with either a cutoff or broken power law. In the case of the cutoff
power law, we found a photon index of ! # 1 and cutoff energy
of about 25 keV, and in the case of the broken power law, the
photon indices were found to be !1 # 1:5 and !2 # 3:2 with a

Fig. 8.—Broadband high-energy spectrum of IGR J17456!2901 constructed from XMM-Newton data in the 1–10 keVenergy range and from ISGRI data from 20 to
400 keV. The X-ray portion of the spectrum was built by integrating over a circular region of radius 80. The model used is an absorbed two-temperature plasma plus a
broken power law, where the low- and high-temperature components are drawn in red and green, respectively, the power law is in dark blue, and the 6.4 keV Gaussian
line is in light blue. As in Fig. 7, the point in the last bin gives the 1 " upper limit on the flux in the 200–400 keV range.

TABLE 3

Spectral Model of the Galactic Center Source IGR J17456!2901

Quantity

Cutoff

Power Law

Broken

Power Law

NH,1 (10
22 cm!2) ............................................ 7:81$0:02

!0:04 7:79$0:11
!0:13

kT1 (keV)....................................................... 1:002$0:008
!0:004 0:99$0:02

!0:02

NkT1 ................................................................. 0:378$0:009
!0:006 0:38$0:02

!0:02

NH,2 (10
22 cm!2) ............................................ 13:13$0:17

!0:23 13:52$0:56
!0:50

kT2 (keV)....................................................... 6:56$0:07
!0:09 6:600:13!0:12

NkT2 (10!2) ..................................................... 6:35$0:05
!0:06 6:45$0:01

!0:02

!1.................................................................... 1:09$0:03
!0:05 1:51$0:06

!0:09

Ecutoff/ break (keV) ........................................... 24:38$0:55
!0:76 27:132:79!4:39

!2.................................................................... . . . 3:22$0:34
!0:30

N! (10!3 photons cm!2 s!1 keV!1).............. 4:46$0:29
!0:27 7:445$0:001

!0:001

!2 (dof ).......................................................... 4490.7 (2658) 4458.0 (2657)

Note.—Uncertainties on the parameters correspond to the 90% confidence
level.
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break energy of about 27 keV. The best-fit parameter values are
given in Table 3, where only the free parameters are listed; all
abundances are fixed to solar abundance.

Looking closely at the unfolded spectra shown in Figure 8,
we can distinguish the low- and high-temperature plasma com-
ponents drawn in red and green, respectively, the Gaussian line
in light blue, and the broken power law in dark blue. The hot
thermal component clearly dominates the spectrum at low ener-
gies, but its contribution is already well below that of the power-
law component in the 20–30 keV band and is totally negligible
beyond that. If we fix the temperature of the hot component at
8 keV, the effect on the other parameters is small. The photon
index in the cutoff power law decreases from 1.09 to 1.05, and
the high-energy cutoff increases from 24.4 to 27.7 keV. The !2

value increases to 4849.0 for one more degree of freedom, and
therefore the reduced !2 is slightly larger, i.e., !2

" ! 1:82, and
the contribution of this component to the overall flux in the 20–
30 and 30–40 keV bands increases by a factor of 2 but still lies
3 times below the power law in the first band and a factor of 7
below in the second.

4.4. Multiwavelength Campaign

A multiwavelength campaign to study Sgr A" with a total
exposure time of about 500 ks was performed in two segments,
the first of which was from 2004 March 28 to April 1 and that
we refer to as epoch 1, and the second from 2004 August 31 to
September 3, referred to as epoch 2. The primary aim of this
campaign was to study correlated variability, particularly in the
IR, X-ray, and soft #-ray energy bands. Figures 9 and 10 show
the 2–10 keV XMM-Newton light curve of a 1000 region around
Sgr A" in the bottom panels and the 20–30 keV ISGRI light
curve of IGR J17456#2901 in the top panels for epochs 1 and 2,
respectively. As is clearly visible, the periods during which the
factor-40 flares from the direction of Sgr A" occurred do not have
simultaneous coverage in the INTEGRAL data. Unfortunately,
both data gaps in the ISGRI light curve correspond to the period
between orbits. For this reason we are still unable to con-
clude whether or not we can expect to detect a correlated vari-
ability in the X-ray and soft #-ray bands. There are two features
worth mentioning that can be noticed in Figure 10, although they
have marginal statistical significance. First, two points in the
ISGRI light curve, approximately in the middle of the top panel,
stand out at about 2.5 $ above the mean. These are temporally

coincident with the two hiccups at the end of the first data subset
in the X-ray light curve shown in the bottom panel. Second, the
weighted mean X-ray count rate is somewhat higher in the first
data subset (0:30 $ 0:001 counts s#1) than in the second (0:27$
0:001 counts s#1), a behavior apparently seen also in the two
corresponding segments of the ISGRI light curve, where the
weighted mean count rate is 0:42 $ 0:03 counts s#1 in the first
and 0:20 $ 0:07 counts s#1 in the second. This indicates that
there may be a relationship between the flaring activity of Sgr A"

and emission at higher energies. Future simultaneous observa-
tions will undoubtedly help elucidate this point, which remains
uncertain.

5. SUMMARY AND DISCUSSION

5.1. Summary

We have studied the morphology of the high-energy emission
from the central few degrees of the Galaxy in the energy range
from 20 to 400 keV based on a sample of INTEGRAL data col-
lected from 2003 February to 2004 October with a total live time
of 7 ; 106 s. We paid particular attention to the characteristics of
the emission from the Galactic nuclear region, where we detect a
source with high significance in the 20–40 keV energy range
located at R:A: ! 17h45m42:s5, decl: ! #28%5902800 (J2000.0)
with an uncertainty of 10 and therefore compatible with the po-
sition of the central black hole Sgr A". This detection confirms
the results obtained by Bélanger et al. (2004) on the GC source
IGR J17456#2901.

The source IGR J17456#2901 is persistent and shows no
variability at the 3 $ level, in contradiction with what was sug-
gested in Bélanger et al. (2004). This result holds at kilosecond,
daily, biweekly, and monthly timescales.

The spectrum of the central source in the 20–400 keV range is
well fit by a power law of index ! & 3. We have combined this
data set with the X-ray spectrum of a circular region with radius
of 80 centered on the INTEGRAL GC source derived from par-
tially contemporaneous XMM-Newton data collected during ob-
servations of the GC performed in 2004 in the range 1–10 keV.
From this we find that the broadband high-energy spectrum can
be fit equally well with a model that comprises a two-temperature
plasma (kT1 & 1:0, kT2 & 6:5), a Gaussian line to account for
the neutral Fe emission at 6.4 keV, and either a cutoff power law
with photon index ! & 1 and cutoff energy of about 25 keVor a
broken power law with photon indices of!1 & 1:5 and!2 & 3:2
and break energy of around 27 keV.

Fig. 9.—XMM-Newton light curve of the region within 1000 of Sgr A" in the
2–10 keV range with a time resolution of 500 s (bottom) and ISGRI light curve
of IGR J17456#2901 in the range 20–30 keV with a time resolution of about
1800 s (top) for epoch 1 of the multiwavelength campaign. The data gaps cor-
respond to the times between orbits, for which there are no scientific data.

Fig. 10.—Same as in Fig. 9, but for observation epoch 2. The clear periodic
dips in the XMM-Newton light curve are caused by the eclipses of the transient
CXOGC J174540.0#290031 (Porquet et al. 2005b; Muno et al. 2005b).
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We also detect hard (! ! 2:2) emission from a region located
between Sgr A" and the radio arc that seems to coincide with the
6.4 keVemission from neutral to weakly ionized Fe and with the
CS map of the region. As is the case with IGR 17475#2822, we
believe that this new detection of hard X-ray emission originates
in one or several large molecular clouds known to exist in that
region.

The nature of the emission from the direction of the Sgr A
complex detected as IGR J17456#2901 is unknown. In what
follows we discuss a number of scenarios in an attempt to iden-
tify the source of the emission detected by INTEGRAL and ap-
parently centered on Sgr A".

5.2. Hot Plasma

The hot component at 6–8 keVof the two-temperature plasma
at the GC is well known, and its presence is viewed by many as
problematic in terms of its being confined given the escape ve-
locity of a hydrogen plasma at that temperature, or in terms of the
heating mechanisms that would be required to supply energy
to the plasma were it not confined. It is interesting to ask what
is this hot plasma’s extrapolated flux at energies between 20
and 30 keV in order to assess its possible contribution to the flux
detected from the central arcminutes. In x 4.3 we showed that
although the hot plasma component totally dominates the spec-
trum in the range from 2 to 5 keV, its contribution to the overall
flux is several times less than that of the power law in the 20–
30 keV range and drops to a negligible level with respect to the
power-law component in the range 30–40 keV. These estimates
are based on the best-fit value for the temperature of 6.5 keV, and
clearly the contribution increases somewhat if we fix the tem-
perature at 8 keV. Nonetheless, this hot plasma can only provide
a very small fraction of the emission detected from the direction
of the GN by INTEGRAL, and this solely in the first band, from
20 to 30 keV.

5.3. X-Ray Transient Sources

A large number of X-ray transients have been detected in the
neighborhood of Sgr A" in the last few years (Muno et al. 2004b;
Porquet et al. 2005a). In fact, there even appears to be an over-
abundance of such sources near the GC, where four X-ray bi-
naries lie within 1 pc (2500) of Sgr A" (Muno et al. 2005a). These
sources, observed at luminosities between 1033 and 1036 ergs s#1

in the 2–10 keV range, are not particularly bright since these lu-
minosities are intermediate between quiescence and outburst. In
the paragraphs that follow we attempt to estimate the effect of
such sources on the flux of IGR J17456#2901 in the 20–120 keV
range. We restrict ourselves to this energy range because it is
here that we have the best estimate of flux from the ISGRI data.

The GC source IGR J17456#2901 shows very little variabil-
ity, and hence its persistent quality demonstrates that it is prob-
ably not heavily influenced by the sometimes radical brightening
of an individual X-ray transient as it moves from quiescence to
outburst. Furthermore, the high detection significance in the 20–
40 keV band permits an accurate determination of the emission
centroid and yields an uncertainty of about 10. For this reason, we
do not consider transients that lie outside the error radius of IGR
J17456#2901 but turn our investigation to the four transients
detected by Chandrawithin 3000 of the central black hole (Muno
et al. 2005a) and pay particular attention to the remarkable low-
mass X-ray binary (LMXB) located just 300 south of Sgr A"

(Muno et al. 2005b). This transient, CXOGC J174540.0#290031,
was very bright during both epochs of the multiwavelength
campaign, the only period for which we have contemporaneous

X-ray and INTEGRAL data, and will therefore be the main focus
of the discussion.
The four transients detected within 3000 of Sgr A" are also the

hardest of the seven transients discussed by Muno et al. (2005a).
These are CXOGC J174535.5#290124, CXOGC J174538.0#
290022, CXOGCJ174540.0#290005, andCXOGCJ174540.0#
290031. Using the available Chandra data for these (and
XMM-Newton for CXOGC J174540.0#290031), we constructed
their respective light curves in the range 2–8 keVand rebinned to
make the long-term trends more apparent (the Chandra results
were published in Muno et al. 2005a). We plotted the light curve
for IGR J17456#2901 rebinned in 2 week segments on the same
time line. The 20–40 keVrange is used because it has the highest
S/N. Figure 11 shows these light curves, where that of IGR
J17456#2901 appears as the topmost one. The flux is in units of
photons cm#2 s#1, and the time unit is the Modified Julian Date.
The observation cycles are clearly depicted by the ISGRI

light curve, where each data subset corresponds to a season, the
first one being 2003 spring and the last one being 2004 fall. As
was found in x 4.2, there is no clear sign of variability in the
INTEGRAL light curve other than the close to 3 ! deviation in the
very last part of the light curve. Furthermore, it is difficult to
draw conclusions from the general comparison with the flux
levels of the four hardestChandra transients shown in Figure 11.
We will now take a closer look at the unusual transient CXOGC
J174540.0#290031.
This source was discovered during the 2004 July Chandra

observations of the GC (Muno et al. 2005b) and was also seen to
be active throughout both epochs of the multiwavelength cam-
paign of 2004, reaching its peak X-ray brightness in April. A
very clear periodic signal was detected from this source during
epoch 2, and the orbital period was determined to be about 8 hr
(Porquet et al. 2005b; Muno et al. 2005a; Bélanger et al. 2005).
This source, located remarkably close to the supermassive black
hole at only!300 from the radio position of Sgr A", was observed
in radio during the campaign (Bower et al. 2005) and seen to
produce a jet with a luminosity of Ljet ! 1037 ergs s#1.
In order to estimate the possible contribution of this source to

the INTEGRAL flux, we used the spectral parameters derived
from the contemporaneous XMM-Newton observations and pre-
sented in Porquet et al. (2005b). Taking a photon index of ! $ 1:6

Fig. 11.—Light curves in the 2–8 keVenergy range of CXOGC J174535.5#
290124 (black), CXOGC J174540.0#290005 (red ), CXOGC J174540.0#
290031 (green), and CXOGC J174538.0#290022 (blue) and in the 20–40 keV
range for IGR J17456#2901 binned in 2 week periods.
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and a 2–10 keV flux normalization of 1:3 ; 10!12 ergs cm!2 s!1,
we find that the extrapolated 20–120 keV luminosity is about
5 ; 1034 ergs s!1. For an index of ! " 1:98 and a flux of FX "
1:8 ; 10!12 ergs cm!2 s!1, we get an extrapolated luminosity
of 2:5 ; 1034 ergs s!1. The largest of these values amounts
to about 1/10 of the derived luminosity of IGR J17456!2901
and is probably still overestimated given that the spectrum of a
LMXB in outburst is rarely a pure power law above energies of
#100 keV. A more realistic description would be a Comptoniza-
tionmodel where the seed photons are boosted to higher energies
as they encounter fast thermal electrons in the hot (30–50 keV)
corona. In this case, the contribution in the ISGRI band would
very likely be even less than the above extrapolations. According
to this simple estimate, 10 sources similar to CXOGC J174540.0!
290031 in luminosity and spectral index within a few arcminutes
of Sgr A$ would have to be active more or less continuously
to account for the 20–120 luminosity of IGR J17456!2901. Of
course, the flux could be due to a substantially larger number of
dim and hard sources that have until now evaded detection by
Chandra and XMM-Newton and that are clustered around Sgr A$.
Only the next generation of X-ray observatories, with a sensitiv-
ity substantially higher than the current instruments, will bring an
answer to this question.

We have considered and tried to quantify the effect of the
known X-ray transients located within 3000 of Sgr A$ on the
ISGRI count rate. We find that the flux of IGR J17456!2901
cannot be explained by the contribution of transients located
very close to the central black hole and that their contribution
appears to be negligible over the range from 20 to 120 keV.

5.4. Flares from Sgr A$

Our campaign to search for correlated variability in the X-ray
and soft !-ray flux from the central black hole was inconclusive
due to INTEGRAL data gaps during the Sgr A$ flares. Of the two
factor-40 flares that occurred on 2004 March 31 and August 31,
the first was somewhat harder with a photon index of ! %
1:5 compared to ! % 1:9 for the second flare (Bélanger et al.
2005). By extrapolating the flux of the hardest flare to the 20–
30 keV energy band, we find that its contribution to the ISGRI
count rate using an average effective area in this band of 650 cm2

should be about 0.05 counts s!1. Taking a peak flare flux equiv-
alent to twice the average gives 0.1 counts s!1, and so since IGR
J17456!2901’s observed ISGRI count rate in this range is
around 0.4 counts s!1, we would expect a rise of #25% due to
the flare. Based on these simple assumptions, this type of event
would therefore not be detectable by ISGRI and for the same rea-
son cannot explain the emission seen as IGR J17456!2901.

Furthermore, the derived luminosity of theGC source of around
5 ; 1035 ergs s!1 cannot result directly from the integration of
successive flares from the central black hole. The flares occur on
average once per day and have typical luminosities of 1035 ergs
s!1 for durations of a few thousand seconds. If the flares last 3
to 20 ks, even if they all reached peak luminosities of around
1036 ergs s!1, this would still not be enough to make up the
persistent luminosity of IGR J17456!2901. This is not to say
that the acceleration of particles to very high Lorentz factors dur-
ing such a flare could not lead to a secondary high-energy emis-
sion that would not be detected by X-ray instruments but that
would contribute to the flux in the range 20–400 keV.

5.5. Charged-Particle Acceleration

The detection of a persistent source up to about 120 keV
compatible with the position of the central black hole raises the

very interesting possibility that it may be related to the TeV
source detected in the same region by HESS (Aharonian et al.
2004). These observations lend crucial support to the idea that
acceleration of particles to very high energies is taking place at
the GC (Crocker et al. 2005). Furthermore, all of them agree on
the apparent absence of variability from the central source.

The HESS collaboration has been particularly successful at
determining the high-energy properties of this source detected
over two epochs, 2003 June–July and 2003 July–August, and
together with the earlier 30 MeV to 10 GeV EGRET detection of
the continuum source 3EG J1746!2851 within 1& of the nucleus
(Mayer-Hasselwander et al. 1998), this TeV detection provides
some evidence of hadronic acceleration at the GC, either by Sgr
A$ itself, within the shocked shell of an SNR such as Sgr A East,
or by some other mechanism, including the interaction of non-
thermal filaments with dense molecular environments. Protons
could be accelerated, either via first-order Fermi acceleration at a
shock or via stochastic acceleration (a second-order Fermi pro-
cess) in a turbulent magnetic field, and then scatter with ambient
protons to produce pions. The neutral pions subsequently decay
into two !-rays, whereas the positive and negative pions initiate a
muon, electron, positron and neutrino cascade. Some evidence for
a pion origin of the !-rays is provided directly by the EGRET
spectrum, which exhibits a clear break at #1 GeV and therefore
cannot be fit by a single power law. Instead, this break is usually
attributed to the rest-frame energy of pion-decay photons. The
secondary electrons and positrons produced by the charged pions
in concert with the "0-decay photons are capable of producing
their own !-ray emission via bremsstrahlung and Compton scat-
tering. For example, if these leptons build up to a steady-state dis-
tribution balanced by bremsstrahlung and Coulomb losses, they
naturally account for the lowest energy EGRET datum. This is
rather important because the pion decays link the lepton and pho-
ton generation rates, so the bremsstrahlung and pion-decay pho-
ton emissivities are tightly correlated.

The possibility that the relativistic protons may be accelerated
close to Sgr A$ was first explored by Markoff et al. (1997, 1999),
who concluded that themaximumattainable energy is on the order
of 4 ; 105 TeV. However, there appear to be two principal reasons
why the p-p scatterings that lead to pionic !-ray emission prob-
ably do not occur in the acceleration zone itself. First, the ensuing
particle cascade would produce a copious supply of energetic
leptons that, in the presence of the inferred #1–10 G magnetic
field for this source, would greatly exceed Sgr A$’s observed radio
flux. Second, the lack of variability in the data from keV to TeV
energies argues against a compact point source such as Sgr A$.
The more recent analysis of proton acceleration within Sgr A$

(Liu et al. 2004, 2005) has shown that these relativistic particles
actually diffuse to distances #2–3 pc away from the acceleration
site before scattering with the ambient protons, and therefore that
the ensuing leptonic cascade does not overproduce emission at
longer wavelengths having left the region where the magnetic
fields are very strong. Aharonian & Neronov (2005b) considered
several possiblemechanisms for photoproduction due to energetic
protons near the source itself and confirmed that the emission
region would need to be far from the acceleration site. In support
of this picture, wherein the relativistic particles responsible for the
HESS and INTEGRAL source are accelerated near Sgr A$, it is
worth noting that the mechanism responsible for accelerating the
electrons required to account for Sgr A$’s 7 mm emissivity also
accelerates protons in the system. These protons do not radiate as
efficiently as electrons and therefore diffuse away from the ac-
celeration site. The electron acceleration rate implied by the radio
measurements also corresponds to the right #TeV luminosity
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from the protons flooding the region surrounding the black hole to
match the HESS measurements. In addition, the time required for
these particles to diffuse outward is !105–106 yr, which would
argue against any rapid variability in the TeV !-ray emission, as
observed. Thus, although both the HESS and INTEGRAL GC
sources appear to be slightly extended, the origin of the particles
responsible for the broadband spectrum of the nuclear region
may ultimately still be Sgr A".

5.6. Sgr A East

The supernova remnant Sgr A East, whose centroid is located
5000 from Sgr A", is another likely source of !-rays near the GN
(see Melia & Falcke 2001). It is a member of a class of remnants
detected at 1720 MHz (the transition of OH maser emission), a
signature of shocks produced at the interface between supersonic
outflow and the dense molecular cloud environments with which
they interact. It has already been shown (Fatuzzo &Melia 2003)
that Sgr A East is capable of producing the observed !-ray lu-
minosity detected by EGRET once the unusually high ambient
particle density (>103 cm#3) and strong magnetic field (>0.1–
0.2 mG) are taken into account. In a thorough examination of the
particle acceleration and energetics in this source, Crocker et al.
(2005) demonstrated that Sgr A East could very well also be the
source of the TeV spectrum measured by HESS. One should
note, however, that the EGRET and HESS sources are probably
not coincident. The centroid of the EGRET emission (Mayer-
Hasselwander et al. 1998) appears to be significantly displaced
away from Sgr A", whereas the TeV source lies within !10. In
addition, although the EGRET and HESS spectral indices are
similar (!2.2), the corresponding fluxes at GeV and TeV ener-
gies differ by over an order of magnitude. It appears that the
EGRET source must cut off well below the TeV range, suggest-
ing, together with the relative spatial displacement of the two
sources, that we must be dealing with at least two separate regions
of !-ray emissivity.

Sgr A East may in fact be a very good candidate for the source
of the emission detected by INTEGRAL and HESS at the GC.
This composite SNR in its radiative phase has several observa-
tional characteristics akin to supernovae in molecular clouds or
dense environments: a bright radio shell with a strong nonther-
mal synchrotron component, X-ray emission from the compact
central core dominated by the hot thermal plasma component,
and a strong He-like 6.7 keV Fe emission line. It shares some of
these features with G0.9+0.1, which was recently confirmed as a
source of TeV radiation by the HESS collaboration (Aharonian
et al. 2005a), and its local environmentmakes it a good candidate
for powerful particle acceleration. There is one important dis-
tinction between G0.9+0.1 and Sgr A East, however: the com-
pact core of G0.9+0.1 is known to be a PWN, the central pulsar
of which has been detected (Gaensler et al. 2001) and that has a
hard, nonthermal X-ray emission. The X-ray core of Sgr A East
is so highly dominated by thermal emission that nonthermal
X-ray emission does not even seem to be present. We know,
however, that such behavior is not unexpected for SNRs in mo-

lecular clouds or dense environments (Bykov 2002). Moreover,
there is preliminary evidence that several of the new HESS sources
detected during the Galactic plane scanmight be SNRs with weak
X-ray emission (Aharonian et al. 2005b).

5.7. Final Comments

The ISGRI instrument on the INTEGRAL satellite has de-
tected with a high significance hard X-ray and soft !-ray emis-
sion centered within 10 of the GN. We have analyzed 2 years of
INTEGRAL observations and thoroughly examined this data
over the energy range from 20 to 400 keV. Combining these
results with XMM-Newton data in the energy range from 1 to
10 keV, we have found that this emission cannot be attributed to
the hot thermal plasma in the Sagittarius complex, that it cannot
be explained by the integrated flux from known X-ray transients
near the central black hole, and that it cannot be the simple
extrapolation of the X-ray flux of flares from Sgr A". The fact
that IGR J17456#2901 is comparable in brightness to the well-
known binary system 1E 1743.1#2853 in the 20–40 keV range,
but that unlike this source it does not produce the largeX-ray flux
that makes 1E 1743.1#2853 so incredibly conspicuous in the
soft X-ray band, suggests that IGR J17456#2901 is not point-
like. In addition, the fact that JEM-X, with its !30 angular res-
olution, easily detects the known binaries in the region including
1E 1743.1#2853 but does not see any emission from the GN also
suggests that the nature of IGR J17456#2901 is not pointlike.
These considerations lead us to conclude that IGR J17456#
2901 is a compact diffuse emission region a few arcminutes in
size where astrophysical processes give rise to thermal and non-
thermal emission.
Finally, in x 4.1 we discussed the 20–40 keV morphology of

the emission near the GC, and due to the very long effective
exposure of 4.7 Ms, the maps in the different energy bands re-
vealed that (1) as the brighter and softer sources IGR J17456#
2901 and 1E 1743.1#2853 become fainter with increasing
energy, a hard but dim emission about 60 from Sgr A" in the
direction of positive longitudes appears, and that (2) the spectral
index of this emission is quite hard and apparently qualitatively
similar to that of IGR J17475#2822 (Sgr B2). This new source
of soft !-rays could well be closely related to the unidentified
EGRET source 3EG J1746#2851 and to the giant molecular
cloud G0.13#0.13.
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extraction and analysis, Andrei Bykov and Francois Lebrun for
useful and interesting discussions, Micheal Muno for providing
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BÉLANGER ET AL.288 Vol. 636



Appendix D: Two Years of INTEGRAL Observations of the GC 195

Eisenhauer, F., et al. 2005, ApJ, 628, 246
Fatuzzo, M., & Melia, F. 2003, ApJ, 596, 1035
Fryer, C. L., et al. 2005, ApJ, submitted (astro-ph/0506242)
Gaensler, B. M., Pivovaroff, M. J., & Garmire, G. P. 2001, ApJ, 556, L107
Genzel, R., & Townes, C. H. 1987, ARA&A, 25, 377
Genzel, R., et al. 2003, Nature, 425, 934
Ghez, A. M., et al. 2004, ApJ, 601, L159
———. 2005, ApJ, 620, 744
Goldoni, P., et al. 1999, Astrophys. Lett. Commun., 38, 305
Goldwurm, A., et al. 1994, Nature, 371, 589
———. 2003a, ApJ, 584, 751
———. 2003b, A&A, 411, L223
———. 2004, Proc. 5th INTEGRALWorkshop, ed. V. Schönfelder, G. Lichti,
& C. Winkler (ESA SP-552; Dordrecht: ESA), 237

Green, D. A. 2004, Bull. Astron. Soc. India, 32, 335
Gros, A., et al. 2003, A&A, 411, L179
Hartman, R. C., et al. 1999, ApJS, 123, 79
Helfand, D. J., & Becker, R. H. 1987, ApJ, 314, 203
Knödlseder, J., et al. 2005, A&A, 441, 513
Lebrun, F., et al. 2003, A&A, 411, L141
Liu, S., & Melia, F. 2002, ApJ, 566, L77
Liu, S., Melia, F., & Petrosian, V. 2005, ApJ, submitted
Liu, S., Petrosian, V., & Melia, F. 2004, ApJ, 611, L101
Maeda, Y., et al. 2002, ApJ, 570, 671
Malet, I., et al. 1995, ApJ, 444, 222
Markoff, S., Falcke, H., Yuan, F., & Biermann, P. L. 2001, A&A, 379, L13
Markoff, S., Melia, F., & Sarcevic, I. 1997, ApJ, 489, L47
———. 1999, ApJ, 522, 870
Mayer-Hasselwander, H., et al. 1998, A&A, 335, 161
Melia, F., & Falcke, H. 2001, ARA&A, 39, 309
Melia, F., et al. 1998, ApJ, 508, 676

Muno, M. P., et al. 2004a, ApJ, 613, 326
———. 2004b, ApJ, 613, 1179
———. 2005a, ApJ, 622, L113
———. 2005b, ApJ, 633, 228
Park, S., et al. 2004, ApJ, 603, 548
Pavlinsky, M. N., Grebenev, S. A., & Sunyaev, R. A. 1994, ApJ, 425, 110
Porquet, D., Decourchelle, A., & Warwick, R. S. 2003a, A&A, 401, 197
Porquet, D., et al. 2003b, A&A, 407, L17
———. 2005a, A&A, 430, L9
———. 2005b, A&A, in press
Revnivtsev, M. G., et al. 2004, A&A, 425, L49
Sakano, M., et al. 2002, ApJS, 138, 19
———. 2004, MNRAS, 350, 129
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Appendix E

The Galactic Soft γ-ray Emission

In this Letter to Nature published in early 2004, we show that the soft γ-ray emission

from the central regions of the Galaxy in the range from 20 to 300 keV is totally dominated

by the contribution from compact sources.
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The Milky Way is known to be an abundant source of g-ray
photons1, now determined to be mainly diffuse in nature and
resulting from interstellar processes2. In the soft g-ray domain,
point sources are expected to dominate, but the lack of sensitive
high-resolution observations did not allow for a clear estimate of
the contribution from such sources3,4. Even the best imaging
experiment5 revealed only a few point sources, accounting for
about 50% of the total Galactic flux6. Theoretical studies were
unable to explain the remaining intense diffuse emission7,8.

Investigating the origin of the soft g-rays is therefore necessary
to determine the dominant particle acceleration processes and to
gain insights into the physical and chemical equilibrium of
the interstellar medium7. Here we report observations in the
soft g-ray domain that reveal numerous compact sources. We
show that these sources account for the entirety of the Milky
Way’s emission in soft g-rays, leaving at most a minor role for
diffuse processes.
There are two main processes that can lead to an interstellar

soft g-ray emission. The first and the most natural is inverse
Compton scattering of high-energy (GeV) cosmic-ray electrons
on the ambient photon field. However, the electrons required to
account for the bulk of the Galactic emission would also produce
radio-synchrotron emission in the Galactic magnetic field at a level
much higher than the one actually observed9. The second assumes
the presence of a population of electrons of a few hundred keV
radiating through bremsstrahlung interactions with the interstellar
gas. Because these electrons would lose their energy primarily
through ionization and Coulomb collisions, the total power
required to compensate for their energy losses is of the order of
1041–1043 erg s21 (ref. 10). This power, comparable or higher than
that of the cosmic ray protons, would affect the interstellar-medium
ionization equilibrium and give rise to an excessive dissociation of
the interstellar molecules. In the light of the above arguments
outlining the improbability of an interstellar origin for the galactic
soft g-ray emission, and taking into account the spectral shape of
this emission, the hypothesis of a major point-source contribution
was put forth10,11.
The INTEGRAL g-ray observatory12, launched in October 2002,

carries two major co-aligned coded-mask instruments: the IBIS
imager13 and the SPI spectrometer14. To lessen the instrumental

Figure 1 IBIS/ISGRI view of the Galactic Centre region. ISGRI galactic map of the central

part of the Milky Way in the 20–60 keV energy band. Most of the 91 sources detected in

this image lay in the Galactic plane. The Galactic bulge, the region around the Galactic

Centre (‘ ! 08, b ! 08), is densely populated, especially with low-mass X-ray binaries.

This map is a mosaic of about 2,000 images resulting from the IBIS standard analysis16 of

2.2-ks pointed observations. The standard analysis deconvolves detector images with the

mask pattern, detects the significant peaks and subtracts the point spread function (PSF)

side-lobes in the resulting sky images. ISGRI15, the low-energy camera of IBIS, uses

16,384 independent CdTe detectors operating between 15 keV and 1MeV. With the IBIS

mask 3.2m above, it provides a 13 0 angular resolution over a 198 £ 198 FWHM field of

view and has a sensitivity close to 1mCrab below 100 keV for a 106-s observation. The

average point-source location accuracy is a few arcmin20.
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background contribution, both experiments are actively shielded.
Coded mask imaging acts as a high-pass spatial-frequency filter,
strongly attenuating structures larger than the instrument’s angular
resolution, which is 13 0 for IBIS and 2.68 for SPI. This makes IBIS,
with its ISGRI15 photon-counting g-camera, very well suited to
measure the emission from compact sources. Below 100 keV, the
IBIS/ISGRI sensitivity reaches the millicrab level.
INTEGRAL observed the Galactic Centre region in the spring and

fall of 2003 as part of its core programme (guaranteed time) and
during two target-of-opportunity observations. The total observing
time amounts to about 1.5 £ 106 s in the central part of the survey.
Figure 1 shows an IBIS/ISGRI mosaic image produced using the
standard analysis software16. Sources were detected and removed
one by one from the most to the least significant, yielding a list of 91
excesses above 6 sigma. Catalogued counterparts were searched for
each of these sources using SIMBAD at the Centre des Données
Stellaires de Strasbourg. All but 26 were identified with known
sources. Forty of the identified sources are accreting binary systems
with low-mass companions as expected in a region that is rich in old
stars such as the Galactic bulge.
The remaining sources of known type are: seven high-mass

systems, two radio pulsars, two plerionic supernova remnants,
one millisecond pulsar, one soft g-ray repeater and one Seyfert 1
galaxy. This leaves 11 sources of unknown type. The known binaries
contribute to the total source flux at levels of 86%, 78%, 77% and
74% respectively in the 20–40, 40–60, 60–120 and 120–220 keV
bands. The global spectrum of the other sources is thus significantly
harder, possibly indicating a new emerging population of hard
sources. Some of the unidentified sources are highly absorbed such
as IGRJ16318–4848 (ref. 17), discovered during the course of this
survey. A significant contribution from plerions and pulsars could
also be considered, as their spectra are much harder than the
average.
Diffuse emission is washed out during the standard imaging

process, so its contribution can be estimated by comparing the data
before and after this processing. This entails comparing the ISGRI
count rate and the combined intensity of detected sources. The
count rate is due to the internal background, the cosmic diffuse
background, the galactic diffuse emission and point sources. If the
ISGRI count rates can be corrected for the internal background
variations and the contribution from the known point sources
removed, we should be left with a Galactic emission, possibly
diffuse, and an isotropic contribution; the latter composed of
the cosmic diffuse background and the constant internal
background.
The internal background has a hard spectrum and fully domi-

nates the count rates above 500 keV. We can therefore use the high-
energy ISGRI count-rate to predict the variable part of the internal
background. The relation between the count rate in each energy
range and that above 500 keV can be derived from high-latitude
observations devoid of galactic emission. The variable part of the
internal background has been subtracted from each observation
window to produce corrected count rates. The contribution of each
detected source was computed by applying the IBIS angular
response to the intensity at the source position in the field of
view. To convert intensities to source count rates, a conversion
factor was derived from Crab nebula observations.
Galactic maps of the difference between the corrected and the

source count rates were built. Each sky bin was assigned the average
of the count rates of all observations pointing within it. The
resulting map has a resolution of the order of the field of view
(198 full-width at half-maximum, FWHM). These residuals contain
an isotropic emission and a Galactic contribution. Their respective
importance was fitted to the latitude profile of the residuals. The
fitted count rate of this residual Galactic emission is 8.6 ^ 3.0 s21,
0.2 ^ 1.1 s21, 0.7 ^ 1.3 s21, and20.7 ^ 0.6 s21, respectively in the
20–40, 40–60, 60–120 and 120–220 keV bands. A Galactic diffuse

Figure 2 Longitude profile of the Galactic emission at jbj , 58. Comparison between the

background-corrected detector count rate (black circles) and the estimated count rate

from the detected sources (red triangles) as a function of longitude for each energy band

(a–d). These profiles were produced averaging the corrected count rates of all pointings
lying in the same longitude bin, with jbj , 58. The resulting angular resolution is then

given by the instrument’s field of view. Because the variable internal background

dominates all other components above 500 keV, the count rate above that energy can be

used to predict and subtract the internal background in each energy range. This correction

has been calibrated using the relation between the count rates in each energy range and

in the range above 500 keV during high-latitude observations (pointing at jbj . 308) that

are deprived of Galactic and point-source emission. The contribution of the Galactic

emission above 500 keV does not significantly bias the background subtraction. Even if

the total Galactic flux above 500 keV were at the Crab nebula level, the bias introduced in

the correction would never exceed 0.3 s21, which is negligible, at least below 120 keV.

The total point-source count rate profile is estimated for each pointing correcting for

acceptance and attenuation effects due to the source position in the field of view. The flux

obtained through the imagery is then calibrated on the background-corrected crab count

rate. The error bars are due to the systematic uncertainties introduced during this

process. The constant isotropic background obtained by fitting the latitude distribution

(see Fig. 3) has been added to the source count rate.
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component contribution of 13% of the total Galactic emission
appears below 40 keV. There is no indication of an interstellar
emission beyond. We note, however, that at high energy
(.120 keV) the uncertainty becomes large compared to the total
source contribution.
Figure 2 displays the longitude profile of the corrected count rate

together with that from the detected sources. The Crab nebula and
the equally bright accreting black hole Cygnus X-1 dominate the
longitude profiles. At low energy, the Galactic Centre is not much
less significant but weakens faster with energy. Although the general
agreement between both profiles is very good, particularly at low
energies, we notice significant discrepancies. Because our source list
is complete only over the central Galactic radian, some of these
discrepancies may be due to missing sources. Other discrepancies
may be ascribed to inaccurate or inappropriate response functions.
In particular, above ,100 keV, the passive shield is no longer fully
opaque, although we assumed it was in our computation of the
source contribution. Latitude profiles of the corrected count rates
are given in Fig. 3. The diffuse Galactic contribution at the 13% level
revealed in the fitting procedure is clearly apparent on the top
profile. This emission could be due to weaker sources and/or
interstellar emission. It is peaked both in latitude and longitude
and its ,108 radius is reminiscent of the Galactic bulge strongly
populated with low-mass X-ray binaries. At high energy
(E . 120 keV), the large systematic uncertainties reflect the limi-
tations of the method. It is assumed that the corrected count rates
are only due to emission within the field of view but the passive
shield is no longer opaque at these energies.
In this regard, we note that SPI, using a large anticoincidence

system, is much better shielded at high energy. Strong et al.18 have
made a preliminary attempt to estimate the Galactic diffuse emis-
sion, separating only the four brightest sources near the Galactic
Centre. We wondered what would have been the effect of the 43
sources detected in the simultaneous ISGRI data. Taking advantage
of the summed spectra of the four sources measured by both
instruments, a cross-calibration can be extracted. The total Galactic
emission measured by SPI can be obtained by summing the ‘diffuse’
and source spectra given in Fig. 2 of ref. 19. The sources detected in
the ISGRI data contribute to 86% of the Galactic emission observed
with SPI between 100 and 200 keV, giving a heuristic estimate of the
source contribution in this energy range.
It appears that the Galactic soft g-ray emission is fully dominated

by compact sources even if a little room still exists for interstellar
emission. The difference with the X-ray domain (,10 keV) is
particularly remarkable19. It seems that between 10 and 20 keV a
complete change in the mechanisms at the origin of the Galactic
emission must occur. However, we should bear in mind the vast
difference in spatial resolution between the X-ray and g-ray experi-
ments. A feature a few arcminwide will appear as diffuse to Chandra
and as a point source to IBIS. Below 40 keV the remaining 13% not
accounted for by the detected compact sources could be due to weak
bulge sources or to the same mechanism at work below 10 keV.
Interstellar processes can still contribute to the soft g-ray emission
of the Galaxy but at such a low level or in so restricted areas that the
power supply, ionization or molecule dissociation problems are
alleviated. A
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Water has many kinetic and thermodynamic properties that
exhibit an anomalous dependence on temperature1–5, in particu-
lar in the supercooled phase. These anomalies have long been
interpreted in terms of underlying structural causes, and their
experimental characterization points to the existence of a singu-
larity at a temperature of about 225K. Further insights into the
nature and origin of this singularity might be gained by com-
pletely characterizing the structural relaxation in supercooled
water6. But until now, such a characterization has only been
realized in simulations7–9 that agree with the predictions of
simple mode-coupling theory10; unambiguous experimental sup-
port for this surprising conclusion is, however, not yet avail-
able11–14. Here we report time-resolved optical Kerr effect
measurements15 that unambiguously demonstrate that the struc-
tural relaxation of liquid and weakly supercooled water follows
the behaviour predicted by simple mode-coupling theory. Our
findings thus support the interpretation7–9 of the singularity as a
purely dynamical transition. That is, the anomalous behaviour of
weakly supercooled water can be explained using a fully dynamic
model and without needing to invoke a thermodynamic origin.
In this regard, water behaves like many other, normal molecular
liquids that are fragile glass-formers.
The shear viscosity, self-diffusion coefficient and relaxation times

of water above melting and in the supercooled state all exhibit a
temperature dependence following a diverging power law1–5 of the
type !T=TS 2 1"2x, independent of the measurement method used.
Thermodynamic properties such as heat capacity, compressibility
and thermal expansion coefficient similarly show a temperature
dependence characterized by an anomalous increase upon cooling.
Different experimental determinations of the singularity tempera-
tureTS converge on values of about 223–228K. Although the nature
and physical origin of this singularity are still debated16–18, the
observed anomalous phenomena suggest that modifications of
structural properties of water occur around this temperature.
Characterizing the correlation functions of water and their time
evolution, at temperatures below melting and approaching TS,
might therefore yield new insights. But although simulation
results suggest that the features of the investigated dynamic corre-
lation functions agree well with the predictions of mode-coupling
theory7–9, unambiguous experimental support for this surprising
conclusion is not yet available11–14.

Several recent time-resolved optical Kerr effect (OKE) experi-
ments on water have revealed11,19–23 an oscillation on short time-
scales (for delay time shorter than 1 ps) in the time profile of the
measured signal; at longer times, the signal shows a monotonous

 

Figure 1 Signal decay measured in the time-resolved HD-OKE experiment on

supercooled water at T # 257 K. a, HD-OKE signal in the short time region. An oscillatory
component occurs in the decay trace for time shorter than 1 ps. b, HD-OKE signal over the
whole time region measured. For longer time the relaxation shows a monotonous decay.

The plot illustrates the procedure used for improving the sensitivity. The entire time decay

scan was divided into three sections. Short laser pulses (60 fs) were used for the short

time scan (black line); for the intermediate time delay intervals (red line) the laser pulse

duration was stretched up to 120 fs; for the longer time (blue line) we used stretched laser

pulses of 500 fs duration. In this procedure we increased the pulse energy to keep the

peak power roughly constant. Care was taken to ensure a large time overlap between

subsequent scans, to allow an accurate rescaling of the intensities and a proper

reconstruction of the entire decay curve.
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The 2nd IBIS/ISGRI Catalog

Below is the paper in which the second IBIS/ISGRI catalog of point sources is pre-

sented.
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ABSTRACT

In this paper we report the second soft gamma-ray source catalog obtained with the IBIS/ISGRI gamma-ray imager
on board the INTEGRAL satellite. The scientific data set is based on more than 10 Ms of high-quality observations
performed during the first 2 years of Core Program and public IBIS/ISGRI observations, and covers !50% of the
whole sky. The main aim of the first survey was to scan systematically, for the first time at energies above 20 keV, the
whole Galactic plane to achieve a limiting sensitivity of!1 mcrab in the central radian. The target of the second year
of the INTEGRALmission lifetime was to expand as much as possible our knowledge of the soft gamma-ray sky, with
the same limiting sensitivity, to at least 50% of the whole sky, mainly by including a substantial coverage of extra-
galactic fields. This catalog comprises more than 200 high-energy sources detected in the energy range 20–100 keV,
including new transients not active during the first year of operation, faint persistent objects revealed with longer
exposure time, and several Galactic and extragalactic sources in sky regions not observed in the first survey. Themean
position error for all the sources detectedwith significance above 10 ! is!4000, enough to identifymost of themwith a
known X-ray counterpart and to unveil the nature of most of the strongly absorbed ones, even though they are very
difficult to detect in X-rays.

Subject headinggs: Galaxy: general — gamma rays: observations — surveys

Online material: color figures, machine-readable table

1. INTRODUCTION

One of the key investigations of the INTEGRAL Observatory
Core Program has been the soft gamma-ray Galactic plane scans
(hereafter GPSs), successfully exploited during the first year of
the mission lifetime to a depth of !1 mcrab in the central radian
(Bird et al. 2004). The unprecedented sensitivity achieved in the
gamma-ray domain over a !900 deg2 field of view (FOV) was
confirmed by the ‘‘first survey results’’ (Ubertini et al. 2006).
The discovery of a soft gamma-ray sky populated withmore than
120 sources was a stimulus for the INTEGRAL scientific com-
munity (1) to perform deeper exposures in the Galactic plane re-
gion formerly covered with insufficient sensitivity, in particular
regions out of the central radian, and (2) to continue the strategy
to perform several ‘‘widely scattered’’ high-latitude observations
dedicated to specific scientific objects, although providing the
bonus of wide off-the-plane coverage (Winkler et al. 2004). The
ESA/INTEGRAL scientific policy tomake all scientific data avail-
able to the public 1 year after the observation has allowed us

to include high-quality observations accounting for in excess of
!10 Ms exposure time in this iteration of the survey analysis.

2. THE IBIS ‘‘ALL SKY’’ SURVEY

In this paper we provide the second IBIS/ISGRI soft gamma-
ray survey catalog, comprisingmore than 200 high-energy sources.
As for the first catalog, the aim is to provide a prompt release of
information to the community. The instrumental details and sen-
sitivity can be found in Lebrun et al. (2003) and Ubertini et al.
(2003), while the observation strategy and its technical implemen-
tation are summarized in Bird et al. (2004). The data are collected
with the low-energy array, ISGRI (INTEGRAL Soft Gamma-Ray
Imager; Lebrun et al. 2003), consisting of a pixilated 128 ;
128 CdTe solid-state detector that views the sky through a coded
aperture mask. IBIS/ISGRI generates images of the sky with a
120 (FWHM) resolution and typical source location of better than
10 over a !19" (FWHM) field of view in the energy range 15–
1000 keV. This ‘‘all sky’’ catalog uses mosaic image data from
the first 2 years ofCore Programobservations, including theGPSs,
Galactic center deep exposures (GCDEs), and pointed obser-
vations from the first year of public data. The source fluxes are
integrated over two energy bands (20–40 and 40–100 keV), and
the limiting sensitivity for this survey is around 1 mcrab for the
deepest exposures. While the first catalog provided coverage of
the Galactic plane only, this new catalog includes sources de-
rived from a significantly larger data set, with much better sky
coverage. The data set used in this catalog ensures that 50% of
the sky is now observed with an exposure of at least 10 ks (see
Fig. 1).

3. DATA ANALYSIS AND CATALOG CONSTRUCTION

3.1. Input Data Set and Pipeline Processing

The survey input data set consists of all data available at the end
of 2004 September, from revolutions (orbits) 46–209 inclusive,
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Denmark, France, Germany, Italy, Switzerland, Spain), Czech Republic, and
Poland, and with the participation of Russia and the USA.
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3 IASF/ INAF, Bologna, Italy.
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covering the time period from the completion of the perfor-
mance and verification phase in 2003 February to the end of
2004 June.

INTEGRAL IBIS data is organized in short pointings (science
windows) of!2000 s. Pipeline processing was carried out using
the standard OSA 4.1 software up to the production of sky im-
ages for individual science windows. Ten adjacent energy bands
(15–20, 20–30, 30–40, 40–60, 60–80, 80–100, 100–150, 150–
300, 300–500, and 500–1000 keV)were used to allow later flex-
ibility in data analysis.

Construction of an input catalog is a key part of the use of
OSA imaging software. The optimal input catalog should con-
tain all sources that may be visible in individual science windows,
and hence will require cleaning from images, with very accurate
positions. The final input catalog used in the image processing
was a list of!400 excesses produced primarily by a preliminary
processing of the data set using OSA 4.0 and an input catalog
based on the first IBIS/ISGRI survey. The following constituted
the final input cleaning catalog:

1. All sources listed in the first IBIS/ISGRI catalog.
2. All other INTEGRAL gamma-ray (IGR) sources detected

and published up to the start of processing.
3. All excesses above a significance limit of 4.5 ! detected in

preliminary OSA 4.0 mosaics.
4. A list of additional transient sources obtained by searching

preliminary OSA 4.0 science window images.

3.2. Science Window Selection

It was observed that some science window pointing images
were of poor quality and therefore would have resulted in de-
graded image quality if added into the final mosaics, so these
were removed prior to mosaic construction. The criterion used to
remove these poorer quality imageswas the overall image rms sta-
tistic. A histogramof image rms (Fig. 2) shows a broad population
of ‘‘good’’ images, but also a number of outliers. Inspection of
these anomalous sciencewindows indicated that theywere almost
always associated with areas of high background (at the begin-
ning or end of an orbit, or following solar flares) or the presence
of a bright source near the edge of the IBIS partially coded FOV.
Since the final image rms is a clear function of the energy band,
the allowed rms range was determined independently for each
energy band, ultimately requiring the rejection of !5% of the
science windows. In addition, any science windows acquired in
‘‘staring’’ mode were removed due to their adverse effect on final
mosaic quality.

3.3. Mosaicking

The selected science windows were mosaicked using a pro-
prietary tool optimized to create all-sky galactic maps based on
several thousand input science windows.
Mosaics were produced for the whole data set for each of the

narrow energy bands indicated in x 3.1, and additionally for the
following broad bands: 20–40, 30–60, 20–60, 20–80, and 20–
100 keV. The 20–40 and 30–60 keV bands were intended as
primary search bands as the highest image quality is seen in this
regime. However, previous investigation indicated that broader
bands such as 20–100 keVare better suited for searches for extra-
galactic objects. Each mosaic covered the whole-sky area with an
equal-area projection with a pixel size of 0N06 (3A6) at the center
of the mosaic.
Additional mosaics were made for each revolution (in the 20–

40 keV band) and for each GCDE period (in the 20–100 keV
band) covered by the data set.

3.4. Source Searching and Location

Each of the mosaics was searched using the SExtractor 2.3.2
software (Bertin & Arnouts 1996). In practice, the AITOFF pro-
jection used for all-sky images introduces heavy distortion to the
point-spread function (PSF) of sources with jbj> 60", so addi-
tional maps were made using polar (ARC) projections to enable
more effective searching, and location, of sources in the Galactic
polar regions. The source positions measured by SExtractor rep-
resent the centroid of the source calculated by taking the first-
order moments of the source profile (referred to by SExtractor as
the barycenter method).
Source detectability is limited at the faintest levels by back-

ground noise and can be improved by the application of a linear
filtering of the data. In addition, source confusion in crowded
fields can be minimized by the application of a bandpass filter.
To this end, the mexhat bandpass filter is used in the SExtractor
software. The convolution of the filter with the mosaic alters the
source significances; hence SExtractor uses the source positions
identified from the filtered mosaic to extract the source signifi-
cances from the original mosaic. Figure 3 demonstrates the ef-
ficiency of the bandpass filter in separating sources in close
proximity, in this case 1E 1145.1#6141 and 2E 1145.5#6155,

Fig. 1.—Exposure map for the second catalog observations. Contour levels
are at 10, 100 and 1000 ks. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 2.—Image rms as function of time (each point represents one sci-
ence window) for the 40–60 keV science-window images. The decaying rms
at INTEGRAL Julian Date IJD$ % ! 1410 shows the recovery of the instruments
after the massive solar flare of 2003 October 28. The dashed lines represent the
acceptance limits applied during science window filtering.

BIRD ET AL.766 Vol. 636
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with an angular separation of !150, close to the angular resolu-
tion of the telescope. If we use a simpleGaussian filter, SExtractor
identifies only a single extended source, indicated by the diamond
symbol located close to the brighter emission. In comparison, the
application of themexhatfilter provides detection of both sources,
even though the position of the weaker source, 2E 1145.5"6155,
is shifted!1 pixel (3A6) away from the expected SIMBAD loca-
tion of the source.

3.5. Source List Filtering

An initial list of 1019 excesses was generated by integration
of all lists derived frommosaic images on whole-archive and by-
revolution timescales.

To identify at what significance these excesses represent ‘‘real’’
sources, and are not attributable to the statistical and systematic
background noise distribution, a type of ‘‘logN log S’’ plot was
created for each of the broad energy bands that were searched for
sources. The significance of each excess found by SExtractor in
a mosaic was plotted against the number of excesses having
that significance or greater. This is shown in Figure 4 for the 30–
60 keV significance mosaic. The dash-dot line represents a com-
bined Gaussian and power-lawmodel, the dashed line represents
the power-law component of the model, and the dotted line the
Gaussian component used to approximate the noise. Using these
plots, the significances at which the noise components domi-
nated each map could be estimated and only sources above this
threshold, formally defined as the point above which at most 1%
of the excesses may be false detections, were considered.

The thresholds thus derived were 5.5 ! in the 20–40 keV
band, 5 ! in the 30–60 and 20–100 keV bands, and 6 ! in a sin-
gle revolution mosaic. All excesses above any of these thresh-
oldswere then combined into a preliminary source list andmerged
with two additional independent source lists based on either spa-
tial or temporal subsets of the whole survey data. The resulting
candidate sources were first inspected visually to ensure an ap-
propriate PSF. In those cases where an excess was in an area of

the map containing structure, sources were both visually verified
and required to have a significance at least 3 ! higher than any
nonstatistical background features within a few degrees radius.
After all selection processes, we obtain a source list containing
209 sources, as shown in Table 2.

3.6. Galactic Center Localizations

The final survey images used for the second catalog are mo-
saics of revolutions 46–209 and as such do not truly represent all
of the sources ISGRI has detected in the Galactic center region
(GCR). This region contains many highly variable sources in a
small area of sky (!2# ; 2#), leading to a high degree of source
confusion and positional uncertainty. The Galactic center was
observed in 33 revolutions of the survey data used in this catalog.
In the final mosaic, the GCR appears as a ‘‘blend’’ of sources,

Fig. 3.—Results of SExtractor application to a region containing the blended sources, 1E 1145.1"6141 and 2E 1145.5"6155. Left: The region in the original 20–
60 keV mosaic. Middle: The region in the Gaussian-filtered 20–60 keV mosaic. Right: The region in the bandpass-filtered 20–60 keV mosaic. The diamond symbol
represents the source position found using a Gaussian filter; the crosses represent the source positions found by the mexhat filter; the plus signs indicate the SIMBAD
source locations.

Fig. 4.—Distribution of significances of source-like excesses found in the
30–60 keV all-sky mosaic. The solid line represents the data; see the text for
discussion of the individual fits displayed.
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impossible to resolve into its constituents. However, the GCR
sources are seen to vary in brightness from revolution to revo-
lution (Fig. 5). By exploiting their highly variable nature, most
sources could be deblended by analyzing the individual revolu-
tion (!3 day) mosaics. For example, SLX 1744"299 was pres-
ent in all but 9 of the 33 revolutions, while SAX J1747.0"2853
appeared only in revolution 175.

Bélanger et al. (2004) reports the positions of six sources lo-
cated in the 2# ; 2# region surrounding the Galactic center, as
seen with ISGRI during 2003 April /May and determined from
20–40 and 40–100 keV mosaics of 850 ks total effective expo-
sure, using a simultaneous PSF fit of sources in the GCR. This,
combinedwith themore isolated sources seen in our ownmosaics,
represents our best prior knowledge of the hard X-ray emitters in
the Galactic center.

To deblend this region, each revolution mosaic (in the 20–
40 keV band) covering the Galactic center region was visually

inspected in turn, noting the coordinates of excesses in the GCR
in each revolution. By combining the positions obtained in this
way, 10 distinct sources could be identified, including all six
sources detected by Bélanger et al. (2004). See Table 1 for the
GCR source list.
The centroids of these positions (determined from the individ-

ual revolutions) were compared with the coordinates of the six
sources quoted by Bélanger et al. (2004). Our coordinates were
found to be consistent for five sources, the exception being KS
1741"293. This source is particularly bright and well defined in
revolution 53, and therefore the coordinates were derived from
this image (the position in Belanger et al. is quoted as being 2A31
from the nominal position for this source, while our position has
an offset of 1A34). This method was also used for two of the re-
maining sources (not detected by Belanger et al.): IGR J17475"
2822 (well defined in revolutions 119 and 120); and SAX J1747.0"
2853 (only seen in revolution 175). Finally, 1E 1724.8"2853
and 1E 1742.9"2849 could not be sufficiently deblended, so co-
ordinates from existing catalogs were used.

3.7. Flux Extraction

Time-averaged fluxes were extracted by generating a light
curve for each source, taking into account all science windows in
which the source was within the field of view. Aweighted mean
was generated for each light curve, which provides a flux estimate
that is, in principle, identical to that obtained in the mosaics, but
which is found in practice to bemore robust against distortions of
the mosaic and small losses seen in the mosaicking algorithm.
Light curves, and hence fluxes, were generated in the 20–40

and 40–100 keVenergy bands; these allow an approximate assess-
ment of the spectral characteristics of each source to be made.
Fluxes and further analysis of those sources emitting at higher

energies will be provided in an additional catalog (A. Bazzano
et al. 2006, in preparation).

4. DATA QUALITY

4.1. Positions

The astrometric coordinates of the source positions were ex-
tracted from the mosaics by the barycentring routines built into

Fig. 5.—Top: The final mosaic for the Galactic center, showing the confused
nature of the region. Center: Map for revolution 53. Bottom: Map for revolu-
tion 183. All maps show flux in the 20–40 keV band. See Table 1 for source
identifications.

TABLE 1

Sources Extracted from Galactic Center Region
by Spatial and Temporal Deblending

ID Source Name

R.A. (J2000.0)

(deg)

Decl. (J2000.0)

(deg) Nrev
a

A........ IE 1740.7-2942b,c 265.988 "29.745 21

B........ KS 1741-2931b,d 266.220 "29.340 19

C........ 1A 1742-294b,c 266.520 "29.510 18

D........ IGR J17456-2901b,d,e 266.410 "29.020 9

E ........ 1E 1742.8-2853f 266.498 "28.917 13

F ........ 1E 1742.9-2849f 266.570 "28.814 7

G........ 1E 1743.1-2843b,c 266.590 "28.670 4

H........ IGR J17475-2822g 266.820 "28.445 6

I ......... SAX J1747.0-2853h 266.805 "28.837 1

J ......... SLX 1744-299b,c 266.860 "30.020 29

a Number of revolutions in which source is detectable.
b Presented in Bélanger et al. (2004).
c Centroid of positions from individual revolutions that are consistent with

Bélanger et al. (2004).
d Position taken from one revolution (revolution number) = 53.
e Coincident with Sgr A$, but not unambiguously identified.
f Could not be deblended, SIMBAD coordinates used.
g Position taken from one revolution (revolution number) = (119, 120).
h Position taken from one revolution (revolution number) = 175.
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SExtractor 2.3.2. Of the 209 sources listed in the second IBIS/
ISGRI catalog, 179 have well-defined positions obtained in dif-
ferentwavebands according to the SIMBAD/NEDdatabase.Mea-
suring the angular distance between the measured positions and
those provided by the SIMBAD database gives an indication of
the source position errors. The mean position error of all sources
detected at a 10 ! level or higher is !0A7. However, the point-
source location error of IBIS is highly dependent upon the sig-
nificance of the source detected (Gros et al. 2003).

By binning together sources of similar significance and calcu-
lating the mean source position error we can see how the source
positioning accuracy varies with significance; this is shown in
Figure 6. The data is fit by a power-law model with a constant
offset:

"x " 11:6S#1:36 $ 0:51; %1&

where "x is the error in the source position (in arc minutes) and S
is the source significance. This indicates that for the most sig-
nificant detections we do not, on average, obtain a source loca-
tion better than 0A51. For sources that have a significance of!5 !
we have a mean accuracy of <20.

Gros et al. (2003) gives the range of the 90% confidence level
error radius as 30–2000, with an error better than 10 for ! > 30, and
they note that these results are derived from fields with few de-
tected sources and may not be accurate in crowded fields. The
source location accuracy of the source positions in the second
IBIS/ISGRI catalog is better than predicted by Gros et al. (2003)
with an error better than 0A7 for ! > 10.

4.2. Source Fluxes

The majority of the soft gamma-ray sources detected by IBIS
are intrinsically variable. Furthermore, the transient sources also
exhibit outburst or flaring activity due to their binary nature cou-
pled with accretion-driven processes. For this reason, since the
fluxes quoted are an average over 2 yr of observations, we cannot
expect a strong agreement between the fluxes of the two cata-
logs. Moreover, we have made a substantial improvement in our
understanding of the instrument and the software used to extract
the scientific data in order to better take account of the systematic
effects present. The fluxes derived in the first catalog used an ear-
lier version of the OSA imaging software, which has been up-
graded in many areas, and specifically in terms of the off-axis

response corrections available in OSA 4.0 onwards. For survey
data, where we combine multiple pointings at various off-axis
angles, this is critical, and the lack of off-axis corrections inOSA3
would have created a systematic underestimate of the fluxes
in the first catalog. Use of the light-curve extraction method also
removes any flux losses during the mosaicking process, which
we estimate at !4%–6% for the mosaics used in the first catalog
compilation.

5. DISCUSSION

Wehave derived an ‘‘unbiased’’ catalog of 209 sources (Table 2)
observed in a systematic analysis of the IBIS/ISGRI Core Program
and public data spanning nearly 2 yr of operation. Figures 7, 8,
and 9 show significance maps in the 30–60 keVenergy band for
30' sections of the Galactic plane.

The last year has seen a substantial improvement in our under-
standing of the instrument and software, and hence our detection
of sources. Improvements to the off-axis responses, and better
flux extraction tools have allowed us to produce more reliable
flux estimates, albeit for time-averaged fluxes that are only in-
dicative of brightness for the highly variable sources that dom-
inate the high-energy sky.

Figure 10 illustrates a simple breakdown of the 209 sources
presented in this catalog by source type, and how this breakdown
compares to the first catalog. The source list remains dominated
by Galactic accreting binaries: a total of 113 objects, represented
by 38 high-mass and 67 low-mass X-ray binaries (HMXBs and
LMXBs, respectively), but also a small population of cataclys-
mic variables (CVs). In most cases, the compact object is a
neutron star (79 confirmed cases; 32 in HMXBs, 47 in LMXBs),
but the sample also contains four confirmed black holes (one in
an HMXB and three in LMXBs) and six LMXB black hole can-
didates (BHCs). There are an additional four tentative associations
as BHCs, based simply on the spectral and temporal character-
istics of the sources. Also worthy of note is our detection of IGR
J1745.6#2901, shown to be coincident with supermassive black
hole candidate Sgr A( (Bélanger et al. 2004). TheGalactic sample
also includes four isolated pulsars (one of which is an anomalous
X-ray pulsar [AXP]), four supernova remnants (of which two
are associated with AXPs), and two associations with molecular
clouds.

As a direct consequence of the wider and deeper sky coverage
(see Fig. 1), there has been a five-fold increase in active galactic
nucleus (AGN) detections over the first catalog. The improved
sky coverage has provided us with a first real look at the extra-
galactic sky with IBIS, detecting 33 extragalactic sources (close
to!20% of the entire catalog), of which there are two clusters of
galaxies, 22 Seyfert galaxies, three blazars, and six more sources
whose classifications are unconfirmed but are coincident with
AGNs. Further analysis of this samplewill be presented inBassani
et al. (2005)

Compared to the first IBIS/ISGRI catalog, the number of de-
tections without a firm classification has doubled, but this repre-
sents a similar proportion of the total number of sources (!25%)
as in the first. Of the unclassified sources, 39 are of an unknown
nature, while the remaining 17 have unconfirmed, so-called
tentative classifications. Approximately one-quarter of the sources
cataloged as unclassified in the first catalog have now been
classified#three HMXBs, one LMXB, one CV, and two AGNs,
with many more tentative associations. The majority (!80%)
of the remaining and new unclassified sources are INTEGRAL
discoveries.

IGR sources represent detections that are either entirely new
or those with no obvious counterpart or association in the hard

Fig. 6.—Binnedmean source position error of sources as a function of source
significance. Each bin contains 10 sources. The dashed line indicates the model
shown in eq. (1).
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TABLE 2

Second IBIS/ ISGRI Catalog

Namea
R.A.

(deg)

Decl.

(deg)

Error b

(arcmin) F20–40
c F40–100

c Significanced Exposuree Typef References

V709 Casy ........................... 7.252 59.317 1.3 4.1 ! 0.5 <2.9 6.9" 79 CV 1

RX J0053.8#7226y............. 13.531 #72.426 1.2 3.3 ! 0.4 <2.3 7.6" 106 HMXB, XP, T, Be 2, 3

! Casy.................................. 14.126 60.702 1.1 5.2 ! 0.5 <2.9 8.8" 77 HMXB, Be 2, 3

SMC X-1y ........................... 19.324 #73.444 0.5 39.6 ! 0.4 9.2 ! 0.8 86.7" 106 HMXB, XP 2

1A 0114+650 ...................... 19.511 65.288 0.7 10.3 ! 0.5 5.3 ! 1.0 17.5" 78 HMXB, XP 2

QSO B0241+62y ................. 41.184 62.510 1.4 3.7 ! 0.7 5.8 ! 1.2 6.4"" 51 AGN, Sy1.2 4

X Perg.................................. 58.842 31.036 0.9 50.1 ! 4.8 51.0 ! 7.5 11.2"" 2 HMXB, XP, Be 2, 3

LMC X-4hy.......................... 83.221 #66.365 0.6 50.3 ! 1.5 12.0 ! 2.5 33.5" 23 HMXB, XP 2

Crab..................................... 83.628 22.020 0.5 1000.0 1000.0 1691.0"" 97 PWN, PSR 5

MCG+08#11#011y ............ 88.745 46.454 1.4 6.1 ! 1.0 <5.5 6.2" 23 AGN, Sy1.5 4

4U 0614+091 ...................... 94.270 9.145 0.6 24.7 ! 0.8 22.8 ! 1.4 29.5"" 46 LMXB, B, A 6

IGR J07506#1547y ............ 117.647 #15.788 1.7 2.2 ! 0.6 4.2 ! 1.1 5.3"" 64 ?

IGR J07565#4139y ............ 119.123 #41.642 1.3 1.0 ! 0.2 <0.8 6.8" 949 ?

IGR J07597#3842y ............ 119.930 #38.730 0.9 2.3 ! 0.2 1.9 ! 0.3 11.4"" 774 AGN? 7

ESO 209#12y ..................... 120.483 #49.738 0.9 1.4 ! 0.2 1.8 ! 0.3 11.3"" 939 AGN, Sy1.5 4

Vela pulsar .......................... 128.816 #45.184 0.5 6.9 ! 0.1 8.2 ! 0.2 64.8"" 1450 PWN, PSR 5

4U 0836#429 ..................... 129.338 #42.893 0.5 36.6 ! 0.1 31.1 ! 0.2 240.9"" 1400 LMXB, T, B 6

FRL 1146y........................... 129.633 #36.008 1.2 1.3 ! 0.2 0.9 ! 0.3 7.9" 881 AGN, Sy1 4

Vela X-1 .............................. 135.512 #40.557 0.5 216.9 ! 0.1 48.1 ! 0.2 1440.1" 1220 HMXB, XP 2

IGR J09026#4812y ............ 135.638 #48.196 1.1 0.9 ! 0.1 0.9 ! 0.2 8.5" 1350 ?

4U0919#54y ....................... 140.050 #55.187 0.7 3.6 ! 0.2 2.6 ! 0.4 16.1"" 602 LMXB 6

EXMS B0918#549Ei, jy ...... 140.022 #55.143 0.9 . . . . . . 12.0" 602 ?, T

MCG#05#23#016y ........... 146.869 #30.930 1.0 10.2 ! 1.4 8.4 ! 2.0 9.9"" 27 AGN, Sy1i 4

GRO J1008#57ky ............... 152.396 #58.294 0.9 <1.3 <2.2 11.6 130 HMXB, XP, Be, T 2, 3

IGR J10404#4625y ............ 160.095 #46.416 1.5 2.9 ! 0.7 5.9 ! 1.1 5.7"" 102 AGN? 8

IGR J11114#6723y ............. 167.854 #67.392 1.7 1.7 ! 0.4 2.3 ! 0.7 5.1"" 199 ?

Cen X-3............................... 170.300 #60.638 0.5 27.4 ! 0.4 3.6 ! 0.6 71.9" 209 HMXB, XP 2

1E 1145.1#6141l,m............. 176.866 #61.957 0.5 30.1 ! 0.3 17.5 ! 0.5 83.4"" 269 HMXB, XP 2

2E 1145.5#6155ny .............. 177.016 #62.199 0.7 7.9 ! 0.3 4.6 ! 0.5 17.5" 274 HMXB, XP, Be, T 2, 3

NGC 4151y ......................... 182.640 39.401 0.5 32.7 ! 0.6 40.0 ! 1.0 42.4"" 56 AGN, Sy1.5 4

4C 04.42y ............................ 185.606 4.239 1.4 1.4 ! 0.4 3.9 ! 0.6 6.5"" 213 AGN, QSO 4

NGC 4388y ......................... 186.446 12.637 0.6 15.4 ! 0.9 16.7 ! 1.4 21.0"" 62 AGN, Sy1h 4

GX 301#2 .......................... 186.653 #62.776 0.5 112.8 ! 0.3 14.4 ! 0.4 401.1" 406 HMXB, XP, T 2

3C 273y ............................... 187.293 2.027 0.6 7.5 ! 0.3 8.5 ! 0.5 28.2"" 279 AGN, QSO 4

IGR J12349#6433y ............ 188.709 #64.570 0.7 4.5 ! 0.3 2.8 ! 0.4 16.8" 437 Symb 9

NGC 4507y ......................... 188.912 #39.903 0.7 10.7 ! 0.7 12.2 ! 1.1 17.5"" 63 AGN, Sy1h 4

LEDA 170194y ................... 189.796 #16.182 1.2 2.6 ! 0.5 5.6 ! 0.9 7.6"" 111 AGN? 8

NGC 4593y ......................... 189.927 #5.353 0.7 4.1 ! 0.3 4.0 ! 0.5 16.2"" 349 AGN, Sy1 4

4U 1246#588y .................... 192.351 #59.091 1.1 2.0 ! 0.3 2.0 ! 0.4 8.3"" 436 HMXB, T 2

3C 279y ............................... 194.038 #5.781 1.2 1.9 ! 0.3 2.2 ! 0.5 7.5"" 326 Blazar 4

1H 1254#690y .................... 194.361 #69.305 1.2 2.5 ! 0.3 <1.4 7.7" 369 LMXB, B, D 6

Coma Clustery ..................... 194.880 27.961 1.3 1.9 ! 0.3 <1.5 7" 251 Cluster 5

IGR J13020#6359y ............ 195.541 #63.925 1.1 2.1 ! 0.2 1.3 ! 0.4 8.4" 501 ?

NGC 4945y ......................... 196.362 #49.476 0.5 11.4 ! 0.4 18.5 ! 0.7 38.2"" 226 AGN, Sy2 10

Cen A.................................. 201.364 #43.021 0.5 49.7 ! 0.4 63.8 ! 0.8 129.2"" 112 AGN, Sy2 11

4U 1323#62y ...................... 201.650 #62.126 0.7 3.8 ! 0.2 2.4 ! 0.4 16.9" 535 LMXB, B, D 6

4U 1344#60y ...................... 206.872 #60.604 0.7 3.9 ! 0.2 4.7 ! 0.4 19.9"" 526 AGN? 8

IC 4329Ay ........................... 207.348 #30.323 1.1 10.0 ! 1.1 8.1 ! 1.8 8.6"" 29 AGN, Sy1.2 4

Circinus galaxy ................... 213.274 #65.343 0.5 14.0 ! 0.2 11.5 ! 0.4 62.3" 487 AGN, Sy1h 4

IGR J14492#5535y ............ 222.305 #55.579 1.5 1.5 ! 0.2 <1.2 5.7" 520 ?

PSR B1509#58 .................. 228.466 #59.147 0.5 8.6 ! 0.2 11.0 ! 0.4 44.4"" 509 PSR 12

Cir X-1o .............................. 230.178 #57.174 0.5 15.6 ! 0.2 <1.2 59.6" 512 LMXB, T, B, A 6

IGR J15359#5750y ............ 233.965 #57.832 1.3 1.2 ! 0.2 2.0 ! 0.4 7.0"" 505 ?

4U 1538#522 ..................... 235.600 #52.378 0.5 22.6 ! 0.2 3.0 ! 0.4 91.9" 553 HMXB, XP 2

4U 1543#624y .................... 236.947 #62.577 0.9 2.9 ! 0.3 <1.4 10.8" 386 LMXB 6

IGR J15479#4529.............. 237.033 #45.484 0.6 5.4 ! 0.2 2.4 ! 0.4 20.9" 544 CV 13, 14

XTE J1550#564................. 237.746 #56.482 0.5 115.1 ! 0.2 176.5 ! 0.4 628.1"" 525 LMXB, T, BH 6, 15

4U 1608#522 ..................... 243.175 #52.434 0.5 14.8 ! 0.2 11.9 ! 0.3 68.4"" 648 LMXB, T, B, A 6

IGR J16167#4957.............. 244.139 #49.985 1.0 2.1 ! 0.2 <1.0 9.3" 682 ?

IGR J16194#2810y ............ 244.858 #28.160 1.5 2.2 ! 0.3 <1.5 6.0" 349 ? 16

AX J161929#4945p ........... 244.865 #49.727 0.9 2.2 ! 0.2 1.9 ! 0.3 10.5"" 690 HMXB, NS? 17

Sco X-1 ............................... 244.988 #15.648 0.5 716.9 ! 0.6 16.3 ! 0.9 1060.0" 110 LMXB, Z 6

IGR J16207#5129.............. 245.195 #51.504 0.8 3.3 ! 0.2 2.4 ! 0.3 14.9"" 676 ?

4U 1624#490 ..................... 247.012 #49.204 0.7 4.2 ! 0.2 <1.0 18.7" 715 LMXB, D 6
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TABLE 2—Continued

Namea
R.A.

(deg)

Decl.

(deg)

Error b

(arcmin) F20–40
c F40–100

c Significanced Exposuree Typef References

IGR J16318!4848.............. 247.942 !48.824 0.5 29.3 " 0.2 14.4 " 0.3 129.1# 724 HMXB, T 18

AX J1631.9!4752.............. 248.006 !47.870 0.5 17.1 " 0.2 6.6 " 0.3 78.3# 737 HMXB, T, XP 19, 20

4U 1626!67 ....................... 248.098 !67.456 0.6 16.1 " 0.5 <2.3 31.0# 181 LMXB, XP 6

4U 1630!47 ....................... 248.517 !47.398 0.5 63.5 " 0.2 44.9 " 0.3 290.5## 742 LMXB, T, U, D, BHC 6

IGR J16358!4726.............. 248.970 !47.421 0.7 4.3 " 0.2 2.4 " 0.3 19.7# 747 LMXB?, T 21

IGR J16377!6423qy ........... 249.420 !64.382 1.6 2.2 " 0.4 <1.8 5.6# 235 Cluster? 22, 16

AX J163904!4642r............ 249.763 !46.693 0.6 6.9 " 0.2 <1.0 32.9# 760 HMXB?, T, XP 23, 24, 25

4U 1636!536 ..................... 250.222 !53.755 0.5 24.2 " 0.2 13.4 " 0.4 106.5# 641 LMXB, B, A 6

IGR J16418!4532.............. 250.440 !45.532 0.6 5.2 " 0.2 1.3 " 0.3 23.0# 784 ?

GX 340+0 ........................... 251.447 !45.612 0.5 34.9 " 0.2 2.1 " 0.3 158.7# 794 LMXB, Z 6

IGR J16479!4514.............. 252.004 !45.207 0.7 3.9 " 0.2 2.7 " 0.3 18.2# 805 HMXB? 26

IGR J16482!3036y ............ 252.040 !30.593 1.1 1.6 " 0.2 1.6 " 0.3 8.4## 857 AGN? 8, 16

IGR J16493!4348s............. 252.381 !43.835 0.8 2.7 " 0.2 2.2 " 0.3 13.3## 847 XB? 27

IGR J16500!3307y ............ 252.505 !33.116 1.2 1.7 " 0.2 <0.9 7.8# 966 ? 16

ESO 138!1ty....................... 252.938 !59.213 1.3 1.9 " 0.3 1.6 " 0.4 6.7## 402 AGN, Sy2 4

IGR J16558!5203.............. 254.012 !52.052 1.0 1.4 " 0.2 2.5 " 0.4 9.1## 660 ?

AX J1700.2!4220.............. 255.073 !42.396 1.2 1.4 " 0.2 1.3 " 0.3 7.6## 946 ?

OAO 1657!415 ................. 255.206 !41.661 0.5 85.1 " 0.2 45.8 " 0.3 402.6# 980 HMXB, XP 2

GX 339!4 .......................... 255.708 !48.791 0.5 22.7 " 0.2 28.2 " 0.3 126.1## 710 LMXB, T, U, BH 6, 28

4U 1700!377 ..................... 255.988 !37.849 0.5 207.3 " 0.2 124.6 " 0.3 1110.2## 1180 HMXB 2

GX 349+2 ........................... 256.448 !36.419 0.5 46.0 " 0.2 1.6 " 0.3 241.5# 1220 LMXB, Z 6

4U 1702!429 ..................... 256.566 !43.055 0.5 14.9 " 0.2 9.3 " 0.3 71.1# 921 LMXB, B, A 6

IGR J17088!4008y ............ 257.208 !40.142 0.9 1.1 " 0.2 2.2 " 0.3 10.3## 1110 AXP 6

4U 1705!440 ..................... 257.226 !44.107 0.5 27.3 " 0.2 16.4 " 0.3 124.4# 863 LMXB, B, A 6

4U 1705!32 ....................... 257.237 !32.317 0.7 2.9 " 0.2 3.0 " 0.3 19.3## 1290 LMXB, B 29

IGR J17091!3624.............. 257.278 !36.415 0.5 10.0 " 0.2 13.2 " 0.3 71.5## 1260 BHC? 30

XTE J1709!267uy .............. 257.389 !26.655 0.7 1.0 " 0.2 <0.8 18.4 1140 LMXB, B, T 6

XTE J1710!281................. 257.550 !28.140 0.6 3.0 " 0.2 4.1 " 0.3 22.0## 1210 LMXB, T, B 6

Oph Clusterv ....................... 258.109 !23.363 0.6 4.9 " 0.2 1.7 " 0.3 25.6# 1020 Cluster 31

4U 1708!40y ...................... 258.139 !40.850 1.3 1.2 " 0.2 <0.8 6.9# 1060 LMXB, B 6

SAX J1712.6!3739............ 258.146 !37.655 0.6 5.2 " 0.2 4.5 " 0.3 31.0## 1250 LMXB, T, B 6

V2400 Oph ......................... 258.170 !24.267 0.7 3.5 " 0.2 2.1 " 0.3 19.4# 1070 CV 1

XTE J1716!389y................ 258.941 !38.835 1.1 1.6 " 0.2 1.0 " 0.3 8.8# 1200 ? 16

NGC 6300........................... 259.213 !62.823 1.0 4.3 " 0.4 3.7 " 0.7 10.1## 200 AGN, Sy2 4

IGR J17195!4100.............. 259.931 !41.032 0.8 2.3 " 0.2 2.2 " 0.3 13.9## 1060 ?

XTE J1720!318................. 259.976 !31.749 0.5 6.1 " 0.2 8.1 " 0.2 49.4## 1410 LMXB, T, BHC 32

IGR J17200!3116.............. 260.022 !31.290 0.7 3.0 " 0.2 2.3 " 0.2 19.4## 1430 ?, T

IGR J17204!3554wy .......... 260.104 !35.900 0.8 1.5 " 0.2 2.1 " 0.2 13.1## 1360 Mol cloud? 33

EXO 1722!363x ................ 261.288 !36.277 0.5 8.9 " 0.2 3.2 " 0.2 51.8# 1360 HMXB, XP 2

IGR J17254!3257.............. 261.350 !32.968 0.7 2.7 " 0.2 3.0 " 0.2 19.9## 1450 ?

GRS 1724!30 .................... 261.884 !30.812 0.5 18.2 " 0.2 16.0 " 0.2 125.6## 1470 LMXB, G, B, A 6

IGR J17285!2922y ............ 262.172 !29.382 1.2 0.7 " 0.2 1.4 " 0.2 7.3## 1470 BHC?, T 34

IGR J17303!0601.............. 262.593 !6.016 0.9 3.7 " 0.3 2.1 " 0.5 11.6# 282 LMXB?, CV? 35, 36

GX 9+9 ............................... 262.927 !16.974 0.5 12.9 " 0.2 1.6 " 0.3 53.8# 722 LMXB, A 6

GX 354!0 .......................... 262.988 !33.830 0.5 44.1 " 0.2 16.8 " 0.2 264.1# 1460 LMXB, B, A 6

GX 1+4 ............................... 263.004 !24.752 0.5 42.5 " 0.2 31.0 " 0.2 259.2## 1330 LMXB, XP 6

4U 1730!335y .................... 263.354 !33.390 0.8 2.4 " 0.2 <0.7 15.0# 1470 LMXB, G, RB, T 6

GRS 1734!294 .................. 264.381 !29.136 0.6 5.4 " 0.1 3.9 " 0.2 33.5## 1510 AGN, Sy1 4

SLX 1735!269................... 264.567 !26.995 0.5 9.3 " 0.2 7.5 " 0.2 61.6## 1460 LMXB, B 6

4U 1735!444 ..................... 264.744 !44.451 0.5 29.6 " 0.2 1.3 " 0.3 132.3# 767 LMXB, B, A 6

XTE J17391!3021y............ 264.818 !30.347 1.1 1.3 " 0.1 0.9 " 0.2 8.5## 1510 HMXB, NS, Be?, T 2, 37, 3

XTE J1739!285yy .............. 264.961 !28.496 1.1 <0.4 <0.7 8.4 1500 LMXB? 38

SLX 1737!282................... 265.191 !28.280 0.6 3.2 " 0.1 3.3 " 0.2 23.8## 1490 LMXB, B 6, 39

2E 1739.1!1210y................ 265.463 !12.196 1.1 2.2 " 0.2 1.8 " 0.4 8.8## 526 AGN, Sy1 40

XTE J1743!363y................ 265.751 !36.381 0.8 2.5 " 0.2 1.9 " 0.2 14.6## 1340 ?, T

1E 1740.7!2942z ............... 265.988 !29.745 0.5 26.7 " 0.1 34.0 " 0.2 222.0## 1510 LMXB, BHC 6, 41, 42

IGR J17445!2747y ............ 266.132 !27.783 1.5 0.9 " 0.1 0.8 " 0.2 6.0# 1480 ?

KS 1741!293aa .................. 266.220 !29.340 0.5 8.8 " 0.1 7.8 " 0.2 62.3## 1510 LMXB, T, B 6

IGR J17456!2901bb,ccy ...... 266.410 !29.020 0.6 5.0 " 0.1 2.7 " 0.2 30.9# 1500 ? 43

1E 1742.8!2853ccy............. 266.498 !28.917 0.6 5.4 " 0.1 3.7 " 0.2 31.8# 1500 LMXB 6

1A 1742!294y .................... 266.520 !29.510 0.5 14.1 " 0.1 7.9 " 0.2 85.7# 1510 LMXB, B 6

IGR J17464!3213.............. 266.567 !32.232 0.5 66.5 " 0.2 40.5 " 0.2 405.1# 1490 LMXB, T, BHC 6, 44

1E 1742.9!2849ccy............. 266.570 !28.814 0.6 5.4 " 0.1 2.8 " 0.2 31.6# 1500 LMXB 6

1E 1743.1!2843dd.............. 266.590 !28.670 0.8 3.8 " 0.1 1.6 " 0.2 13.5# 1500 LMXB 6

SAX J1747.0!2853ddy ....... 266.805 !28.837 1.1 1.4 " 0.1 <0.7 8.8# 1500 LMXB, B, T 6
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TABLE 2—Continued

Namea
R.A.

(deg)

Decl.

(deg)

Error b

(arcmin) F20–40
c F40–100

c Significanced Exposuree Typef References

IGR J17475!2822.............. 266.820 !28.445 0.7 2.1 " 0.1 1.9 " 0.2 15.1## 1490 Mol cloud? 45

SLX 1744!299................... 266.860 !30.020 0.5 8.8 " 0.1 5.7 " 0.2 56.5# 1500 LMXB, B 6

GX 3+1 ............................... 266.989 !26.562 0.5 13.5 " 0.2 0.8 " 0.2 84.7# 1440 LMXB, B, A 6

1A 1744!361y .................... 267.057 !36.133 1.2 1.0 " 0.2 1.3 " 0.2 7.7## 1340 LMXB, T 6

IGR J17488!3253.............. 267.206 !32.914 0.7 2.3 " 0.2 3.3 " 0.2 19.4## 1460 ?

4U 1745!203 ..................... 267.217 !20.386 0.7 2.1 " 0.2 3.2 " 0.3 16.1## 1070 LMXB, T, G 6

4U 1746!370 ..................... 267.557 !37.047 0.6 4.7 " 0.2 1.9 " 0.3 25.5# 1270 LMXB, G, B, A 6

GRS 1747!312y ................. 267.637 !31.296 1.1 1.1 " 0.2 1.1 " 0.2 8.4## 1480 LMXB, G, T 6

IGR J17513!2011y............. 267.822 !20.188 0.8 2.0 " 0.2 2.5 " 0.3 13.4## 1060 ? 16

IGR J17544!2619y ............ 268.605 !26.342 1.3 1.1 " 0.2 <0.7 6.7# 1410 HMXB?, T 46, 47, 16

IGR J17597!2201.............. 269.939 !22.033 0.5 8.4 " 0.2 7.8 " 0.3 52.2## 1190 LMXB, B, D 48, 37

GX 5-1 ................................ 270.287 !25.079 0.5 55.3 " 0.2 3.2 " 0.2 318.9# 1340 LMXB, Z 6

GRS 1758!258 .................. 270.303 !25.749 0.5 39.5 " 0.2 48.1 " 0.2 291.9## 1350 LMXB, U, BHC 6, 49

GX 9+1 ............................... 270.388 !20.524 0.5 17.6 " 0.2 0.9 " 0.3 93.0# 1080 LMXB, A 6

IGR J18027!1455.............. 270.690 !14.922 0.7 3.0 " 0.2 3.3 " 0.3 15.5## 766 AGN, Sy1 35

SAX J1802.7!201ee ........... 270.692 !20.294 0.6 5.8 " 0.2 2.5 " 0.3 30.5# 1070 HMXB, T, XP 50, 51

IGR J18048!1455y ............ 271.211 !14.914 1.0 1.7 " 0.2 2.0 " 0.3 9.3## 774 ?

XTE J1807!294................. 271.748 !29.410 0.6 3.1 " 0.2 3.1 " 0.2 21.6## 1340 LMXB, T, XP 52

SGR 1806!20 .................... 272.156 !20.423 0.6 3.4 " 0.2 4.7 " 0.3 23.7## 1060 SGR 53

IGR J18135!1751eey .......... 273.363 !17.849 1.1 1.6 " 0.2 1.2 " 0.3 8.2## 916 ? 54

GX 13+1 ............................. 273.618 !17.146 0.5 17.5 " 0.2 5.0 " 0.3 84.5# 880 LMXB, B, A 6

M 1812!12......................... 273.779 !12.102 0.5 25.7 " 0.2 25.5 " 0.3 137.7## 735 LMXB, B 6

GX 17+2 ............................. 274.007 !14.040 0.5 58.4 " 0.2 3.2 " 0.3 263.9# 781 LMXB, B, Z 6

SAX J1818.6!1703y .......... 274.671 !17.055 1.4 1.2 " 0.2 1.2 " 0.3 6.5## 869 ?, T

IGR J18193!2542y ............ 274.820 !25.703 1.5 0.8 " 0.2 1.1 " 0.3 5.7## 1130 ?

AX J1820.5!1434.............. 275.133 !14.572 0.6 5.1 " 0.2 3.3 " 0.3 23.4# 794 HMXB, XP, Be 2, 3

IGR J18214!1318y ............ 275.340 !13.308 0.9 2.1 " 0.2 2.0 " 0.3 10.8## 773 ?

4U 1820!303 ..................... 275.928 !30.370 0.5 35.3 " 0.2 2.3 " 0.3 186.6# 1070 LMXB, G, B, A 6

4U 1822!000 ..................... 276.335 !0.032 1.0 2.4 " 0.2 <1.1 9.9# 641 LMXB 6

IGR J18256!1035y ............ 276.406 !10.587 1.5 1.2 " 0.2 <1.0 5.9# 762 ?

3A 1822!371 ..................... 276.462 !37.102 0.5 34.1 " 0.2 4.3 " 0.3 162.5# 895 LMXB, D 6

IGR J18259!0706y ............ 276.485 !7.106 1.4 1.2 " 0.2 1.0 " 0.3 6.2## 743 ?

GS 1826!24 ....................... 277.367 !23.801 0.5 73.3 " 0.2 58.6 " 0.3 359.8## 942 LMXB, B 6

IGR J18325!0756.............. 278.118 !7.940 0.7 3.9 " 0.2 2.2 " 0.3 18.2# 794 ?

SNR 021.5!00.9 ................ 278.395 !10.558 0.7 2.8 " 0.2 3.3 " 0.3 15.9## 785 SNR, PWN 55

PKS 1830!211................... 278.405 !21.052 0.7 3.0 " 0.2 3.7 " 0.3 17.7## 843 AGN, QSO 4

RX J1832!330 ................... 278.921 !32.989 0.5 11.6 " 0.2 9.9 " 0.3 58.6## 823 LMXB, G, B, T 6

AX J1838.0!0655ff ............ 279.507 !6.904 0.8 2.1 " 0.2 3.1 " 0.3 14.1## 835 ? 56

ESO 103!35y ..................... 279.578 !65.431 1.4 5.9 " 0.9 4.5 " 1.5 6.2## 42 AGN, Sy1.9 4

Ser X-1................................ 279.992 5.031 0.5 10.1 " 0.2 <0.9 48.7# 861 LMXB, B 6

AX J1841.0!0535y............. 280.237 !5.602 1.5 1.0 " 0.2 1.1 " 0.3 6.0## 861 HMXB, XP, Be? 57

Kes 73 ................................. 280.338 !4.949 0.7 2.0 " 0.2 3.8 " 0.3 15.1## 875 SNR, AXP 58

IGR J18450!0435y ............ 281.243 !4.602 1.8 1.0 " 0.2 <0.9 5.0## 907 ?

GS 1843+009...................... 281.418 0.875 0.6 4.3 " 0.2 3.2 " 0.3 22.9## 970 HMXB, XP, Be, T 2, 3

AX J1846.4!0258.............. 281.622 !2.973 0.8 1.9 " 0.2 2.5 " 0.3 12.5## 940 SNR, PWN, AXP 59

IGR J18483!0311.............. 282.064 !3.169 0.7 4.1 " 0.2 2.7 " 0.3 20.3# 945 ?

3A 1845!024y .................... 282.082 !2.424 1.3 1.3 " 0.2 0.9 " 0.3 6.7# 956 HMXB, XP, Be?, T 2, 3

IGR J18490!0000y ............ 282.267 !0.025 1.4 1.2 " 0.2 0.9 " 0.3 6.4## 998 ?

4U 1850!087 ..................... 283.266 !8.706 0.6 4.6 " 0.2 3.8 " 0.3 23.2## 804 LMXB, G, B 6

IGR J18539+0727y ............. 283.477 7.458 0.9 1.9 " 0.2 1.6 " 0.3 11.3## 1000 BHC? 30

V1223 Sgr gg ....................... 283.755 !31.145 0.6 7.8 " 0.2 3.5 " 0.4 30.3# 512 CV 1

XTE J1855!026................. 283.877 !2.604 0.5 11.8 " 0.2 6.9 " 0.3 64.8# 969 HMXB, XP, T 2

2E 1853.7+1534y ................ 284.008 15.621 0.9 2.8 " 0.2 2.0 " 0.4 12.0## 578 AGN? 8

XTE J1858+034hhy ............. 284.686 3.431 0.5 0.8 " 0.2 <0.8 49.8 1090 HXMB, XP, Be?, T 2, 3

XTE J1901+014.................. 285.397 1.439 0.6 3.4 " 0.2 3.0 " 0.3 21.6## 1070 T, BHC? 60

4U 1901+03 ........................ 285.913 3.205 0.5 93.8 " 0.2 10.5 " 0.3 552.3# 1090 HMXB, T, XP 2, 61

XTE J1908+094y ................ 287.220 9.390 0.6 3.6 " 0.2 4.2 " 0.3 23.7## 998 LMXB, T, BHC 62

4U 1907+097 ...................... 287.414 9.836 0.5 16.5 " 0.2 2.0 " 0.3 91.4# 980 HMXB, XP, T 2

4U 1909+07 ........................ 287.701 7.602 0.5 14.4 " 0.2 8.7 " 0.3 81.6# 1060 HMXB, XP 63

Aql X!1y ............................ 287.811 0.577 0.5 9.4 " 0.2 5.1 " 0.3 53.8# 1010 LMXB, B, A, T 6

SS 433................................. 287.957 4.974 0.5 14.5 " 0.2 7.3 " 0.3 89.0# 1090 HMXB 2

IGR J19140+0951ii ............. 288.525 9.872 0.5 9.5 " 0.2 5.7 " 0.3 54.7# 981 HMXB?, NS? 64, 65

GRS 1915+105 ................... 288.798 10.940 0.5 288.1 " 0.2 108.8 " 0.3 1591.0# 926 LMXB, T, BH 6, 66

4U 1916!053 ..................... 289.697 !5.243 0.5 9.3 " 0.2 3.9 " 0.3 42.1# 682 LMXB, B, D 6

IGR J19284+0107y ............. 292.098 1.119 1.3 1.2 " 0.2 <0.9 6.8# 857 ?
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TABLE 2—Continued

Namea
R.A.

(deg)

Decl.

(deg)

Error b

(arcmin) F20–40
c F40–100

c Significanced Exposuree Type f References

IGR J19308+0530y ............. 292.692 5.502 1.4 0.8 ! 0.2 1.5 ! 0.3 6.6""" 949 ?

RX J1940.1#1025 .............. 295.066 #10.408 1.1 3.0 ! 0.3 2.1 ! 0.6 8.1" 267 CV 1

NGC 6814y ......................... 295.644 #10.332 1.0 3.1 ! 0.3 3.9 ! 0.6 9.9"" 248 AGN, Sy1.5 4

KS 1947+300...................... 297.396 30.210 0.5 38.4 ! 0.6 23.9 ! 1.0 55.6" 93 HMXB, T, XP 2, 67, 68

Cyg X-1 .............................. 299.592 35.194 0.5 812.9 ! 0.6 944.3 ! 1.0 1417.3"" 100 HMXB, BH, U 2

Cyg Ay ................................ 299.878 40.755 1.1 5.4 ! 0.6 6.0 ! 1.0 8.8"" 91 AGN, Sy1.9 4

EXO 2030+375................... 308.046 37.630 0.5 38.9 ! 0.5 20.4 ! 0.8 74.6" 147 HMXB, XP, Be, T 2, 3

Cyg X-3 .............................. 308.108 40.953 0.5 201.1 ! 0.4 82.2 ! 0.7 418.4" 151 HMXB 2

SAX J2103.5+4545 ............ 315.891 45.743 0.5 33.4 ! 0.4 18.5 ! 0.7 78.4" 166 HMXB, XP, Be, T 2, 3

IGR J21247+5058............... 321.151 50.980 0.7 5.7 ! 0.4 8.1 ! 0.7 16.3"" 143 AGN, Sy1? 35

IGR J21335+5105y ............. 323.375 51.092 1.2 2.9 ! 0.4 <2.1 7.8"" 143 CV 1

1H 2140+433 ...................... 325.745 43.587 1.1 4.4 ! 0.4 <2.2 8.8" 127 Dwarf nova, CV 1

Cyg X-2 .............................. 326.168 38.318 0.5 26.7 ! 0.5 <2.7 43.9" 96 LMXB, B, Z 6

4U 2206+543 ...................... 331.974 54.514 0.6 12.8 ! 0.5 9.2 ! 0.8 24.6" 114 HMXB, NS, Be 2, 69, 3

Cas Ay ................................. 350.822 58.792 1.1 3.9 ! 0.5 3.3 ! 0.9 8.0"" 95 SNR 5

Note.—Table 2 is also available in machine-readable form in the electronic edition of the Astrophysical Journal.
a Daggers indicate new detections since first catalog.
b Position errors are expressed as radius of 1 ! error circle.
c Fluxes are expressed in units of mcrab; appropriate conversion factors are (20–40 keV) 10 mcrab = 7:57 ; 10#11 ergs cm#2 s#1 $ 1:71 ; 10#3 photons cm#2 s#1;

(40–100 keV) 10 mcrab $ 9:42 ; 10#11 ergs cm#2 s#1 $ 9:67 ; 10#4 photons cm#1 s#1.
d Maximimum significance is quoted in either (") 20–40 keV band, ("") 20–100 keV band, (""") 30–60 keV band, (no mark) significance in one revolution.
e Exposure is the corrected on-source exposure in kiloseconds.
f Source type classifications: A = atoll source (neutron star); AGN = active galactic nuclei; AXP = anomalous X-ray pulsar; B = burster (neutron star); Be = B-type

emission-line star; BH = black hole (confirmed mass evaluation); BHC = black hole candidate; Cluster = cluster of galaxies; CV = cataclysmic variable; D = dipping
source; G = globular cluster X-ray source; HMXB = high-mass X-ray binary; LMXB = low-mass X-ray binary; Mol cloud = molecular cloud; NS = neutron star;
PSR = radio pulsar; PWN = pulsar wind nebula; QSO = quasar; SGR = soft gamma-ray repeater; SNR = supernova remnant; Sy = Seyfert galaxy; Symb = symbiotic
star; T = transient source; U = ultrasoft source; XB = Galactic X-ray binary; XP = X-ray pulsar; Z = Z-type source (neutron star).

g 4U0352+30 in first IBIS/ ISGRI catalog (Cat1).
h Values derived from staring observations during revolutions 50, 154, and 203.
i Detected during revolution 139.
j Cannot recover fluxes due to proximity to 4U0919#54.
k Detected during revolution 203.
l A1145.1#6141 in Cat1.
m Position taken from 1E catalog, due to blending with 2E1145.5#6155.
n Position taken from 1E catalog, due to blending with 2E1145.1#6141.
o 4U1516#569 in Cat1.
p IGR J16195#4945 in Cat1.
q Triangulum Australis.
r IGR J16393#4643 in Cat 1.
s PSR J1649#4349 in Cat1.
t Equally well associated with NGC 6221, also Sy2.
u Detected during revolution 171.
v EXMS B1709#232 in Cat1.
w Tentative association with NGC6334.
x IGRJ17254#3616 in Cat1.
y Detected during revolution 120.
z 1E1740.7#2943 in Cat1.
aa M1741#293 in Cat1.
bb Within 1A1 of Sgr A".
cc Fluxes unreliable due to blending in final mosaic; see x 3.6.
dd Detected during revolution 175.
ee IGR J18027#2016 in Cat1.
ff HESS source (SNR/PWN?).
gg 4U1849#31 in Cat1.
hh Detected during revolution 189.
ii IGR J19140+098 in Cat1.
References.— (1) Downes et al. 2001; (2) Liu et al. 2000; (3) Raguzova & Popov 2005; (4) Veron-Cetty & Veron 2003; (5) Forman et al. 1978; (6) Liu et al.

2001; (7) Molina et al. 2004; (8) L. Bassani et al. 2006, in preparation; (9) Masetti et al. 2005; (10) Done et al. 1996; (11) Dermer & Gehrels 1995; (12) Laurent et al.
1994; (13) Haberl et al. 2002; (14) Stephen et al. 2005; (15) Orosz et al. 2002; (16) Stephen 2005; (17) Sidoli et al. 2005; (18) Walter et al. 2003; (19) Rodriguez
et al. 2003; (20) Lutovinov et al. 2005b; (21) Patel et al. 2004; (22) Ebeling et al. 2002; (23) Combi et al. 2004; (24) Malizia et al. 2004; (25) Walter et al. 2004a;
(26) Walter et al. 2004b; (27) Grebenev et al. 2005; (28) Cowley et al. 1987; (29) in ’t Zand et al. 2005a; (30) Lutovinov & Revnivtsev 2003; (31) Arnaud et al.
1987; (32) Rupen et al. 2003; (33) Sekimoto et al. 2000; (34) Barlow et al. 2005; (35) Masetti et al. 2004a; (36) Gaensicke et al. 2005; (37) Lutovinov et al. 2005a;
(38) Harmon et al. 2004; (39) in ’t Zand et al. 2002; (40) Torres et al. 2004; (41) Sunyaev et al. 1991; (42) Mirabel et al. 1992; (43) Bélanger et al. 2004;
(44) Markwardt et al. 2003; (45) Revnivtsev et al. 2004; (46) Gonzalez Riestra et al. 2004; (47) Revnivtsev 2003; (48) Markwardt & Swank 2003b; (49) Rodriguez
et al. 1992; (50) Augello et al. 2003; (51) Hill et al. 2005; (52) Markwardt & Swank 2003a; (53) Atteia et al. 1987; (54) Ubertini et al. 2005; (55) Davelaar et al.
1986; (56) Malizia et al. 2005; (57) Bamba et al. 2001; (58) Vasisht & Gotthelf 1997; (59) Gotthelf & Vasisht 1998; (60) Remillard et al. 2002; (61) Galloway et al.
2003; (62) Woods et al. 2002; (63) Levine et al. 2004; (64) in ’t Zand et al. 2005b; (65) Rodriguez et al. 2005; (66) Mirabel & Rodriguez 1994; (67) Swank &
Morgan 2000; (68) Negueruela et al. 2000; (69) Masetti et al. 2004b.
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X-ray and/or gamma-ray wavebands. There is a total of 56 IGR
sources in the second catalog (double that of the first catalog), of
which 20% have been classified (see Fig. 11). This percentage
increases to !40% if the tentative classifications are included.
Looking at the IGR sources broken down by source type, it is
interesting to note that nearly half of the cataloged CVs are IGR
sources, while <5% of the cataloged LMXBs and HMXBs are
INTEGRAL discoveries, although this number increases to nearly
10% if the tentative associations are included.

A full understanding of the nature of the new sources, and
their classifications in the already known classes of high-energy
emitters is a challenging task and is triggering a strong follow-up
program at all wavelengths.

The catalog by Macomb & Gehrels (1999) provides the pre-
vious reference for sources detected above 50 keV by at least one
experiment. It contains a general list of basic characteristics for
309 sources and summary tables of different observations of
sources by object classification.Of the 309 sources, 183 have been
detected only for energies above 1MeVand 135 are unidentified
(themajority of which are EGRET detected sources). The remain-
ing 126 sources are categorized as 83 accreting sources, 22 Seyfert
galaxies, 14 gamma-ray blazars, seven gamma-ray pulsars, six
clusters or galaxies and three supernova remnants. By compari-
son, this second IBIS/ISGRI catalog is reaching a similar level of
coverage for Galactic sources, although interestingly the blazar
population is so far largely unseen, due to the relatively low en-
ergy band of the IBIS/ISGRI observations.

The following sources, included in the first catalog, are no
longer listed: 1E 1742.5"2859 and 1E 1742.9"2929 have been
replaced by other sources following a more in-depth analysis of
the source contributions in the Galactic center region (see x 3.6);
IGR J17460"3047 was found to be an artefact of the earlier im-
aging process used in the first catalog.

5.1. Concluding Comments

The positions deriving from ISGRI are forming the basis for
an active program of follow-up observations in other wavebands,
mainly X-ray (XMM-Newton, Chandra X-Ray Observatory, and
Rossi X-Ray TimingExplorer), optical, IR, and radio.Of particular

Fig. 7.—Plots show 30–60 keV sky maps covering 30# sections of the Ga-
lactic plane. [See the electronic edition of the Journal for a color version of this
figure.]

Fig. 8.—Plots show 30–60 keV sky maps covering 30# sections of the Ga-
lactic plane. [See the electronic edition of the Journal for a color version of this
figure.]

Fig. 9.—Plots show 30–60 keV sky maps covering 30# sections of the Ga-
lactic plane. [See the electronic edition of the Journal for a color version of this
figure.]
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interest are the recent correlations with the new population of
very high-energy gamma-ray sources detected in the Milky Way
by the HESS consortium, and emitting in the 0.2–10 TeV range
(Aharonian et al. 2005). At least two new IBIS sources are firmly
associatedwith this new class of high-energy accelerator (Ubertini
et al. 2005; Malizia et al. 2005).

The IBIS survey team, including scientists from five different
institutes, will continue to refine the analysis techniques and ap-
ply them to the ever-increasing IBIS data set. Further catalogs are
expected to be released at regular yearly intervals. Based on our
current sky coverage, the observed source log N log S (Dean
et al. 2005) and projected observation plans, we conservatively
estimate the final number of sources will be over 500. In par-
ticular, in the coming months, we can expect the exposure in the
extragalactic sky to improve significantly, allowing us to explore
previously unexposed regions of the hard X-ray sky.

Finally, we also note that after the successful launch of the
Swift satellite on 2004 November 20, ISGRI is no longer the sole
instrument capable of surveying the sky in the hard X-ray band.
The Burst Alert Telescope (BAT) on board Swift (Gehrels et al.
2004; Barthelmy et al 2004) is awide field of view (1.4 sr FWHM)
coded mask instrument imaging in the 15–150 keV range. Al-
though operating primarily as a gamma-ray burst detector, it also
acts as an all-skymonitor in the hard X-ray band. Due to the wide
field of view the background is comparatively much higher than
ISGRI, but with the increased exposure to the sky and the larger
detector area (5240 cm2) it has a comparable performance as a
surveying instrument.

However, the operating principles of the two instruments is
very different. INTEGRAL is involved in a scheduled observa-

tion plan biased on the Galactic plane as shown in Figure 1,
whereas BAT is pointed randomly across the sky and so the dif-
ferences in emphasis between the observation plans will cause
the two instruments to complement each other well. Areas of low
Galactic latitude (especially the Galactic center) will be better
covered with ISGRI, whereas the even coverage of the BATwill
mean that areas of high Galactic latitude will be better covered
by that instrument. There is therefore excellent complementarity
between the two instruments and the surveys theywill produce in
the coming years.

We acknowledge the following funding: Italian Space Agency
financial and programmatic support via contracts I /R/046/04;
in UK via PPARC grant GR/2002/00446; in France, we thank
CNES for support during ISGRI development and INTEGRAL
data analysis. This research has made use of data obtained from
the High Energy Astrophysics Science Archive Research Center
(HEASARC) provided by NASA’s Goddard Space Flight Cen-
ter; the SIMBAD database operated at CDS, Strasbourg, France;
and the NASA/IPAC Extragalactic Database (NED) operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
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