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STELLINGEN

behorende bij het proefschrift
GAMMA RAYS FROM THE INTERSTELLAR MEDIUM

1
De massa van het raoleculaire waterstofgas in de interstellaire ruirate van
ons Melkwegstelsel bedraagt niet meer dan 15% van de totale hoeveelheid
interstellair gas.

2
Het is zeer aannemelijk dat de massa van de raoleculaire wölken rondom het
melkwegcentrum (binnen circa 400 pc) een orde van grootte of meer kleiner
is dan tot op heden werd afgeleid uit waarnemingen van verschillende
moleculen.

3
Er bestaat geen bewijs voor een galactische oorsprong van het overgrote
gedeelte (protonen en sommige zwaardere kernen) van de kosmische
straling, in tegenstelling tot wat op heden werd aangenomen, overwegend
op grond van de (onjuiste) resultaten van Dodds et al.^*'
(1) D. Dodds, A.W. Strong en A.W. Wolfendale, 1975, M.W.R.A.S. 171_, 569

4
De berekeningen van Kniffen en Fichtel'^ voor de inverse-Compton
produktie van gammastraling in de interstellaire mimte zijn niet
correct, waardoor hun voorstel ora de gammastraling die ontstaat in het
interstellaire stralingsveld en in het interstellaire gas afzonderlijk te •'$
onderzoeken (door het selecteren van gebieden aan de hemel als functie ; i
van galactische breedte), niet toepasbaar is. '

(1) D.A. Kniffen en C.E. Fiehtel, 1981, Aetrophys. J. 250_, 389

5
Te weinig radio-astronomen beseffen dat de gammasterrenkunde een
belangrijke bijdrage kan leveren aan de oplossing van hun problemen.

6
Het verdient aanbeveling om in het kader van 'Comptel1, e£n van de
telescopen aan boord van de in 1988 te lanceren NASA satelliet 'Gamma-Ray
Observatory1 die het vrijwel onontgonnen interval van het EM spectrum
tussen circa 1 en 10 MeV zal exploreren, een onderzoek in te stellen naar
de inverse-Compton straling die ontstaat in de interactie tussen de
electronen van de interplanetaire kosmische straling en het zodiakaal-
licht.

7
De recente resultaten van de Durham groep(l>2)5 betreffende de
galactische verdeling van het interstellaire gas en de kosmische
straling, zijn onvoldoende gefundeerd.

(1) C.L. Bhat, C.J. Mayer en A.W. Wolfendale, 1984, Astron. Astrophys.
140, 284

(2) C.L. Bhat, M.R. Issa, B.P. Houston, C.J. Mayer en A.W. Wolfendale,
1985, Nature 31£, 511



8
Het valt te betreuren dat, ondanks de technische mogelijkheden en het
grote vetenschappelijke belang, de Survey Committee voor het toekomstig
ruimteonderzoek van de European Space Agency^»2) geen experiment voor
de detectie van hoogenergetische gamraastraling in het programme heeft
opgenomen.

(1) European Space Science Horizon 2000,
Report of the Survey Committee, ESA* July 1984

(2) European Space Science Horizon 2000, ESA SP-1070, December 1984

9
Een integratie van de Leidse Sterrewacht en het Laboratorium voor
Ruimteonderzoek Leiden tnoet niet worden nagestreefd, maar er zou nauwer
moeten worden samengewerkt om de aanwezige expertise en het beschikbare
waarnemingsmateriaal beter te kunnen benutten.

10
Onderzoeksresultaten in de sterrenkunde die gebaseerd zijn op statis-
tische beschouwingen moeten met de nodige voorziehtigheid beoordeeld
worden, aangezien astronomen vaak te onzorgvuldig zijn in de keuze en in
het gebruik van statistische methoden.

Abt'l' concludeert uit zijn studie van de 'Science Citation Index1 dat
vooraanstaande Amerikaanse astronomen het meest produktief waren en hun
belangrijkste werk hebben verricht op latere (40 - 75 jarige) leeftijd,
in tegenstelling tot wat meestal wordt gehoord, maar hij gaat er ten
onrechte van uit dat het geciteerde werk ook metterdaad aan hen moet
worden toegeschreven.
(1) H.A. Abt, 1982, Publ. Astron. Soc. Pacific S5, 113

12
Het verplicht stellen van spetterlappen voor Personenauto1s zou zelfs bij
zeer geringe neerslag de verkeersveiligheid op snelwegen aanzienlijk
kunnen verbeteren.

14
De jongste 'Leidse' letterkunde typeert, bij eerste aanblik, op cryp-
tische wijze de positie van de jonge plaatselijke sterrenkundigen:
Het Land der Letteren Leiden - Afscheid van Leiden.

(1) T. Hermans en P. van Zonneveld (samenstelling), 1985,
Het Land der Letteren Leiden, Meulerihof

(2) K. van het Reve, 1984, Afscheid van Leiden, G.A. van Oorschot

De recente uitspraken^' van de Prins van Oranje zouden ten onrechte
kunnen doen vermoeden dat baldadigheid en nonchalance erfelijke
eigenschappen zijn in de tweede en/of derde generatie.
(1) in: Renate Rubinstein, 1985, Alexander, Staatsuitgeverij

Leiden, 19 juni 1985 Hans Bloemen



ERRATA

Tables 3 (p.204) and 4 (p.206) of Chapter VII contain some incorrect

values and should be replaced by the following ones. Aa a

consequence, the discussion on p.207, lines 20 to 26 ("The values...

...at present."), can be deleted.

Table 3. Principal determinations of

source

Gordon and Burton (1976)

Dickman (1978)

Solomon and Sanders (1980)

Frerking et al. (1982)

Lebrun et al. (1983) (3)

Black and Willner (1984)

Bloemen et al. (1984) (3)

Lebrun and Huang (1984)

Sanders et al. (1984)

Dickman (1985)

Bhat et al. (1985) (3)

this work

quantity

measured

N(H2)/WC0

N(H2)/N(
13CO)

N(H2)/WC0

N(H2)/WC0

N(H2)/Wco
N(H2)/N(CO)

N(H2)/WC0

N(H2)/WC0

N(H2)/WC0

N(H2)/N(
13CO)

N(H2)/Wco (1)
(2)

N(H2)/WC0

derived

N(H2)/WC0

mol. cm~2

2.3x1020

1.5xl020

6.0xl020

1.8xlO2°
l-3xl020

< 3xlO2°

2.6xl020

l.lxlO20

3.6xl02°

2.2xl020

1.4xlO20

0.7xl020

2.8xl02°

calibration |

adjusted f

N(H2)/WC0
i

K"1 km"1 s

3.8xl020

1.5x1020

7.6x1020

1.9x1020

1-3x1020

< 3x1020

2.6xl020

l.lxlO2O

4.6xl020

2.2x1020

1.4x1020

0.7x1020

2.8x1020

(1) Local. (2) At R = 6 kpc. (3) Using gamma-ray observations.



Table 4a. Mass of El and Eg in the Milky Way.

R

(kpc)

< 0 . 5

2-8

8-10

10-15

aH<>

1

0

0

/a H I

_

.35

.40

.20

M H I ( 1 )

(M0)

2.3xlO&

5.5xlO8

3.3xl08

1.1x109

7

1

2

MH2

(Mo)

< 2 x l 0 7 ( 2 )

.4x108

.3x108

,3xl0 8

R

(kpc)

< 0 . 5

<8

<10

<15

2

5

9

2

MHI

(Mo)

.3x106

.9xl0 8

.2x108

.1x109

8

9

1

MH2

(Mo)

<2xl07(

.1x108

.4xlO8

.2x109

(1) Based on constant value of Ogj = 2.9 M
o
 pc~

2
 (see text).

(2) Blitz et al. (1985), Iα upper limit.

Table 4b. Other determinations of M(E%) (2 - 10 kpa) and

corresponding ratio between E^ and HI mass (2 - 10 kpa).

M(H
2
)

(Mo)

M(H
2
)/M(HI)(

1
)

Scoville and Solomon (1975)

Gordon and Burton (1976)

Solomon and Sanders (1980)

Blitz and Shu (1980)

Liszt, Xiang, and Burton (1981)

Dame (1983)

Lebrun et al. (1983)

Sanders et al. (1984)

Bhat et al. (1985)

this work

1-3x109

2.1x109

4 xl09

1 xl09 (2)

2.3x109

0.7x109

0.9x109 (2)

2.6x109

0.6x109

0.9x109

1-3

2.4

4.5

l . l

2 . 6

0 . 8

1.0

3 . 0

0.7

1.0

(1) M(HI) is taken to be 0.9xl09 M
e
 (Henderson et al., 1982).

(2) This mass is derived from quantities given in the paper.

It appears that most of the investigations cited in Table 4b,

including the present one, do not include a correction for helium.

The value quoted for Dame (1983) is smaller than his published value

because of his specific inclusion of a helium correction.
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PREFACE

The content of this thesis is largely based on the gamma-ray

observations performed by the European Space Agency's satellite

COS-B. At the time I made the first steps in gamma-ray astronomy in

mid 1980, COS-B had been in orbit for five years and the Data

Reduction Group of the Caravane Collaboration for the COS-B mission

had been operating for nine years already. However, it was just the

right time to start the kind of work described in this dissertation,

because COS-B had almost completed its survey of the Milky Way and

large-scale surveys of the carbon-monoxide molecule (which were

crucial for this work) by the millimetre-wave observers at Columbia

University/Goddard Institute for Space Studies in New York would

soon become available.

A variety of subjects is covered by this thesis, but there is a

logical connection and all are, one way or another, related to the

diffuse gamma-ray emission from the Milky Way. It might be of

interest to high-energy astrophysicists as well as to those working

on various other topics related to the interstellar medium and

galactic structure. Almost all chapters have been written as

separate articles and are in general the result of a collaborative

effort, which is reflected by the lists of co-authors given in the

table of contents.



CHAPTER I

INTRODUCTION

Gamma rays are, by definition, the most energetic photons in

the universe and their photon energy extends from about 0.5 MeV to

infinity. At the low end of this range there is the tail from the

hard X-ray emission of various galactic and extragalactic objects

and the newly discovered population of gamma-ray bursts. The MeV

region is also the realm of the, just starting, studies of gamma-ray

lines from radioactive nuclei and of the electron-positron annihila-

tion line. At the highest energies (E > 100 GeV), there are the

quickly growing studies of exotic objects using the technique of

detecting Cerenkov radiation produced in extensive air showers in

the Earth's atmosphere, which is the only branch of gamma-ray

astronomy that can be done at ground level. Between these two ends

of the gamma-ray spectrum there is the region (say 50 MeV up to

several GeV) that will be studied in this dissertation. Also at

these energies, enigmatic point sources were found (see e.g.

Swanenburg et al., 1981; Bignami and Hermsen, 1983), but the subject

of this work is the dominating diffuse gamma-ray emission in the

Milky Way, originating from cosmic-ray interactions in the inter-

stellar medium (for a review of the production mechanisms, see e.g.

Fazio (1967) and Stecker (1971)).

1. Historical setting

The histories of cosmic-ray physics and gamma-ray astronomy are

closely related. Cosmic rays were discovered in the beginning of

this century as the result of studies of the dark current in



ionization chambers, but it did take till the thirties until the

corpuscular nature of cosmic rays and their extraterrestrial origin

became generally accepted. Around 1940, primary cosmic rays were

proved to be primarily protons; in 1948 nuclei of some heavy

elements were discovered and ever since the elemental and isotopic

abundances of cosmic rays (and the energy spectra of the individual

components) have been studied in great detail (see e.g. the review

by Meyer, 1981). The relative contribution of electrons (and

positrons) to the primary cosmic-ray flux had long been realized to

•be only a few percent, but actual measurements of the electron

spectrum became available as late as the early sixties. The

existence of these relativistic electrons throughout the Galaxy was

already known from observations of the galactic diffuse radio

emission at low frequencies, which is now generally accepted to be

synchrotron radiation by cosmic-ray electrons in the galactic

magnetic field.

Because cosmic rays arriving near the Earth have lost all

directional information in the interstellar magnetic field and in

the magnetic field of the Earth, this connection between cosraic-ray

physics and radio astronomy has been an excellent means to study

the origin, propagation, and confinement of cosmic rays (or, more

precisely, of the electron component). The cosmic-ray electrons in

our Galaxy must be of galactic origin because they are subject to

inverse Compton losses in the microwave background radiation, but it

is still debatable whether they are confined to the galactic disk or

whether they are contained in a halo (see e.g. the review by

Cesarsky, 1980). Although other possibilities have been suggested,

we can be confident that the huge energy releases of Supernovae

play, one way or another, an important role for the origin of

cosmic-ray electrons, as suggested already in 1934 by Baade and

Zwicky. Various possible scenarios for the actual acceleration

mechanism have been suggested, which can essentially be denominated

as second-order Fermi acceleration associated with turbulence inside

the supernova remnant (e.g. Scott and Chevalier, 1975; Morfill and

Scholer, 1979) and diffusive shock acceleration (first order Fermi



acceleration) at the outer boundary of the remnant or near internal

shocks associated with cloud crushing (e.g Blandford and Ostriker,

1978; Bell, 1978; Blandford and Cowie, 1982).

In 1952, Hayakawa and Hutchinson predicted that interactions

between cosmic rays and interstellar gas would produce gamma

radiation and estimated the intensity of the galactic gamma-ray

emission to be measurable. Cosmic-ray electrons were expected to

produce gamma rays through the bremsstrahlung process. The nuclear

interactions between the cosmic-ray protons (and nuclei) and the

nuclei of the gas particles would produce gamma rays through the

decay of neutral ir-mesons, produced in those interactions. Since

gamma rays do not suffer absorption, they would constitute an

excellent means for studying the galactic distribution of the

cosmic-ray protons and their origin. The detection of extraterres-

trial gamma radiation requires a satellite experiment, because

of the absorption and production of gamma rays in the Earth's

atmosphere. The technical problems were severe and only in 1967, a

firm detection of galactic gamma rays was made by the experiment

flown on the 0S0-3 satellite (Kraushaar et al., 1972).

A large improvement in photon statistics and angular resolution

(a few degrees) was obtained with the experiment aboard the NASA

SAS-2 satellite, which was launched in 1972 (see e.g. Fichtel et

al., 1975). In total about 8000 gamma-ray photons were detected.

During the short mission, almost the entire galactic plane was

viewed with several extensions to high latitudes. Three clear

gamma-ray point sources were observed (the Vela and Crab pulsars and

an as yet not unambiguously identified source in the galactic anti

centre). Large-scale intensity sky maps could be constructed for two

energy ranges (35 MeV < E < 100 MeV and E > 100 MeV) (e.g. Hartman

et al., 1979). Since high-energy gamma rays were expected to

originate primarily from the. interactions between the cosmic-ray

protons and the interstellar gas, the observed gamma-ray intensity

distribution for energies above 100 MeV clearly indicated that

cosmic-ray protons are present in abundance in the Galaxy.

To determine the distribution of the cosmic-ray particles in



the Milky Way it was essential to know the distribution of the

target gas particles (*). This was a severe problem: large-scale

mapping of tue major constituents of the interstellar gas had been

performed only for the atomic-hydrogen (Hi) component, using its

characteristic 21-cm line, and little was known about the other

important constituent, molecular hydrogen (H2). Helium is evidently

also important, but its relative abundance is expected to be the

same in the atomic and molecular gas clouds. H2 is only directly

observable in UV absorption towards early-type stars and by infrared

emission in localized hot regions. The best tracer of the large-

scale distribution of H2 is the carbon monoxide molecule CO. Even

though the importance of molecular hydrogen in the interpretation of

gamma-ray observations was noted as early as 1975 by Stecker et al.,

up to a few years ago poor sky coverage of the CO observations

limited the gamma-ray studies of the galactic cosmic-ray distribu-

tion. In addition, the relation between the measured CO intensities

and the H2 column densities was highly uncertain. Making a virtue of

necessity, the sparse CO observations, mostly concentrated on the

mid plane of the Galaxy, and the HI observations were usually con-

verted into a galactic (spiral arm) model of the gas distribution.

Various types of analyses were performed to derive the galactic

cosmic-ray distribution from comparisons between the SAS-2 observa-

tions and the gas models. Due to the limited counting statistics in

the gamma-ray data and the uncertainties in the distribution of the

(*) The bremsstrahlung and ir°-decay gamma-ray intensities measured

in a certain direction are proportional to the integral of the

product of cosmic-ray densities and interstellar gas densities along

the entire line of sight. If the cosmic-ray density would be

constant, then the gamma-ray intensity is a measure of the total gas

column density. This has been employed in the study of the distribu-

tion of the local (si kpc) interstellar gas at medium latitudes,

where the cosmic-ray density can be assumed to be constant in

first-order approximation (Fichtel et al., 1978; Lebrun and Paul,

1983; Strong et al., 1982).



interstellar gas, the conclusions were varied and uncertain. Most

studies showed tuit the cosmic-ray density in the inner Galaxy is

probably larger than in the solar vicinity (e.g. Stecker et al.,

1975; Issa et al., 1981). Some led to the conclusion that, more

specifically, this increase is restricted to the regions with high

gas densities in spiral arms (Bignami et al., 1975). Furthermore,

the Durham group (Dodds, Strong, and Wolfendale, 1975) performing a

pioneering analysis of the SAS-2 gamma-ray data, which strongly

suggested that there is a decrease in the density of cosmic-ray

protons in the outer Galaxy, concluded: "We have shown that the

gamma-ray data from SAS-2 enables us to rule out, with some

confidence, the possibility of an extragalactic origin for the

majority of cosmic rays of around a few GeV." This result has ever

since been adopted the main observational evidence against a

universal origin of cosmic-ray protons. The similarity between the

derived galacto-centric distribution of the cosmic-ray proton

density and that of supernova remnants suggested that the origin of

the protons was related to these objects, similar to what had been

found for the cosmic-ray electrons.

Additional evidence could be expected from observations of the

primary cosmic-ray particles near the earth, but, up to now, these

observations have been inconclusive with respect to the origin of

the bulk of the cosmic-ray particles. Most conclusions of these

studies have to be drawn from the observations of the nuclei (so not

the protons), which form only a minor fraction of the total cosmic-

ray flux. Although a fraction of these nuclei is certainly primor-

dial in the sense that they were accelerated in the source of the

cosmic rays, it seems well established now that a major fraction is

entirely due to spallation (fragmentation of the primordiale) in the

interstellar medium (see e.g. Shapiro and Silberberg, 1974). Model-

ling of the interstellar fragmentation process (starting iteratively

from some initial chemical composition) has shown that the correct

chemical abundances of the cosmic rays can be obtained, provided

that the mean path length of the cosmic rays is on average 5 g cm~2.



The primordial cosmic-ray abundances are richer in heavy elements,

in comparison with the Solar System abundances, which suggests a

relation to advanced states of stellar evolution and which is there-

fore not inconsistent with the supernova hypothesis for the origin

of these cosmic rays. Variations as a function of energy in the

abundances of the primordial cosmic rays and in the ratio between

the primordial abundances and the abundances in the fragmentation

products, probably reflect variations in the acceleration mechanism

(and diffusion) with energy for different particle species. There is

no general agreement on the cause of these variations. On the other

hand, this way of attaining the correct composition of cosmic

rays should not be regarded as evidence against an extragalactic

hypothesis for the origin of cosmic rays. If the chemical composi-

tion in the extragalactic sources is similar to the primordial

composition in galactic soun.es (although this is unknown), an

extragalactic cosmic-ray origin (for instance in active nuclei of

galaxies) cannot be excluded on the basis of the observed cosmic-ray

composition; the spallation limit of 5 g cm~^ would not be exceeded

in the intergalactic medium. Also the observations of radio active

isotopes with long half-lives (around 10" years) among the spalla-

tion products (particularly ^Be) have been inconclusive with regard

to the origin of the primordiale; these observations indicate,

however, a propagation life time of roughly 15 million years (e.g.

Garcia-Munoz, Simpson, and Wefel, 1981). This suggests (in

combination with the mean path length of ~5 g cm"2) that the

spallation particles must have spent most of their lifetimes outside

the high-density regions in the galactic disk, propagating in the

coronal gas of the inter-cloud medium (Scott, 1975; McKee and

Ostriker, 1977) or forming a galactic halo (as suggested by

Ginzburg and Syrovatskii (1964) to be true for cosmic rays in

general), pervaded by bubbles of galactic magnetic fields (Parker,

,' 1976) (for reviews on the propagation and confinement of cosmic

y rays, see Wentzel (1974) and Cesarsky (1980)). Remains the observed

isotropy of cosmic rays: this finding is obviously consistent with a

universal origin, but theoretical studies of diffusion and dynamics
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of the particles have shown that also a galactic origin gives no

severe problems. The highest-energy cosmic rays f>10^ eV) cannot be

confined to the Galaxy and the extagalactic hypothesis is most

likely for these particles (see e.g. Brecher and Burbidge, 1972).

It is evident from this intermezzo that the new input from the

SAS-2 gamma-ray observations was most welcome and I cannot do better

than quoting the words of Prof. Ginzburg during the IAU symposium

on the Origin of Cosmic Rays in Bologna (1981): "To disprove

convincingly the metagalactic model and to prove the existence of

the halo turned out, unfortunately, to be a very difficult task and

took almost a quarter of a century. But I am sure now that the work

is done mainly owing to gamma-astronomical observations in the

direction of the galactic anti centre (which support galactic but not

metagalactic models)..."

In August 1975 a new gamma-ray experiment, aboard the European

COS-B satellite, was launched, which was expected to give further

insight into the galactic cosmic-ray distribution. At the termina-

tion of the mission in April 1982 about 2x10^ celestial gamma rays

were detected. This most comprehensive gamma-ray data base presently

existing is used for this dissertation, leading to surprising

findings: the result of the classical work by Dodds, Strong, and

Wolfendale turns out to be incorrect and therefore one of the basic

concepts of cosmic-ray astrophysics is challenged.

The present detailed analyses are possible because of the

improved counting statistics of the gamma-ray observations and

because of the large-scale millimetre surveys of the CO molecule,

which are currently available and can be used to trace the molecular

hydrogen. The contribution of the atomic hydrogen to the observed

gamma-ray distribution can be estimated from the 21-cm line observa-

tions. The COS-B observations have sufficient resolution and

sensitivity to establish the relation between the integrated CO line

intensity and the molecular-hydrogen column density, independently

of excitation and abundance effects which have plagued other

determinations of this relationship (see the discussion by Lequeux,



1981). Because the Galaxy is transparent to gamma rays and because

the gamma rays trace the interstellar gas directly, irrespective

of its physical state, this approach is, in principle, the most

accurate way to determine the molecular-hydrogen distribution in the

Galaxy.

2. Guide to this thesis

This thesis describes new gamma-ray views on cosmic rays and

the interstellar medium. Almost all chapters have been written as

separate articles and some degree of overlap could therefore not be

avoided. Furthermore, the articles have been prepared during the

past few years while more carbon-monoxide data became gradually

available. The latter allowed the subsequent analyses to become more

detailed and more sophisticated. Cross references among the chapters

are given where appropriate. A brief summary of the final results is

given in Chapter IX. Chapter II describes the COS-B data base and

the pre-launch and in-flight calibration data used for all analyses.

Diffuse galactic gamma radiation (> 50 MeV) has long been

thought to be mainly the result of cosmic-ray-matter interactions,

as mentioned above, but it could not be excluded that interactions

of the cosmic-ray electrons with the interstellar radiation field

(mainly at optical and infrared wavelengths), through the inverse-

Compton processs contribute significantly to the observed gamma-ray

emission. This problem is considered in Chapter III.

Chapter IV presents a detailed comparison between the gamma-ray

observations of the large complex of interstellar clouds in Orion

and Monoceros and the CO and HI surveys of this region. This nearby

cloud complex can be regarded as a perfect laboratory to study the

production of gamma rays in the intersteiler medium on relatively

small scales. It gives insight into the cloud penetration of cosmic

rays and in the (poorly known) relation between CO detections and

molecular hydrogen column densities.

In Chapters V, VI, and VII the radial distribution of gamma

rays in the Galaxy is studied. Chapters V and VI deal with the outer

10



Milky Way solely; Chapter VII describes a study of the entire

Galaxy. The kinematics of HI (and in Chapter VII also of CO) are

used as a distance indicator to determine, in combination with the

gamma-ray data, the galacto-centric distribution of the gamma-ray

emissivity (the production rate per H atom) for three gamma-ray

energy intervals (70 MeV - 150 MeV, 150 MeV - 300 MeV, and 300 MeV -

5 GeV). The ratio between H2 column density and integrated CO line

intensity is calibrated and possible variations of this ratio on

scales of kpcs throughout the Galaxy are studied. The mass of the

molecular gas in the Galaxy is derived from the gamma-ray observa-

tions. Furthermore, the gamma-ray emissivities are interpreted in

terms of the galacto-centric distribution of cosmic-ray electrons

(with energies up to several hundreds of MeV) and nuclei (mainly GeV

protons) separately. This is possible because the production spectra

for the electron bremsstrahlung and the IT "-decay emission by the

cosmic-ray nuclei are different: the relative electron contribution

decreases with gamma-ray energy and the contribution from the nuclei

increases, becoming dominant in the high-energy range. The findings

for the electron distribution are compared with the results from

radio studies of the diffuse galactic synchrotron emission.

Finally, in Chapter VIII, the galactic centre (more precisely,

the central 400 pc), which contains a large concentration of CO

molecules, is studied. The H2/CO abundance and the cosmic-ray

density in the galactic centre are discussed and compared to the

findings for the galactic disk.

In various analyses in this thesis a likelihood-ratio method is

applied for parameter estimation and hypothesis testing. A general

description of this method is added as an appendix.
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CHAPTER II

THE COS-B MISSION, CALIBRATION, AND OBSERVATIOHS

1. INTRODUCTION

COS-B, the first satellite of the European Space Agency was

launched on August 9, 1975 from NASA'S Western Test Range, USA by a

Thor Delta vehicle and has operated for almost seven years until

April 1982. It carried an imaging gamma-ray telescope, capable of

detecting gamma rays with energies greater than -30 MeV over a

field of view with -25° radius. A description of the experiment

and mission is given in Section 2. Section 3 summarizes the basic

pre-launch calibration data which are relevant for the data

selection applied in the analyses presented in this dissertation.

The observation program, consisting of 64 observation periods with

typical duration of order one month, is given in Section 4. The

in-flight calibration of the instrumental sensitivity and background

and of the angular resolution, using the actual observations, is

discussed in Section 5. Section b describes the merging of the

individual observation periods and presents the resulting large-

scale sky maps for selected energy ranges.

2. THE COS-B EXPERIMENT AND MISSION

The first plans for a European gamma-ray mission were proposed

about nineteen years ago when an ESRO (the predecessor of ESA)

feasibility study was undertaken. After the approval by the ESRO

council in July 1969, six European research institutes (some

mutations took place in the beginning) started designing, con-
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structing, and testing the COS-B experiment. These institutes are

presently known as the Istituto di Fisica Cosraica del CNR (Milano,

Italy), the Istituto di Fisica Cosmica e Inforraatica del CNR

(Palermo, Italy), the Laboratory for Space Research Leiden (Leiden,

The Netherlands), the Max-Planck-Institut für Physik und Astro-

physik, Institut für Extraterrestrische Physik (Garching-bei-

München, Germany), the Service d'Astrophysique, Centre d'Etudes

Nucleaires de Saclay (Gif-sur-Yvette, France), and the Space Science

Department of ESA, ESTEC (Noordwijk, The Netherlands). The same

group of institutes, known as the Caravane Collaboration, has

selected the observation program and, until now, has been

responsible for the analysis of the data and the publication of the

results.

A full description of the COS-B instrument is given by Bignami

et al. (1975) and Scarsi et al. (1977), but a brief outline here

might be useful. The detector consisted of four major components

(see Figure 1): a spark chamber (SC), a triggering telescope (Bl,

B2, C ) , an energy spectrometer (D, E ) , and a charged-particle shield

or guard counter (A). In the spark chamber (geometrical area of

24x24 cm^), gamma rays were converted into electron-positron pairs

in one of the twelve tungsten sheets. These sheets were interleaved

between the upper twelve of sixteen gaps; each gap consisted of two

planes of 192 parallel wires, stretched in orthogonal directions.

Immediately after the detection of one or more downwards moving

electrons by the triggering telescope, in the absence of a pulse

from the guard counter (which inhibits triggering of the instrument

by cosmic-ray particles), a high-voltage pulse was applied to each

gap. The spark chamber was filled with a mixture of neon and 0.6% of

ethane and discharges occurred along the ionisation tracks left by

the electrons. The electron tracks and hence the arrival directions

of the gamma-ray photons could be reconstituted from the spark

coordinates, defined by the wire planes. The triggering telescope

was a three-counter telescope, consisting of a directional Cerenkov

detector (C) and a Nuplex 3 scintillation counter (B2), which

defined the field of view, and another Nuplex 3 counter (Bl), which
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Figure 1. Schematic sectional view of the COS-B experiment.

could be made to trigger on the passage of one or two minimum-

ionising particles. The spectrometer, which consisted of a Csl

scintillation crystal (E), provided an energy measure of the

detected photons by absorption of the electron energy. A Pilot Y

plastic scintillator (D) was mounted below it to monitor the leakage

of the cascades at the highest energies. Several photomultiplier

tubes viewed all the elements of the telescope. The event-selection

logic was controlled by telecommand. All counters could be

artificially stimulated for inflight-performance monitoring. The

experiment included an electronics subsystem, which compressed the

data, formatted the event-related information and monitored the

counting rates. An on-board clock enabled the determination of

absolute Universal times of the gamma-ray events with an accuracy

better than 1 tns.

The satellite was spin stabilized, rotating about the optical

axis of the gamma-ray detector. A nitrogen-gas attitude-control
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system was used to point the experiment to within 1° of the desired

directions and sun and earth sensors enabled the determination of

the instantaneous attitude with a precision better than 0.5° (half

cone angle, 3d level). COS-B was placed in a highly eccentric polar

orbit instead of a near-earth one (which would have permitted a

larger experiment), to maximize the useful observation time while

allowing real-time data transmission. Only small regions of the sky

were ever occulted by the earth and the fraction of the time for

which the experiment had to be switched off, because of passage

through the radiation belts, was relatively small. A disadvantage of

this orbit is the relatively high instrumental gamma-ray back-

ground. This background, which is induced by the interactions of

cosmic-ray particles with the material of the instrument and

spacecraft in front of the telescope (Section 5a), is high because

in this orbit the experiment is exposed to the solar modulated

interplanetary cosmic-ray flux.

All data were recovered and recorded by two ground stations

(REDU - Belgium and, until August 1977, FAIRBANKS - Alaska) and

dispatched to the European Space Operations Centre (ESOC) in

Darmstadt (Germany). There, the experiment, spacecraft, and ground-

station data were processed and merged and the final data tapes were

sent to the experimenters of the Caravane Collaboration within a few

weeks after the end of an observation period. Direct connections

between REDU and ESOC enabled a check on the performance of the

spacecraft and the experiment subsystems as well as a preliminary

analysis of the data. The final data delivered to the experimenters

were subjected to a careful quality control and the calibration dats

were analysed. In an automatic processing sequence, each event in

the spark chamber was classified (Shukla and Mayer-Hasselwander,

1974) and accordingly selected for further processing. This

comprised an 'editing1 procedure, in which the spark-chamber

pictures were visually scanned to check the automatic analysis. This

procedure enhances the precision of direction reconstitution of

gamma rays and rejects a large fraction of the background events.

Finally, the remaining physical parameters (such as photon energy
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and celestial coordinates of the arrival directions) were determined

for all events selected. This routine processing was shared amoung

the institutes. All data were then made available to each group for

the actual scientific analysis, the results being jointly checked

and jointly published.

3. PRE-LAUNCH CALIBRATION

The performance of the COS-B gamma-ray telescope depended on

many physical parameters, which were extensively calibrated during

beam tests of the engineering model and flight model at the particle

accelerators of CERN (Geneva) and DESY (Hamburg). The main proper-

ties of the instrument are the energy response, the effective

sensitive area, and the angular resolution. Each of these depends

on gamma-ray energy, inclination angle to the pointing direction of

the telescope, and selection criteria applied to the events. In this

section, the discussion is restricted to the basic pre-launch

calibration data which are relevant for the event selections applied

throughout this dissertation (see Section 3a). A more complete

description of the pre-launch calibration is given by Hermsen (1980)

and by Mayer-Hasselwander et al. (Caravane Collaboration, in prep.).

a. Selection criteria

The selection criteria applied to the events were partly set in

the hardware and partly in the software. The standard selections on

the signals from the triggering telescope, the anti-coincidence

counter, and the energy calorimeter are summarized by Hermsen

(1980). In addition to these 'Normal Trigger Conditions' (NTC), the

following selections were used:

-Thresholds on the E-counter to reject low- and high-energy

background events (<50 MeV and >9430 MeV).

-Gamma class 2, 3, and 22. This classification is according to

the number of spark-chamber tracks identified in two orthogonal
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projections perpendicular to the wire planes. Gamma class 2

corresponds to events in which the electron-positron pair is

resolved in one projection, gamma class 22 to events in which

the pair is evident in two projections, and gamma class 3

corresponds to events for which three tracks are recognized.

-Edit class 1, 2, and 3. This classification is assigned to the

events in the visual-scanning process of the spark-chamber

pictures. The edit class ranges from 0 to 3, where 0 means

background and 3 is given to the clearest gamma-ray pictures.

The combination of NTC and the additional selections summarized

above is known as the Basic Selection Requirement (BSR).

In most analyses described in this thesis three energy ranges

were selected: 70 MeV - 150 MeV, 150 MeV - 300 MeV, and 300 MeV - 5

GeV. Only gamma-ray events with inclination angles <20° to the

pointing direction were used. Therefore, in the remainder of this

section, the instrument characteristics derived from the pre-launch

calibration are primarily given for the three energy ranges

mentioned above and apply to events with inclination angles < 20°

which fulfil the BSR.

b. Energy response

The energy estimation for a detected gamma ray, which involves

combining the energy losses of the electrons in the spark chamber,

in the triggering telescope, and finally in the energy spectrometer,

and possibly in the leakage counter, is described by Hermsen

(1980). Part of the electron-photon cascades escapes the telescope,

depending on gamma-ray energy, and position and angle of incidence.

Particularly the last dependence causes the energy response to be a

function of inclination angle. The energy resolution as a function

of inclination angle and gamma-ray energy is discussed by Hermsen

(1980). In this section, the impact of the energy dispersion on the

effective sensitive area for detection of gamma rays in the three

selected energy ranges (Section 3c) is considered.

The sorting of events in selected energy intervals has been
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done using the measured energies of the events, whereas the

sensitive area of the telescope has been determined for the actual

energies of the incoming gamma rays. Therefore, to determine gamma-

ray intensities for a certain energy interval (Section 6 ) , the

impact of assigning an energy to the individual events has to be

known. In other words, the probability P(E,E^ ,E2,<I>) of assigning a

gamma-ray event with input energy E (at inclination angle $ ) an

energy in a selected energy range (E]^,E2) needs to be taken into

account in the determination of the effective sensitive area

(Section 3c). Figure 2 shows these probability distributions for the

70 MeV - 150 MeV, 150 MeV - 300 MeV, and 300 MeV - 5 GeV ranges. It

is evident from these figures that the inclination dependence of the

energy assignment is weak, although not negligble, up to inclination

angles of -15°. This effect becomes seriously important for events

at inclination angles>20°, which have not been used here.

c. Effective sensitive area

The determination of the effective sensitive area A(E,<|>) of the

telescope as a function of inclination angle $ and gamma-ray energy

E is described by Herrasen (1980). The resulting distributions are

shown in Figure 3. In flight, the absolute numbers are subject to

efficiency variations due to aging of the spark-chamber gas and

uncertainties in the manual-editing procedure. Correction factors

were obtained from the flight data, averaged over the duration of

the single observations, as described in Section 5a.

The effective sensitive area can be estimated for each

individual gamma-ray photon, using its assigned energy (Mayer-

Hasselwander et aL, 1982). However, the energy response function

varies with inclination angle causing with this approach systematic

errors over the sky map. Only approximate corrections can be made

afterwards. To reduce these systematic uncertainties, the best

procedure is to assume a certain shape for the input spectrum

and to take directly into account the energy response, i.e. the

probability distributions P(E,Ei,E2,<j>) shown in Figure 2. Following
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Figure 3. Effective sensitive area as a function of gamma-ray

energy and inclination angle.

this approach, assuming e.g. an E~Y power-law spectrum, the effec-

tive sensitive area for a certain energy range (Ei,E2) at inclina-

tion angle <j> is defined by

(1)
E~r P(E,Ei,E2,<))) A(E,C|>) dE

/ E YdE
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• E input spectrum:

Figure 4. Effective sensitive area for the 70 MeV - 150 MeV3
150 MeV - 300 MeVa and ZOO MeV - 5 GeV energy ranges as a

function of inclination angle and spectral index y.
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Figure 4 shows the resulting distributions of the effective sensi-

tive area as a function of <i> and y for the 70 MeV - 150 MeV, 150

Mev - 300 MeVs and 300 MeV - 5 GeV energy ranges.

The spectral index y (or any other spectral parameter) has to

be determined iteratively for detailed studies of spectral proper-

ties of the gamma-ray sky. Various studies of the diffuse gamma-ray

emission of the Galaxy show that the spectral distribution in the 70

MeV - 5 GeV range is in first-order approximation consistent with a

power-law spectrum. Although y varies over the sky, it is certainly

inside the range 1.5 to 2.5. Figure 4 shows that the effective

sensitive area depends only weakly on y in this range. Although this

dependence increases with inclination, it should be kept in mind

that the measured count rate per sterradian decreases with inclina-

tion angle (because the effective sensitive area decreases with

inclination for all energies). This implies that regions viewed

under large inclination angles have a small statistical weight when

overlapping observations are combined (see Section 6). Furthermore,

most analyses have been performed for three separate energy

intervals, which reduces the impact of a particular choice of y (for

the integral 70 MeV - 5 GeV range) on the effective sensitive

areas. Therefore, as a first start, it is reasonable to assume an

E~2 input spectrum for studies of the large-scale diffuse emission.

d. Angular resolution

The direction reconstitution from the electron-positron tracks

in the spark chamber and the limiting factors on the accuracy are

described by Shukla and Mayer-Hasselwander (1974). The calibration

procedure for the direction measurement during beam tests, as a

function of energy and inclination, is described by Hermsen (1980).

It was found that the point-spread function (PSF), which represents

the actual angular distribution of events from a point source, can

satisfactorily be described by an axisymmetric function of the form

f(e) - exp {-(e/eo)2
c> (2)
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where Ö is the angular distance from the source direction. The

corresponding values of c and 60 , as a function of energy and

inclination angle, are presented in Figure 5. It is evident from

this figure that the angular resolution of the telescope decreases

with decreasing energy and increasing inclination. The latter can

satisfactorily be described by larger 6O -values, as indicated in

Figure 5. The point-spread function for a finite energy interval can

be estimated by weighting the distributions of c and 0o (Figure S)

with the energy-response and the sensitive-area distributions

assuming an input spectrum, similar to the method discribed by

equation 1. For example, following this approach and assuming an E~2

spectrum: eo = 4.0° and c = 0.7 for the 70 MeV - 150 MeV range, 80 =

2.1° and c = 0.55 for the 150 MeV - 300 MeV range, and 6Q = 0.7° and

c = 0.4 for the 300 MeV - 5 GeV range, at an average inclination

angle of 10°. The applicability of the results from the pre-launch

calibration to the in-flight performance of the telescope has been

verified (Section 5b).

4. THE OBSERVATION PROGRAM

The selection of target directions was guided by the principle

objectives of the COS-B mission at its conception. These comprised

investigations of spatial and spectral distributions of diffuse

galactic gamma-ray emission, studies of known or postulated gamma-

ray point sources (including searches for long- and short-term time

variations), and measurements of the diffuse radiation from high

galactic latitudes, believed to be of extragalactic origin. The

latter was initially placed at lower priority, mainly because the

relatively high instrumental background made it questionable whether

significant results could be obtained. The duration of each

observation period was typically one month (although significantly

longer at the end of the mission) in order to provide good counting

statistics. This was also the minimum necessary to achieve the full

capability of the attitude reconstitution software. The observation
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schedule was further constrained by requirements on the solar- and

earth-aspect angles. In addition, some regions of the sky were

repeatedly observed to check the long-term performance of the

instrument.

During the first year, the target directions were more or less

evident, largely based on the knowledge of the gamma-ray sky

obtained from the previous gamma-ray satellites OSO-3 (e.g.

Kraushaar et al., 1972) and SAS-2 (e.g. Fichtel et al., 1975). After

the first year the selection of the observation program became more

difficult, not knowing whether the instrument would fail prematurely

or whether the mission would be extended after the planned two

years. It was decided not to aim at a full sky coverage but to give

additional and repeated observations near the galactic plane the

highest priority. However, during the third, fourth, and fifth years
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Table 1. COS-B observation program.

OBSP

1

2

3A

3B

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

pointing

a (1950) 6

82.2

268.5

127.7

134.2

303.7

168.7

199.0

228.0

227.5

289.7

185.2

18.5

134.0

252.5

97.7

17.5

332.0

66.2

269.5

105.2

145.0

115.0

311.5

190.0

260.5

283.0

295.5

187.7

47.5

81.5

299.5

147.7

186.5

22.3

-24.5

-45.3

-40.4

35.7

-60.3

-43.6

-57.1

-5.8

9.7

7.1

63.6

-40.5

-30.5

17.7

-73.6

54.7

48.6

-25.0

-5.8

-28.1

-27.8

44.0

-17.7

-43.7

2.2

23.8

33.5

57.8

44.4

-41.7

8.8

2.4

direction (°)

1

183.9

5.1

263.5

262.7

73.9

291.6

308.2

321.5

25.7

45.0

283.5

125.8

262.6

352.1

195.2

301.0

101.1

155.3

5.1

219.5

260.0

243.3

84.1

300.0

345.4

35.3

60.1

154.6

140.9

165.2

358.6

228.2

289.6

b

-6.1

0.1

-3.4

3.4

0.3

0.2

18.7

0.3

1.5

-2.1

68.6

1.1

3.2

8.4

4.2

-43.7

-0.9

0.0

-1.0

-0.1

18.4

-2.4

0.4

44.8

-4.6

0.3

0.0

82.7

0.2

5.6

-30.2

44.1

64.4

starting

date

1975/08/17

09/17

10/20

11/08

11/28

12/24

1976/01/23

02/23

03/24

04/24

05/24

06/24

07/24

08/21

09/30

11/02

12/10

1977/01/17

02/24

03/07

04/14

05/02

06/08

07/15

08/18

09/23

11/01

12/07

1978/01/13

02.22

03/30

05/03

06/09

useful

time(d)

18.8

20.2

25.4

-

17.0

18.9

19.9

19.9

20.6

19.7

20.9

20.6

20.1

23.4

21.5

24.6

25.0

25.5

7.3

25.1

11.2

24.9

25.7

20.7

19.2

20.7

19.6

20.0

21.1

21.1

15.4

14.5

21.0

0

1

1

-

0

0

1

1

0

0

0

0

0

0

1

1.

1,

1.

1,

0,

1.

1.

0.

-

0.

0.

0.

-

0.

1.

-

-

0.

f

.95

.0

.0

.92

.95

.0

.0

.75

.95

.92

.85

.75

.83

.0

.0

.0

.0

.0

.70

,0

,0

90

96

94

97

95

0

90
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OBSP

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

end

a

207

83

280

312

6

52

91

114

342

149

68

69

135

164.

200.

245.

274.

298.

308.

191.

252.

88.

301.

315.

28.

259.

125.

320.

240.

281.

310.

91.

pointing direction

(1950) <$

.2

.0

.5

.0

.0

.5

.0

.7

7

.5

2

2

0

5

7

0

5

5

7

2

0

0

7

8

5

0

0

8

5

2

2

5

-61.4

-5.8

79.9

44.5

42.3

45.9

20.0

-27.9

-18.3

-54.7

5.4

27.9

-40.3

37.2

-44.1

-20.5

-9.5

-34.4

40.4

3.0

-2.1

20.4

33.5

59.3

64.1

-37.6

-53.4

39.6

-51.7

-1.2

40.0

20.3

1

310.1

209.3

111.6

84.7

118.1

150.0

190.2

243.2

45.2

279.9

190.6

172.3

263.0

183.2

309.4

355.5

21.0

6.5

80.0

300.5

16.0

188.4

71.2

97.5

130.0

349.7

269.1

85.6

330.5

31.5

80.4

190.1

(°)

0

-19

27

0

-20

-8

-0

-2

-61

0

-26

-12

3

64

18

20

2

-27

-0

65

25

-2.

0.

8.

2.

-0.

-9.

-7.

0.

0.

-1.

0.

b

.4

.7

.2

.5

.1

.1

.3

.6

.4

.1

.8

.3

.9

.7

.1

.0

4

7

2

6

5

5

4

3

4

2

5

6

3

4

3

2

starting

date

07/17

08/23

09/29

11/03

12/11

1979/01/17

02/22

04/03

05/09

06/20

07/27

08/29

10/10

11/15

12/20

1980/01/25

02/29

04/08

05/14

06/24

07/29

09/04

10/17

11/04

12/30

1981/02/13

04/09

06/03

07/24

09/08

11/03

1982/02/18

04/25

useful

time(d)

22.0

16.4

18.3

19.2

19.1

20.9

23.6

19.3

21.1

21.0

14.9

16.7

18.5

19.1

20.0

20.0

22.9

20.4

21.2

18.9

20.2

24.5

9.9

30.7

25.6

31.5

21.3

29.1

15.9

26.8

53.8

36.2

f

0.95

0.95

-

0.91

0.89

0.80

0.80

0.84

-

0.80

0.78

0.67

0.78

-

-

0.63

0.67

0.70 |

0.62

0.60

0.55

0.52

0.36

0.59

0.68

0.53

0.53

0.41

0.46

0.54

0.53
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Longitude
280c 2A0c 200c

270° 90° 270°

Figure 6. Total exposure of the sky obtained by

COS-BJ i.e. the product of the useful observation

tine3 relative instrument sensitivity, and effective

sensitive area for the integral 70 MeV - 5 GeV

energy range (corresponding to a mean energy of

~300 MeV). Regions outside the accepted field of

view (radius 20") are left blank. The two circles

show the exposure for the polar regions (\b\ > 60°)

of the Galaxy (left: north pole* right: south

pole). Contour values: (23436S ...)xlO7 am2 s.



in orbit a significant amount of time was allocated to higher-

latitude observations. In the mean time it became evident that the

sensitivity of the instrument was decreasing. Therefore, during the

sixth and seventh years the observations were concentrated again on

regions near the galactic plane, where the strongest signal is

detected. By comparison of the intensity distributions measured at

different epochs, the relative instrument sensitivity can be

determined for each observation period (Section 5a).

The integral sky coverage obtained by COS-B at its termination

is shown in Figure 6. The pointing directions, useful observation

times, and relative sensitivities f (see following section) of the

individual observation periods (OBSP) are given in Table 1.

5. IN-FLIGHT CALIBRATION

The possibilities for monitoring the in-flight performance of

the subsystems of the instrument, using the real-time display faci-

lities at ESOC, and for calibrations in orbit have been described by

Hermsen (1980). Apart from some occasional malfunctions, which could

always be solved by telecommands or software thresholds in the data

processing, the performance of the instrument was as expected from

pre-launch calibrations. However, no direct in-flight calibration

was possible for some essential properties of the COS-B telescope

and an in-depth analysis of the actual flight data is required.

These characteristics are the absolute instrumental background and

its variation with time in orbit, the variations of the instrument

sensitivity during the mission, and the actual angular resolution of

the telescope (e.g. influenced by the stability and accuracy of the

pointing direction of the space craft).

a. Instrumental sensitivity and background

Even at normal conditions, the sensitivity of the telescope can

be expected to vary with time due to aging of the spark-chamber gas.
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On the basis of day-to-day monitoring, the flushing and refilling of

the spark chamber was scheduled, initially at intervals of several

weeks, later at intervals of several months since experience showed

that less frequent flushing was sufficient. Various checks did show

that the resulting variations in the spark-chamber performance,

together with the variations due to the manual editing process,

cause short-terra (months) sensitivity fluctuations of typically 5% -

10%. More important is a long-terra fall off in sensitivity, starting

in the beginning of 1979 and amounting to ^50% by the end of the

mission.

The instrumental background consists of gamma rays originating

in the material of the instrument and the spacecraft above the anti-

coincidence dome. These gamma rays are produced by the interaction

of cosmic-ray particles impinging on the spacecraft. Therefore,

variations of the instrumental background are expected to follow the

variations in the solar-modulated interplanetary cosmic-ray flux.

Indeed, a long-term variation in the background has been noticed.

All these variations must be determined quantitatively by

comparison of the data from observations of the same region of the

sky at different epochs. Since the useful field of view of each

observation has a radius of ~20° and most of the 64 observations

are concentrated in the galactic plane, there is a large amount of

overlap which makes such an analysis feasible. This section dis-

cusses observation periods up to and including OBSP 54, which have

also been used in the further work described in this dissertation.

The basic idea is straightforward: under the assumption that

the diffuse emission of the Galaxy does not vary with time, the

relative sensitivities of the instrument in different observations

of the same part of the sky and the differences in the underlying

isotropic background levels can be determined by a comparison of the

measured intensity distributions. In practice, however, finding a

consistent set of estimates of sensitivity and background variations

for all observation periods is not straightforward.

The analysis was started by making scatter diagrams of the

gamma-ray intensities (70 MeV - 5 GeV; 100 MeV - 5 GeV) for each
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pair of observations that has a good overlap in field of view (for

inclinations less than 20°) selecting predominantly galactic-plane

regions ( b | < 10°) which have sufficient dynamic range in intensi-

ty. The gamma-ray intensity for a certain bin of solid angle Ü cor-

responding to the i'th observation period was assumed to be given by

l£ = n^/ßA^Tj, where n^ is the number of measured counts in the bin,

A^ the effective sensitive area (assuming an E~2 input spectrum;

Section 3b,c), and T^ the useful observation time. Assuming that the

best estimate of the real sky intensity I in this bin is defined by

If = fi»1 + ^b i> where f£ and Ij, £ are the sensitivity and the

instrumental background of observation period i, the slope of the

best linear fit in the scatter plot of period i versus period j

equals f j_/ f j and the offset corresponds to fj/lb i ~ ^b j^ • '^ie

findings for numerous overlapping regions were combined and mutually

checked to construct a consistent picture of the sensitivity and

background variations. Throughout the entire work it was aimed to

understand the sensitivity values in terms of known changes in the

spark-chamber performance or known instrumental malfunctions.

Due to the limited counting statistics, it turned out that the

variation in the background cannot in practice be determined for

each individual period. However, a clear trend was visible: whereas

before about OBSP 28 no significant background variations are

present, after this period the background is on average syste-

matically lower. This fall-off is in accordance with the solar

modulation of cosmic rays as indicated by neutron monitor measure-

ments (see 'Solar-Geophysical Data1 reports) and cosmic-ray

detectors aboard various spacecrafts (Voyagers 1 and 2, Pioneer 10,

IMP8; see Lockwood and Webber, 1984). Also COS-B has a sealer (S3)

which counts primarily the infalling cosmic-ray particles, namely

the coincidence rate between the triggering telescope counters Bl

(one particle threshold), B2, and C (see Section 2 ) . The count-rate

variations measured by the COS-B S3 sealer and IMP8 (which is most

relevant here because it is a near-earth satellite) are shown in

Figure 7a. Because the decrease of the gamma-ray background after

OBSP 28 is supported by the decrease of the cosmic-ray count rate
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Figure 7. (a) Relative variations of the count rate of cosmic-

ray particles (right-hand scale)3 as measured by the IMP8

satellite experiment and the COS-B S3 sealer3 and the varia-

tions of the instrumental gamma-ray background (70 MeV - 5 GeV)

of the COS-B observations (left-hand scale). The thick curve

indicates the (smoothed) variations of the instrumental back-

ground , obtained from low-latitude studies of the COS-B data3
and the dotted line shows the average decrease of the instru-

mental background after about OBSP 35 obtained from high-

latitude studies (see text). (b) Relative sensitivities of

COS-B as a function of time in flight, derived from low-

latitude observations. Preliminary results are given for obser-

vation periods after OBSP 54 (Strong et al,3 1985).

after January 1978, it was assumed that also the gamma-ray back-

ground decreases smoothly. The absolute amount of the decrease (in

first-order approximation linear) was estimated from the results

obtained in the analysis described above and is included in Figure

7a. Using this best estimate of the background variations, the

sensitivity values were determined again to obtain an internally

consistent set of values for sensitivity and background variations.

The resulting sensitivity values are presented in Figure 7b. It was

found that this approach (assuming the background level to be

constant up to OBSP 28 and to decrease linearly afterwards) has only

a secondary-order effect on the resulting new instrumental sensi-

tivities, compared to the approach with a free background level for

each observation period. This was expected, because the relative

contribution of the background (-variation) intensities to the

observed intensities along the galactic plane is small. Similar

analyses were performed for smaller energy intervals, but no

significant energy-dependent effects were found. The absolute

magnitude of the background variations depends evidently on the

energy range. Preliminary sensitivity values are included in Figure

7b for OBSP 55 to OBSP 64, derived by a multivariate optimization

technique for all 64 observation periods (Strong et al., 1985).
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Up to OBSP 54 the sensitivities found in that recent analysis are in

good agreement with the values shown in Figure 7b (the average

difference is -4%; the maximum deviation is - 8 % ) .

Additional information on the behaviour of the instrumental

background can be obtained from observations at high latitudes,

where the instrumental background contribution is probably

dominant. The galactic diffuse gamma-ray intensity at these lati-

tudes can be estimated from HI 21-cm line observations (we used

Heiles and Habing (1974) and Heiles and Cleary (1979)) and the local

gamma-ray emissivity q (that is the production rate per H atom) as

determined by e.g. Strong et al. (1982): Idiffuse = (qy/^) .N(HI),

where N(HI) is the HI column density. It was found that the

predicted gamma-ray intensities contribute on average about 15% to

the observed gamma-ray intensities for |b| > 30° (both, the observed

and predicted intensities, decrease with increasing latitude).

Therefore, the high-latitude observations can be used to put con-

straints on the absolute magnitude of the total isotropic background

level, which consists of the instrumental and a possibly extra-

galactic component.

For each observation period with pointing direction outside the

latitude range b | <20°, the average gamma-ray intensity (70 MeV -

5 GeV) over the field of view was computed (inclinations less than

20°; |b | >30°). The sensitivity values given in Figure 7b were used

(or interpolations between these values). It was found that starting

from about OBSP 35, the gamma-ray intensity is on average about

2.5xlO~5 ph (70 MeV - 5 GeV) cm"2 s"1 sr"1 lower than before

OBSP 35, consistent with the background decrease derived from the

galactic-plane observations (Figure 7a).

To study a possible inclination dependence of the instrumental

background, all high-latitude observations mentioned above were

combined (the pointing directions superimposed on each other). The

following analysis was performed for |b | > 30° and for |b| > 40°. No

significant differences were found; the results presented here were
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derived from the observations at )b| > 30°. First, for each observa-

tion period i, the number of counts expected from the HI column

densities was subLracted from the observed number of counts n in

0.5° x 0.5° bins (solid angle fi), i.e.

ni' = ni - (qy/4Tr).N(HI).fiAiTi, (3)

where f^ is the sensitivity of observation period i, Aj the effec-

tive sensitive area, and T^ the useful observation time. After this

subtraction, separately for three energy ranges E^ - E2 (70 MeV -

150 MeV, 150 MeV - 300 MeV, and 300 MeV - 5 GeV), the corrected

number of counts was summed over annular regions with average incli-

nation angles <j) to the (combined) pointing direction. The inclina-

tion dependence of the count rate j(Ei,E2,<f>) = (Enj1) / (fiZTj) (the

summations are over the observation periods i and £2 represents the

solid angle of the annular sky areas) was found to be the same

within uncertainties for the three energy ranges. The decrease with

increasing i> is similar to that of the sensitive area A(Ei,E2><f>)

(Section 3c) for the 150 MeV - 300 MeV and 300 MeV - 5 GeV energy

ranges, but stronger than the decrease of A for the 70 MeV - 150 MeV

range. Since the background intensity Ib(Ej ,E2,<1>) is proportional to

J/A, this implies that Î , decreases as a function of inclination for

the 70 MeV - 150 MeV range, while it is approximately constant for

the two higher-energy ranges. Although A depends on the assumed

input spectrum, it was found that the rate for the 70 MeV - 150 MeV

range falls more rapidly than expected for a uniform background for

any spectral index. It was verified that uncertainties in the

correction for the HI contribution do not change these findings. The

decrease in background intensity with inclination is such (-30%

between (j> = 0° and § = 15°), that it cannot be ignored in most

analyses at low energies.

The constancy of the ratios of rates with <j> suggests the

following formula for the expected number of background events in a

sky bin (solid angle ti ; OBSP i) for an energy interval E\ - E2:
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Table 2. Background parameters.

2.5° 7.5° 12.5° 17.5'

0.88 0.63 0.46 0.27

Ei - E2 (MeV) 70-150 150-300 300-5000

G(Ei ,E?) 0_i45 0^28 0.27

OBSP i 1-35 36-54

Hi (s"1 sr"1) 3.4xlO"3 2.0xl0~3

<Rj/fi> (s"1 sr"1) 3.8xlO~3 2.8xlO~3

Hi is the on-axis (<j> = 0°) rate during observation period i summed

over all energies and inclinations, F(<f>) is the rate at inclination

<j> relative to Hi, G(Ei,E2) is the fraction of events in a selected

energy range, and Ti is the useful observation time. The shapes of

these functions can be obtained, using all the high-latitude

observation periods i, from:

J(E,4O / | J(E,0)

G(E1}E2) = ?E n'(is<(>>E1,E2) / ?$£ n1 (i,<|> ,E) (5)
iip i<J>E

H£ = 11 n ' ( i ,< j> ,E) / T i Z F(4>)n.
cpE

Using n instead of n1 (i.e. omitting the average HI correction of

15%) has a marginal impact on F(<f>) and G(Ej,E2), but increases Hi

by about 15%. The definitions are chosen such that ZE HiTiF(if>)G(E)ft
d)E

equals the total (HI corrected) number of counts in one observation

period for <j) K 20". The values of F, G, and H, which parameterize

the background finally used in this dissertation, are given in Table

2. It is noted, however, that the absolute background level has been

a free parameter in all the further work (see Section 6). Using F(<j>)

and A(Ej,E2, <t> ), the average background intensities (before the

decline in the second half of the mission) for the 70 MeV - 150 MeV,

150 MeV - 300 MeV, and 300 MeV - 5 GeV ranges were found to be

4.8x10-5, 2.3xl0"5, and 2.1xlO"5 ph cm"2 s"1 sr"1, respectively. The

background intensities derived in all the analyses described in this

dissertation are within 20% of these high-latitude estimates.
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b. Angular resolution

In this section it is verified whether the performance of the

telescope during the pre-launch calibration of the point-spread

function (PSF) is consistent with the in-flight performance. The

Vela pulsar (PSR0833-45), which is the strongest gamma-ray source in

the sky, is the best PSF-calibration source. Namely, (1) the number

of detected photons is large, (2) the spectral shape of the gamma-

ray emission from PSR0833-45 is similar to that of the diffuse

gamma-ray emission, and (3) the characteristic timing signature

of the pulsar is also present in its gamma-ray emission (see e.g.

Kanbach et al., 1980). The latter enables a selection of pulsed

counts (i.e. counts in the peaks of the light curve), which filters

out a significant fraction of the underlying diffuse emission. These

pulsed Vela counts have been used in this section to determine the

PSF parameters 9 and c (defined in Section 3d). The pre-launch

calibration showed that the width of the PSF depends on the angular

distance of the source to the pointing direction of the telescope

(Section 3d). This inclination-angle dependence, however, is fairly

weak and it is sufficient to use an average PSF for studies of sky

maps which have been constructed from various observation periods

(Section 6 ) . Since Vela was viewed under several aspect angles, the

sum of the Vela observations gives an average profile, which is

sufficiently accurate in view of the relatively large statistical

uncertainties for most other sources.

PSR0833-45 has been observed by COS-B during seven observation

periods. The accurate timing capability of COS-B has enabled the

construction of gamma-ray light curves by folding the photon arrival

times at the solar-system barycentre with pulsation parameters of

the pulsar (see Bennett et al., 1977). Where data were available

from radio measurements these have been used. In other cases the

parameters were estimated by scanning around the extrapolation from

the nearest available radio data. The phase shifts required to

synchronize the light curves at the different epochs were in some

observations known from absolute timing comparisons of the radio and
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Table 3. Parameters for the pulsation analysis of PSR0833-45.

Position: a = 128.41433°t <$ = -45.002833°.

OBSP

3

12

20

21

40

42

45

Epoch (MJD)

9421.032931728

9707.852331728

9974.0

10002.0

10687.4271

10762.5

10869.6599881

P (ms)

89.2347466

89.237839594

89.2407043

89.2410053

89.24810504

89.248913545

89.2500670027

P (lO"15)

125.0162

124.65

124.5

124.3

124.66

124.65

124.553511

shift

-0.1194

-0.1003

0.8

0.895

0.7575

0.735

0.6625

gamma-ray data (see e.g. Buccheri et al., 1978). In other cases the

phases were adjusted empirically to optimize the alignment of the

pulse peaks. The resulting parameters, determined by Wills et al.

(1981), are given in Table 3. The position of the pulsar measured at

radio frequencies was used for the correction of measured photon

arrival times to the barycentric frame.

The resulting light curves for the 70 MeV - 3 GeV energy range

are shown in Figure 8. The events were selected by angular distance

6 from the source position according to 0 < 7° for the 70 MeV - 150

MeV range and 6 < 4° for the 150 MeV - 3 GeV range, commensurate

with the angular resolution which is worse at lower energies. The

shaded areas indicate the defined phase intervals of the two

pulses. Gamma-ray events in these phase intervals were selected for

the PSF calibration for the 70 MeV - 150 MeV, 150 MeV - 300 MeV, and

300 MeV - 5 GeV energy ranges. Two different approaches were

followed to fit the observed distributions with expressions of the

form f(6) <* exp {-(9/60)2c} (see section 3d). Both have their own

advantages and disadvantages, which have to be evaluated afterwards.

(i) Two-dimensional fitting

A sky map with 0.5° x 0.5° bins was constructed from the data

of the seven observation periods, selecting the total number of
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Figure 8. Gamma-ray light curves (70 MeV - 3 GeV) of PSR0833-45 3
derived from foldings of the gamma-ray arrival times, using the

parameters given in Table 3. The maximum angular distance from the

pulsar for which events were accepted is 7° fov the 70 MeV - 150 MeV

range and 4° for the 150 MeV - 3 GeV range. The defined phase

intervals of the pulses (P) and the background (B) are indicated.

The inclination angle of Vela during each observation is given.
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counts in the pulse intervals of the light curves. Similarly, a map

of the total exposure was made. It was then investigated which

combination of 90 and c best describes the observed distribution of

the counts, assuming a relation of the form:

S q = N " P 1 *"/"<" J + I- ofiZA iT i, (7)
i Zexp{-(e/60)2c}

 l s o i *•

where Z n^ (summation over the seven observation periods i) is the
i

total number of counts in a bin with solid angle fi , N is the total

number of counts attributed to Vela, and Z A-tT; the total exposure
l

of the bin (Aj is the sensitive area and T^ is the useful observa-

tion time of period i). Ii s 0 is the remaining (small) background

intensity (of instrumental as well as celestial origin), which was

assumed to be isotropic.

N and l£ s o were also free parameters in the fitting procedure.

The factor Z exp {-(6/90)2
c} (summation over all bins fitted) is

the normalization factor of the PSF fit function. The PSF was

centred on the measured gamma-ray position of the Vela pulsar

(Swanenburg et al., 1981). A likelihood method was used (see

Appendix) to estimate the values of the four parameters 8 0 , c, N,

and Ii s o. The fitting was performed over square regions of 20.5° x

20.5° (70 MeV - 150 MeV), 16.5° x 16.5° (150 MeV - 300 MeV), and

12.5° x 12.5° (300 MeV - 5 GeV), containing in each case more than

95% of the Vela counts, estimated from the pre-launch calibration.

The resulting values of 90 and c are given in Table 4a. The

values of l£ s o were found to be 2.5xl0~
5, 1.6xl0"5, and 1.9xl0~5 ph

cm~2 s"1 sr"1 for the 70 MeV - 150 MeV, 150 MeV - 300 MeV, and 300

MeV - 5 GeV range, respectively. The fitf-°d PSF profiles show a

smaller fraction of counts in the wings (i.e. higher c values) than

expected from pre-launch calibration data (Section 3d; Table 4c).

These rather flat wings detected in the pre-launch distributions

might have been added to the background level in the fitting

procedure. This suggestion has been verified making a coarse

estimate of the background intensities from the light curves. We

estimated the number of background counts in the pulse intervals
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Table 4. PSF parameters Qo and a for three gamma-ray energy

ranges derived from events in the peaks of the light curve of

the Vela pulsar and from pre-launch calibration data.

(a) From two-dimensional fitting of Vela.

(b) From saturation-curve fitting of Vela,

(o) From pre-launch calibration (Section 3c).

energy range

(MeV)

70-150

150-300

300-5000

4

2

1

8o

.5°

.7°

.0°

(a)

0

0

0

c

.9

.7

.5

3

2

0

eo

.7°

.3°

.6°

(b)

0

0

0

c

.7

.6

.4

4

2

0

6o

.0°

.1°

.7°

(c)

0

0

0

c

.7

.55

.4

from the number of counts 'outside' the two pulses (the phases of

these background intervals are defined in Figure 8 ) . The inter-pulse

region (phase interval 0.2 - 0.5) was not included because a signi-

ficant fraction of the counts in this interval can be attributed to

Vela (see e.g. Kanbach et al., 1980). A trailer of the second pulse

(Kanbach et al.), however, is inside our definition of the back-

ground phases, which implies that the background values obtained

from this light curve analysis are overestimates, compared to the

values obtained from the two-dimensional fitting. The background

intensities Ii s o were determined using the total exposure at the

Vela position. This is a reasonable approach because this small

(9 5 7°) region of the sky around the Vela position was observed

under a variety of aspect angles, rendering an approximately flat

exposure. The resulting values of Ii s o are: 1.6xl0~5, 0.8x10"^ and

0.8xlO~5 p n cm~2 s-l sr~l for the low-, medium-, and high-energy

range, respectively. For each energy range the intensities from the

two-dimensional fitting are 50% -100% larger than these estimates.

This confirms the suggestion given above that the wings of the

PSF are not recognized in the two-dimensional fitting procedure.

Although this procedure provides in principle the best possibilities

for error estimation, we used also an other method to compare the

pre- and post-launch performance of the telescope.

II 43



(ii) Saturation-curve fitting

The number of pulsed counts within a radius 9 m from the radio

pulsar position was determined using the same phase definitions for

the pulses and background intervals in the light curve as above.

The number of background counts in the pulse intervals, within a

Figure 9. Lower two distributions: number of pulsed Vela

counts in three energy ranges (see text) t for which the

reconstituted direction is within an angle Qm from the radio

pulsar position (left-hand scale). Upper distribution: the

fraction of pulsed counts within the same angular distance

9ra (right-hand scale). The full lines represent the PSF

profiles obtained from the two-dimensional fits of the Vela

observations. The dashed lines show the actual fits to the

integral distributions.
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a radius 6 m, was estimated from the observed number of counts in the

background intervals and was subtracted from the number of counts

observed in the pulse intervals. Figure 9 shows the integral distri-

butions of the remaining counts (the saturation curves) for the sum

of the seven observation periods and for OBSP 3 separately, which

contains about half of the observed events. For the sum, also the

distribution normalized to the total number of pulsed counts is

shown, i.e. the fraction F of counts within a radius 9 m from the

pulsar position.

For comparison, the saturation curves corresponding to the

values of 60 and c found in (i) are included in Figure 9, normalized

to the saturation levels. Although these curves represent satisfac-

torily the measured distributions, the fits can still be optimized.

For each energy range, it was investigated which combination of

90 and c best describes the observed total integral distribution

shown in Figure 9, using the procedure described by Hermsen (1980).

The resulting values of 90 and c are given in Table 4b and the

corresponding curves are included in Figure 9. Lower c values (and

correspondingly smaller 9 values) are found compared to the two-

dimensional fitting, consistent with the pre-launch calibration

data (Table 4c). The 60 value for the 70 MeV - 150 MeV range is

somewhat smaller than the value derived from the pre-launch

calibration; this is expected for the observations of Vela at large

inclination angles. Namely, at these large angles a substantial

fraction of events with energies above 150 MeV will be assigned

energies in the 70 MeV - 150 MeV range, and will thus contribute

with their sharper PSF to the low-energy signal.

Since the second method gives better estimates of the tails,

which appear to be consistent with the more sensitive pre-launch

calibration, it is reasonable to assume that the performance before

and after launch is the same. It is impossible to determine reliable

statistical uncertainties for 6o and c from the fitting of the

integral distributions. However, the values of 6Q and c derived

here, are sufficiently accurate for all other studies, because Vela
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(a) 70-150 MeV

(b) 150-300 MeV

(c) 300-5000MeV

0° 2°

Figure 10. Shapes of the

point-spread functions

for three energy ranges,

normalized to the total

integrals under the two-

dimensional distribu-

tions.

is the far strongest source in the sky, with excellent counting

statistics. The statistical uncertainties in studies of other

sources and of the diffuse gamma-ray emission dominate the

uncertainties of 6 and c. The variation of the PSF with inclination

angle, indicated by the pre-launch calibration, can be neglected if

the average Vela profile is used, particularly in the studies of the

diffuse emission, in which data of various observation periods are

combined. Figure 10 shows the shapes of the point-spread functions

for the three energy ranges, normalized to the total integrals.

Within ~0.5° to the source direction the shape of the PSF is

uncertain, especially for high energies. For the convolution of

binned data, the PSF value for the central bin ( 6 = 0°) has been

replaced by the value at 6 = 1/4 x binsize.
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The Vela observations can also be used to study possible

changes of the PSF as a function of time in orbit. Within the

statistics available for the Vela pulsar, no indication for a change

in the PSF was found. Since this source represents the strongest

feature in the gamma-ray sky, we can ignore for all other analyses

possible temporal variations of the angular-response function.

6. GAMMA-RAY SKY MAPS

For the study of the diffuse gamma-ray emission it is required

to combine the data from the individual observation periods (Section

4) , using the instrument parameters derived from pre-launch (Section

3) and post-launch calibration (Section 5). The information

available for each sky bin and for each selected energy interval

E\ - E 2, can be summarized by three quantities, namely, the number

of observed gamma-ray events N, the estimated number of background

counts Nb, and the exposure R, which were assumed to satisfy

N = ?n£ (6)

Nb = G(E1}E2) ?&F(<!>i)HiTi (7)

R = ZfiA(E1,E2,<i>i)Ti> (8)
i

with i : observation period

n^ : number of counts with assigned energy in the range E\ - E 2

from OBSP i

<j>£ : average inclination angle of the bin for OBSP i (ij>j < 20°)

T^ : useful observation time of OBSP i

Q : solid angle of the bin

f£ : relative sensitivity of OBSP i (Section 5a)

A : the effective sensitive area for the energy range E^ - E 2

at inclination (j>̂  (see Section 3c, equation 1).

The functions F, G, and H parameterize the instrumental background

in terms of its variation with inclination (F), energy (G), and time

(H), as described in the preceding section. It is necessary to
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assume an input spectrum in computing the effective sensitive area

A, because A is a function of the energy response of the instrument

to a spectral shape (see Section 3c). An E~^ spectrum has been

assumed, as described in Section 3c. The impact of this assumption

on the results of analyses of the sky maps should be evaluated

a posteriori and, where significant, results should be corrected.

The average (background subtracted) gamma-ray intensity in the

bin equals

IY = (N - Nb) / R n. (9)

In the following chapters, !_, has not been used for quantitative

comparisons between the gamma-ray data and the data obtained at

other wavelengths. The quantities N, 1%, and R have been used

individually, enabling a better treatment (see Appendix) of the

(Poisson) countng statistics in the small bins generally used in the

sky maps.

The small average number of events per bin necessitates also a

careful smoothing of the data to make a clear pictorial presentation

possible. It was searched for an appropriate algorithm to smooth the

gamma-ray intensities in the sky maps for differential energy

ranges. The structure in the smoothed sky maps should be limited

to the scale of the energy-dependent angular resolution of the

telescope, i.e. whereas the smoothing procedure should not suppress

features compatible with the point-spread function, it should not

reproduce significantly narrower features, which are due to

statistical fluctuations. Various methods were tested (see Mayer-

Hasselwander et al., 1982); it was found that the following

procedure gives the best results, using binsizes of 0.5° x 0.5°. (1)

For each element of the measured intensity skymap a small matrix,

centred on that element, was extracted. (2) The intensity

distribution in that matrix was approximated by a two-dimensional

polynomial. (3) The central element of the fitted matrix was defined

to be the smoothed intensity for the bin on which the matrix

was centred (the other elements of the matrix were not used) and
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transferred to a new map, which finally gives the smoothed sky map.

It was found that the best results were achieved fitting with

3rd-degree polynomials for each energy range and energy-dependant

matrix sizes: 11 x 11 (5.5° x 5.5°), 9 x 9 (4.5° x 4.5°), and 7 x 7

(3.5° x 3.5°) elements for the 70 MeV - 150 MeV, 150 MeV - 300 MeV,

and 300 MeV - 5 GeV intervals, respectively.

Figure 11 presents the resulting gamma-ray sky maps for low and

medium latitudes, using data from observation periods up to and

including OBSP 54. The maps for the integral energy ranges 150 MeV -

5 GeV and 70 MeV - 5 GeV were obtained by summing the smoothed maps

prepared for the three individual energy ranges. The instrumental-

background values determined in Section 5a are subtracted (average

values 4.8xl0~5, 2.3xlO~5, and 2.1xl0~5 ph cm"2 s"1 sr"1 for the

low-, medium-, and high-energy interval).

It is evident that finer structure becomes visible with

improving angular resolution at higher energies. The appearance of

the Vela pulsar in the maps (1 s 263.5°; b s -2.5°) gives an

indication of the angular resolution for each energy range (see

Section 5b). Although the smoothing has suppressed fluctuations of

angular scale smaller than the point-spread function, not all

individual features in the maps are statistically significant.

Particularly at medium latitudes, near the edges of the field of

view, the structure in the maps should be taken with care. However,

we can be confident that features appearing in the maps for all

three energy ranges are real. A profound statistical treatment of

the data is required for detailed analyses.

Mayer-Hasselwander et al. (1982), in their presentation of the

gamma-ray intensity maps, used somewhat larger fit matrices

(13 x 13, 11 x 11, and 9 x 9 elements), increasing weakly the

smoothing of the data, particularly for the 300 MeV - 5 GeV range.

Other difference are that for the generation of the present

maps more observations are used, the calibrations of instrument

sensitivity and background are improved, and the energy response is

better taken into account in the calculation of the sensitive areas.
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Figure lid. Gamma-ray intensity maps for the ISO MeV - 5 GeV energy

range (see Figure 11a). Contour values are indicated at multiples of
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CHAPTER III

THE INTERSTELLAR RADIATION FIELD AND

THE PRODUCTION OF INVERSE-COMPTON GAMMA RAYS IN THE GALAXY

ABSTRACT

The production of diffuse galactic gamma radiation above 1 MeV

from the interaction of cosmic-ray electrons with the interstellar

photon field, via the inverse-Compton process, is examined. An

empirical model of the interstellar photon field throughout the

Galaxy is constructed, based on the emission functions of various

stellar components for near-UV up to near-infrared wavelenghts, on

emission from dust grains for the far infrared and on the universal

2.7 K blackbody emission. The dust absorption is taken into account.

The resulting galactic distribution of the energy densities of the

interstellar radiation field is given for selected wavelength

intervals. Compared to previous works the present Compton analysis

has a significantly improved precision since, in combination, the

spectral distribution of the inverse-Compton source function as well

as the spectral distribution of the interstellar photon field are

better taken into account. In addition, the exact evaluation of the

inverse-Compton process is applied, using most recent determinations

of the local cosmic-ray electron spectrum.

The predicted Compton radiation is compared to the high-energy

(E X 70 MeV) gamma-ray observations from the COS-B satellite. The

Compton radiation follows approximately an E~^.l power-law spec-

trum for these energies. Different cosmic-ray distributions in the

Galaxy are considered. The Compton contribution to the observed

gamma-ray intensities is found to be 2 - 10% (depending on exact

position, including medium-latitude regions, and adopted electron
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distribution), which is smaller than estimated in recent work. The

total inverse-Compton luminosity of the Galaxy above 100 MeV is

(0.8 - 2.0)xl041 ph s"1 ((0.5 - 1.2)xl038 erg s"1) , which is at

least an order of magnitude lower than the luminosity attributed to

gamma rays produced by cosmic-ray-matter interactions.

1. INTRODUCTION

Diffuse galactic high-energy gamma rays result mainly from the

interactions of cosmic-ray (CR) nuclei and electrons with the nuclei

of the interstellar gas (via the decay of TT "-mesons and brems-

strahlung respectively) and from the interactions of cosmic-ray

electrons with ambient photon fields through the inverse-Compton

(IC) process (see e.g. reviews of the production mechanisms by Fazio

(1967) and Stecker (1971)). Various studies of the high-energy (>50

MeV) gamma-ray observations from the SAS-2 and COS-B satellites have

indicated that the major part of the galactic gamma-ray emission

should most probably be attributed to the cosmic-ray-matter inter-

actions (see e.g. Bignami and Fichtel, 1974; Stecker et al., 1975;

Fuchs, Schlickeiser, and Thielheim, 1976; Paul, Casse, and Cesarsky,

1976; Stecker, 1977; Hartman et al., 1979; Arnaud et al., 1982;

Mayer-Hasselwander et al., 1982; Lebrun et al., 1983; Fichtel and

Kniffen, 1984). This enables a study of the distribution and the

origin of the cosmic-ray particles in the Galaxy, especially since

the knowledge about the distribution of the atomic- and molecular-

gas content of the Galaxy is increasing (see e.g. Dodds, Strong, and

Wolfendale, 1975; Stecker, 1975; Kniffen, Fichtel, and Thompson,

1977; Higdon, 1979; Issa et al., 1981; Bloemen, Blitz, and Hermsen,

1984; Bloemen et al., 1984,1985).

Severe errors may arise if the IC contribution is under-

estimated. Several authors have studied this component in the past

(e.g. Cavallo and Gould, 1971; Beuermann, 1974; Cowsik and Voges,

1974, 1975; Shukla and Paul, 1976; Piccinotti and Bignami, 1976;

Bignami and Piccir.otti, 1977; Stecker, 1977; Kniffen and Fichtel,
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1981a,b). The uncertainties were large since the information on the

radiation field throughout the Galaxy was limited. Most works showed

the IC contribution to be small as mentioned above (particularly

outside the very central region of the Galaxy). However, Kniffen and

Fichtel (1981a,b) concluded from the most detailed analysis up till

now that the IC radiation is substantially larger than believed

previously and* may account for a significant part of the total gamma

radiation in the inner Galaxy. In the present paper the gamma-ray

production by the IC process is reconsidered in detail.

Compton gamma rays with energies > 1 MeV largely result from

scattering between electrons with energies > 100 MeV and photons in

the optical range, infrared photons, and the 2.7 K universal black-

body radiation. It is the purpose of the present paper to construct

an empirical model for the large-scale galactic distribution of the

various components of the interstellar radiation field using recent

observations, and to determine the spectral and spatial distribu-

tions of IC gamma-ray production in the Galaxy using the latest

interstellar electron spectrum given by Webber (1983). The bend in

the electron spectrum requires an exact evaluation of IC source

function (Section 2). In addition, this approach is required because

the Thomson approximation leads to serious overestimation of the

gamma-ray production above ^100 MeV for a large part of the inter-

stellar radiation field (Schlickeiser, 1979). We are interested in

these gamma-ray energies to estimate the IC contribution to the

COS-B observations above 70 MeV (Section 5). The IC source function

is shown not to allow a mono-chromatic (or very-broad-band) approxi-

mation of the interstellar radiation field. Nor do the spectral

variations of the radiation field over the Galaxy allow this

approximation. Section 3 describes the determination of the energy

densities of the interstellar radiation field, largely based on the

work of Mezger, Mathis, and Panagia (1982) and Mathis, Mezger, and

Panagia (1983). In Section 4, the results obtained in Sections 2 and

3 are combined to compute the IC volume emissivities at various

locations in the Galaxy. In Section 5 the results are compared with

previous estimates and with high-energy gamma-ray observations.
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2. THE SOURCE FUNCTION OF THE INVERSE-COMPTON PROCESS

As mentioned above we will use the general evaluation of the IC

mechanism, based on the exact Compton cross section (Klein-Nishina

formula; see e.g. Jauch and Rohrlich, 1955), as discussed by e.g.

Jones (1968), Blumenthal and Gould (1970) and Schlickeiser (1979).

It is assumed that the distribution of the target photons at a

position r in the Galaxy is isotropic and that the incident

electrons have relativistic energies ( y = E/mc2 >> l). The volume

emissivity S of gamma rays with energy E produced by IC scattering

of electrons with differential intensity l(E,r) (electron cm"2 s~l

sr"1 MeV~l) and target photons with energy e and energy density

u(e,r) is then given by

S(E ,r) = / s(E ,e,r) u(e,r)dE (ph cm"3 s"1 MeV"1) (1)
Y o Y

with the source function s defined by

s(E ,e,r) =
Y

x {2q lnq + (l+2q)(l-q) + '' pV" V1~q' } (ph s~l MeV"2) (2)
2(l+req)

where

Te = 4ey/mc2 (3)

q = E 1 / ( r e ( l -E 1 ) ) (4)

El = EY/ymc2 (5)
Emin - (E +/E 2+(mc 2) 2E I z )/2 (6)

111 J. LI Y Y Y

and r0 is the classical electron radius. The Thomson limit, which

has not been used here, corresponds to Fe << 1 and E^ << 1.

The local interstellar electron spectrum above 100 MeV, shown

in Figure 1, was taken from the review of Webber (1983) (only

electrons with energy > 100 MeV are responsible for IC gamma-ray

production at energies >1 MeV, which is discussed in this paper).
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Figure 1, The local interstellar electron spectrum (thick line;

multiplied by E^, with E in GeV) used in the present analysis t
taken from the review of Webber (1983). The thin lines indicate

electron spectra used in previous IC studies (see Section 5):

(1) Shukla and Paul (1976), (2) Piccinotti and Bignami (1976)3
(3) Kniffen and Fichtel (1981a3b) and (4) Fichtel and Kniffen

(1984).

For electron energies E < 10 GeV it has been consistently derived

from the demodulation of the electron spectrum measured at earth and

from synchrotron radio spectra. For 10 GeV < E < 1000 GeV, the

electron spectrum was derived from the measurements of Nishitnura et

al. (1980), Müller and Tang (1981) and Golden et al. (1982). It is

noted that the IC production of gamma rays above ~50 MeV, on which

the present analysis is concentrated, is entirely due to electrons

with E > 1 GeV (and for the far-infrared target photons even only to

electrons with E > 10 GeV). Therefore, the uncertainties in the

electron spectrum below ~400 MeV (see e.g. Webber, 1983) are of

minor importance.

Only very little is known about the variation of the spectral

distribution of electrons with position in our Galaxy nor in exter-

nal galaxies. Low-frequency radio observations indicate a constant
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Figure 2. The differential local IC gamma-ray source function s

(equation 2), multiplied by E2 (E in MeV), as a function of

gamma-ray energy for 1 \\m3 10 vms 100 \m and 1000 ym wave-

lengths of the target interstellar radiation field.

spectral index independent of longitude, suggesting that on a large

scale an electron spectral shape similar to that determined locally

applies also at other locations in the Galaxy. However, large

uncertainties remain because these observations of non-thermal radio

emission are only related to the low-energy part of the CR electron

spectrum. For the high-energy part, synchrotron losses and IC

losses, which vary throughout the Galaxy, may produce spectral

differences (see Section 5). In the first instance we will assume in

this paper that the spectral shape does not strongly vary throughout

the Galaxy. Large-scale variations of the CR electron density in the

Galaxy can therefore be accounted for by a simple absolute scaling

of the local electron spectrum. The same scaling applies then to the

IC source function.

The resulting local IC source function s (equation 2) as a

function of gamma-ray energy is shown in Figure 2 for some charac-

teristic wavelengths of the interstellar radiation field. For gamma-

ray energies above ^100 MeV the average spectral index is about 2.1.
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Figure 3. The differential local IC gamma-vay souvoe function s

(equation 2) as a function of wavelength of the target inter-

stellar radiation field for gamma-ray energies of 1 MeV3
10 MeV, 100 MeV and 1 GeV.

For lower energies the source spectrum flattens depending on the

energy of the target photons. To find the spectral distribution of

the IC volume emissivity S (equation 1), these IC source functions

have to be weighted with the spectral distribution of the energy

density of the photon field (which will be determined in Section

3). Figure 3 shows the local IC source function as a function of
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Figure 4. The local IC gamma-ray source function s (equation 7)

for the three COS-B energy intervals E - E 3 indicated in

the figure, as a function of the wavelength of the target

interstellar radiation field.

wavelength of the interstellar radiation field for some characteris-

tic gamma-ray energies. The spectral shapes of these distributions

indicate that the spectral distribution of the radiation field has

to be properly taken into account in computing the IC volume

emissivities.

The comparison with the COS-B observations in Section 5 will be

done for the three energy intervals commonly analysed: 70 MeV - 150

MeV, 150 MeV - 300 MeV, and 300 MeV - 5 GeV. The local IC source

functions for these gamma-ray energy ranges E - E , defined by

sE _E (e)
Yl

/ s(E ,e)dE

Y2

(7)

are shown in Figure 4. Also these functions need to be folded with

the energy-density distribution of the target photon field (equation

1), to find the gamma—ray production rate per volume unit for each

energy interval.
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3. THE INTERSTELLAR PHOTON FIELD

The interstellar radiation field from the UV to the mm range

can be thought of as being composed of three components, each

governing different parts of the spectrum (see e.g. Mathis, Mezger,

and Panagia, 1983). The UV, optical, and near-infrared ranges of the

spectrum (0.1 ym < A < 8 pm) are dominated by direct stellar emis-

sion. The emission in the mid- and far-infrared region (A > 8 pm, up

to wavelengths in the subtnm range) is nearly entirely from dust

grains. The third component is the 2.7 K universal blackbody back-

ground at an average wavelength of ~2 mm. It has an energy density

of -0.25 eV cm"^ which is widely accepted and needs no further

comment. On the other hand, the characteristics of the two galactic

components are far more uncertain and require careful evaluations.

a. The optical and near-infrared photon field

The spatial and spectral distribution of the interstellar

photon field in the 0 . 1 - 8 \im range has been derived from the four-

component model of Mathis, Mezger, and Panagia (1983) based on the

work of Mezger, Mathis, and Panagia (1982). They fitted the well

determined spectrum of the interstellar radiation field in the solar

vicinity with a suitable mixture of four components of stars with

various temperatures. The UV component (1) was derived from the work

of Gondhalekar (1980), with adjustments from the measurements of

Henry, Anderson, and Fastie (1980) and Lillie (1968) (consistent

with the findings of Habing (1968)). In the optical range the

radiation field was approximated by two diluted blackbody components

(2 and 3) corresponding to temperatures of 7500 K and 4000 K,

following the procedure of Werner and Salpeter (1969). However,

somewhat different dilution coefficients of l.OxlO"^ and 1.0x10"^,

respectively, were applied to get better agreement with the near UV

and B values of Lillie (1968) and with the B and V values deduced

from star counts as given by Allen (1973). The resulting total local

spectrum in the 0.4 - 1 um range given by Mathis, Mezger, and
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Figure 5. Volume emissivities j^fX^R^z) of the four stellar

components (see Seation Zα)
 3
 derived from the results of

Mathisy Mezgerj and Panagia (1983). The solid curves correspond

to the emissivities 3i(\iR
e
,0) (i = l

3
2
a
Z
3
4) in the solar

neighbourhood. For comparison
3
 the emissivities at galacto-

centric distance R = 5 kpc (z = 0) are indicated (dashed

curves)
3
 determined from equation 8 using the scale parameters

given in Table 1. The right-hand scale corresponds to the

dotted-dashed line
y
 indicating the extinction A(X) relative to

the extinction at 0.55 vm (A
v
) (from the compilation of Savage

and Mathis -1979); see references given there).
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Panagia is in agreement with the synthetic spectrum of Mattila

(1980a,b), derived from star-count data of McCuskey (1965) and

stellar-energy distributions of Code (1959), Willstrop (1965), and

Straizys and Sviderskiene (1972). As pointed out by Jura (1979),

longward of -1 Pjn the approach of Werner and Salpeter (1969) gives

a considerable underestimate of the radiation field (especially in

the inner Galaxy) due to a component related to the near-infrared

emission detected in various balloon-borne missions (see Oda et al.

(1979), Hayakawa et al. (1981), and previous references listed in

the review by Okuda (1981)). Mathis, Mezger, and Panagia described

this component (4) by a diluted blackbody field with a temperature

of 3000 K (Price 1981) and a dilution factor of 4.0xl0~13.

Mathis, Mezger, and Panagia constructed a four-component

galactic model of the stellar volume emissivities, including an

estimation of dust-absorption cross sections, which was normalized

such that at R = 10 kpc the resulting interstellar radiation field

is identical to the one observed in the solar vicinity as described

above. The resulting stellar volume eraissivities jf(A ,Ro,z=0) ( i =

1,2,3,4) of the four components in the solar vicinity are shown in

Figure 5. Their model has been used in the present analysis to

compute tne radiation energy density as a function of wavelength at

various positions in the Galaxy. A similar analysis was performed by

Mathis, Mezger, and Panagia, but only for a limited number of

locations in the galactic plane.

The galactic distribution of the volume eraissivities J£(X,R,z)

(i = 1,2,3,4) in the model was described by relations of the form:

Ji(A,R,z) = Ji(X,Ro,0) exp (-z/hi - (R-Ro)/Hi), (8)

as suggested by the observed distributions of stars in the disk of

spiral galaxies (e.g. de Vaucouleurs, 1959; Freeman, 1970; Kormendy,

1977). Here z is the distance perpendicular to the galactic plane

and R is the galacto-centric distance in the plane. The scale

heights h^ perpendicular to the plane and the scale lengths H^ in

radial direction are taken from Mathis, Mezger, and Panagia and are
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Table 1. Scale parameters h^ and H^ (equation 8) and inner cut-

off distances Rc of the four stellar components i = Ij233j4

used in the model (see text). The quantity J^(RO3z=0) is the

integrated volume emissivity j-iCK yRQiz=O) of each component in

the solar vicinity. Values axe taken from Mathis3 Mezger, and

Panagia (1983).

i

1

2

3

4

hi

(pc)

60

190

270

50

Hi
(kpc)

2.5

4.0

4.0

1.3

Rc
(kpc)

4.0

0.0

0.0

4.0

j£(Ro,z=0)

(L„ PC-3)

0.017

0.046

0.033

0.025

summarized in Table 1. Component 1 is due to emission from early-

type stars and the scale parameters given in Table 1 were derived

from the Lyman continuum production rate of compact and extended

low-density HII regions (Mezger, 1978). These stars show a strong

concentration around R 5 kpc. Therefore an inner cut-off at Rc =

4 kpc was applied to the exponential distribution given by equation

8. The scale lengths of components 2 and 3 (emission from disk

stars) were derived from the observed surface brightness of spiral

galaxies (Freeman, 1970). For component 4, attributed to M-type

(super) giants (e.g. Hayakawa et al., 1977; Serra, Puget, and Ryter,

1980; Kawara et al., 1982), the scale parameters were derived from

fitting the 2.4 ym galactic-ridge intensity given by Hayakawa et

al. (1978). This very luminous component of the Galaxy seems to be

concentrated around R s 5 kpc and therefore also here an inner

cut-off of the emissivity at Rc = 4 kpc was applied. As an example,

the volume emissivities of the four stellar components at R = 5 kpc

(z=0) are included in Figure 5.

No spiral structure was introduced in the model since this may

govern only component 1 (OB stars), which contributes only a small

fraction to the total energy density of the interstellar radiation

field as will be seen. The spheroid component favoured by the
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observations of other galaxies is neglected in the present analysis

because its energy density exceeds most probably nowhere 0.1% - 1%

of that of the disk discussed above, except for the very central

region of the G. axy (Schmidt, 1975; Bahcall and Soneira, 1980).

The dust absorption was taken into account in the determination

of the interstellar radiation field throughout the Galaxy. The scat-

tering of the radiation by dust particles has been neglected. This

is a reasonable approach, because the present work is concentrated

on large-scale properties of the radiation field and of the IC

gamma-ray sky. The absorption coefficient k(X,Ro,z=0) in the solar

vicinity was estimated from the observed extinction values compiled

by Savage and Mathis (1979) and the albedo corrections for a mixture

of graphite and silicate particles given by Mathis, Mezger, and

Panagia. Using Glisten's (1981) evalution of the galacto-centric

distribution of the visual dust opacity and assuming a scale height

perpendicular to the plane of 100 pc, similar to the average scale

height of the atomic and molecular hydrogen gas, the spatial distri-

bution of the dust absorption coefficient can be described by:

k(X,R,z) = k(X,Ro,0) exp (-z/100 pc - (R-R0)/3.9 kpc)

(R 4 kpc) (9)

k(X,R,z) = k(X,4 kpc.O) — - — e x p (-z/i00 pc) (R<4 kpc) (10)
4 kpc

The actual choice of the z scale height was found not to have a

strong impact on the results. As pointed out by Mathis, Mezger, and

Panagia, the model is not very sensitive to the choice of the radial

scale length (here 3.9 kpc) since the model is normalized to a fixed

total extinction of 25.5 mag at V between the Sun and the galactic

centre. The cloud-like distribution of the dust is not taken into

account. According to Mattila (1980a,b) this may require upward

corrections of ~50% for X < 0.5 Jim in the galactic plane. However,

this part of the radiation field remains relatively small as will be

seen and, in addition, it adds only a small fraction to the total IC

gamma-ray production (Section 4 ) .

The energy density of the interstellar radiation field at
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Table 2. Energy densities u( X -j- X^yRyz) of the interstellar

photon field at various positions (R_,z) in the Galaxy for

specified wavelength intervals \j - A«? as determined in Section

3. The spectral distribution for the 8 - 1000 vm range can be

characterized by the ratios 0.05 : 0.25 : 0.35 : 0.34 : 0.01

for the 8-20 vm* 20 - 60 y ^ 60 - 100 vm* 100 - 400 m, and

400 - 1000 vm range respectively (see text).

Xj - 2̂ z u

(pm) (kpc) (eV cm"3)

R=15 14 13 12 11 10 9 8 7 6 5 4 3kpc

0.13-0.25 1.0 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.01 0.01

0.5 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.04 0.05 0.03 0.01

0 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.06 0.05 0.02

0.25-0.7 1.0 0.03 0.03 0.04 0.05 0.06 0.08 0.10 0.12 0.15 0.19 0.24 0.27 0.32

0.5 0.04 0.05 0.06 0.07 0.09 0.11 0.14 0.18 0.24 0.32 0.42 0.43 0.46

0 0.06 0.07 0.08 0.09 0.11 0.14 0.17 0.21 0.26 0.32 0.41 0.43 0.48

0.7-1.8 1.0 0.03 0.03 0.04 0.05 0.07 0.09 0.12 0.16 0.23 0.33 0.46 0.53 0.47

0.5 0.04 0.05 0.06 0.08 0.10 0.13 0.17 0.25 0.36 0.53 0.79 0.82 0.65

0 0.06 0.07 0.09 0.10 0.13 0.18 0.25 0.33 0.49 0.70 1.04 1.05 0.76

1.8-8 1.0 0.01 0.01 0.01 0.01 0.02 0.03 0.04 0.06 0.09 0.14 0.20 0.23 0.18

0.5 0.01 0.01 0.02 0.02 0.03 0.04 0.06 0.08 0.13 0.20 0.32 0.36 0.24

0 0.01 0.02 0.02 0.03 0.04 0.06 0.09 0.14 0.23 0.37 0.59 0.58 0.30

8-1000 1.0 0.03 0.04 0.04 0.06 0.08 0.10 0.14 0.18 0.23 0.28 0.31 0.30 0.28

0.5 0.03 0.04 0.05 0.06 0.09 0.12 0.17 0.24 0.32 0.40 0.45 0.40 0.34

0 0.03 0.04 0.05 0.08 0.13 0.22 0.32 0.55 0.71 0.96 1.19 0.84 0.58

posit ion (Ro ,zo) and at a cer ta in wavelength X , due to the emission

of the four s t e l l a r components, was defined by

u(X,Ro ,zo) =Z / / / J i ( X > R > z ) g(*.Rn>
zn»R>z>6> R d R d z d e

i=1 4ir c rMRo ,zO JR,z s 6)
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where the integration is over the entire Galaxy (limited to R < 15.5

kpc and \z\ < 1 kpc). r is the distance from each position in the

Galaxy to (Ro,zo) and is given by

r2 = R2 + R o
2 - 2RRocos 9+ (z-z o)

2. (12)

The angle 9 is defined by the positions (Ro,0), (0,0), and (R,0).

The function g describes the dust absorption:

g = exp {- / k(A,R,z)dr } . (13)

u( X,Ro,zo) was evaluated by numerical integrations. The actual

integration volume was limited, since for large r the contribution

is obviously negligible. It is evident that the results are not

reliable for R s 3 kpc, due to the artificial cut-off of the eraissi-

vities at Rc = 4 kpc for components 1 and 4, and due to the highly

uncertain distribution of dust in the inner part of the Galaxy.

Table 2 summarizes the resulting galactic distribution of the

photon energy densities for four wavelength intervals: 0.13 -

0.25 pm, 0.25 - 0.7 um, 0.7 - 1.8 yra, 1.8 - 8 um. For z = 0, where

comparisons can be made, the radial distributions are in agreement

with the results of Mathis, Mezger, and Panagia.

b. The mid- and far-infrared photon field

Before the IRAS era, the most extended surveys of the galactic

plane in the far-infrared region were performed by Nishimara, Low,

and Kurtz (1980; 100 - 300 ym), Boisse et al. (1981; 71 - 95 ym and

114 - 196 ym), Caux et al. (1984; 114 - 196 ym), and Hauser et al.

(1983, 1984; at about 150 um, 250 ym, and 300 ym). The measured

galactic-plane intensities seem to agree within 25%. Although the

survey of Hauser et al. has the best angular resolution and highest

sensitivity to weak sources, we used the survey of Boisse et al.

(extended to the southern hemisphere by Caux et al.) which is more

sensitive to extended emission. This is due to different observation
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techniques: whereas Hauser et al. used beam switching with a chopper

throw of 20', Boisse et al. and Caux et al. used scannings across

the galactic plane of -20° long. The detection of extended

low-brightness emission remains a problem for all these balloon-

borne experiments and will only be solved by cryogenic satellite

experiments like IRAS. For the mid-infrared range, the data obtained

by Price (1981) at 4 vm, 11 um, and 20 Vm wavelengths have been used

in the present analysis.

The determination of the spatial distribution of the inter-

stellar photon field for X < 8 pm (up to -1000 pi) has been

started from the far-infrared observations. Since the absorption

around 100 pm is negligible, a direct unfolding of the observed

intensity distribution to estimate the galacto-centric distribution

of the surface etnissivity of the far-infrared emission (Lo pc~^) is

possible. For northern-hemisphere data, such an analysis was

performed for the 114 - 196 yra range by Boisse et al. (1981),

Gispert et al. (1982), and Caux et al. (1984). These works were

all based on the same observations (using different geometrical

models, e.g. with and without a spiral-pattern) and the findings are

in fairly good agreement. The distribution is characterized by a

strong peak around R 5 kpc, where the emissivity .is -10 times

larger than in the solar neighbourhood. Caux et al. performed also a

deconvolution for southern-hemisphere data, resulting in a similar

surface-emissivity distribution although broader and less intense

peaked around 5 kpc. The findings of Boisse et al. (applying no

spiral-pattern model) have been used here.

Boisse et al. (1981) found the emission in the 114 - 196 ym

band to be approximately proportional to the total mid- and far-

infrared emission at positions where other measurement are

available, which enabled them to determine the total mid- and

far-infrared emissivities. The scaling factor was found to be 7.7.

However, this factor applies not exactly to the 8 - 1000 Pin range

(especially the lower bound is important; the upper bound is less

critical since more than 90% of the emission in this range

originates at wavelengths <300 ym). Furthermore, the observations of
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Price (1981) at LI urn and 20 Ptn indicate that Boisse et al. over-

estimated the intensities in the mid-infrared range (see also the

compilation given by Puget (1985)). Using the observations of Price,

the ratio between the 8 - 1000 pm emissivity and the 114 - 196 pm

emissivity was found to be 5.2, in agreement with the findings of

Mathis, Mezger, and Panagia (1983). This factor has been applied in

the present analysis to the radial distribution of the emissivity in

the 114 -196 yiD range determined by Boisse et al. to determine the

radial distribution in the 8 - 1000 ym range. The small absorption

effect at mid-infrared wavelengths has not been taken into account

in the determination of the scaling factor and in the computation of

the radiation field. The systematic uncertainty introduced by this

approach is most probably not larger than -10%.

Mid- and far-infrared emission results mainly from dust heating

by the stellar radiation field. This process is most efficient for

young stars associated with their native clouds. Therefore the scale

height of the mid- and far-infrared emissivity is most probably

similar to that of the molecular gas and the young stars, which is

about 60 pc. On the other hand, it cannot be excluded that a

significant fraction of the far-infrared emission of the Galaxy

should be ascribed to the heating of the dust associated with atomic

hydrogen by older disk stars at larger distances from the galactic

plane. This component would have a scale height similar to that of

the atomic-hydrogen gas, which is about 130 pc for the inner

Galaxy. Due to base-line problems, it is difficult to detect the

extended low-brightness emission of this component with balloon

experiments. In order to investigate the relative importance of the

scale height adopted, the radiation field has been determined for

two different values, 60 pc and 100 pc.

Using the radial distribution of the infrared surface emissivi-

ty described above, the energy density of the radiation field has

been determined at various positions in the Galaxy. Since the

absorption is negligible for these wavelengths, only the geometrical

situation (equation 11, omitting the absorption function g) has to

be taken into account. The integrations over the Galaxy (limited to
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R < 15.5 kpc and |z| < 1 kpc have been performed numerically. As

expected, the results were found to be only very weakly dependent on

the emissivity scale height adopted: using 60 pc or 100 pc gives

differences in the energy densities of a few percent. The resulting

galactic distribution of the energy density of the 8 - 1000 pin

radiation field is included in Table 2 for an emissivity scale

height of 60 pc. From the spectra of Puget and Serra (quoted by

Boisse et al. (1981)) and Price (1981) (see the combined results

given by Mezger, Mathis, and Panagia (1982)) it can be seen that the

average spectral distribution of the energy densities is charac-

terized by the ratios 0.05:0.25:0.35:0.34:0.01 for the 8 - 20 ym,

20 - 60 um, 60 - 100 ym, 100 - 400 pm, and 400 - 1000 ym ranges,

respectively.

4. INVERSE-COMPTON GAMMA-RAY EMISSIVITIES IN THE GALAXY

The IC source function obtained in Section 2 and the inter-

stellar radiation field determined in Section 3 were combined to

compute the IC volume emissivities at various locations in the

Galaxy. Compared to previous works the present analysis has a

significantly improved precision since in combination (1) the

spectral distribution of the IC source function as well as (2) the

spectral distribution of the interstellar radiation field (including

dust-absorption effects) are more accurately taken into account and

(3) the exact evaluation of the IC process is applied, integrating

over the actual bended electron spectrum. Points (1) and (2) are

required because the spectrum of the interstellar radiation field

widely varies throughout the Galaxy due to the different distribu-

tions of each component and the variations in the distribution of

the dust. In addition, the variation of the IC source function as a

function of the energy of the target photons (see Figure 3) requires

these improvements. Point (3) should be followed because the

electron spectrum shows a bend. It is also required because the

Thomson approximation leads to serious overestimation of the IC
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production above -100 MeV for a large part of the interstellar

radiation field (Schlickeiser, 1979).

Following equation 1, the galactic distribution of the IC

volume-emissivity spectrum was determined. The results are presented

such that interpolations between the various data points given

enable IC estimates to be made at various gamma-idy energies and at

various positions in the Galaxy for R 3 kpc, as well as estimating

the individual contributions from the stellar, far-infrared, and

2.7 K universal background components.

Table 3 contains the total IC emissivities for some charac-

teristic locations at gamma-ray energies of 1 MeV, 10 MeV, 100 MeV

and 1 GeV. At each position the electron spectrum is adopted to be

equal to the local spectrum shown in Figure 1. As long as the

spectral shape of the electron flux above 100 MeV does not strongly

vary throughout the Galaxy (see Section 2 ) , possible large-scale

variations of the CR electron density can be accounted for by

scaling to the local value. For example, if the CR electron density

at a certain position is twice as large as the local value, the IC

emissivity at that position given in Table 3 should be increased by

a factor of two.

Perpendicular to the galactic plane such corrections are

certainly required, as indicated by radio measurements. Low-frequen-

cy i 400 MHz) radio-continuum emission is primarily synchrotron

radiation resulting from the interaction of CR electrons of energies

between a few hundreds of MeV and a few GeV with the interstellar

magnetic field of 2 - 3 pG. High-frequency radio-continuum emission

is dominated by thermal emission and provides no direct information

on the higher-energy electrons, which are in fact responsible for IC

gamma-ray emission. Various analyses of the low-frequency surveys

indicate an electron scale height of typically 0 . 5 - 1 kpc in the

inner Galaxy (e.g. Baldwin, 1976; Brindle, French, and Osborne,

1978; Higdon, 1979; Webber, Simpson, and Cane, 1980; Phillipps et

al., 1981). Also synchrotron radio emission of external spiral

galaxies in general seems to come from thick disks with similar

typical scale heights (e.g. Klein et al., 1983; Hummel, Sancisi, and
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Table 3. Total inverse-Compton emissivities at characteristic

locations in the Galaxy. The electron spectrum is assumed to be

equal to the local spectrum (shown in Figure 1) at each

position. Possible large-scale spatial variations of the

electron density should be accounted for by scaling to the

local electron density (see text).

Ey(MeV) z(kpc) S (ph cm"3 s"1 M e V 1 )

10

100

1000

1.0

0.5

0

1.0

0.5

0

1.0

0.5

0

1.0

0.5

0

R = 3 8 10 13 kpc

4.8xlO~25 2.6xl0~25

6.5xl0~25 2.8xlO"25

7.2xl0"25 1.2xl0~24 5.9xlO~25 3.5xlO"25 2.3xlO~25

6.3xlO~27 2.6xl0~27

9.3xlO~27 3.0xl0"27

l.OxlO"26 1.6xlO~26 7.3xlO"27 4.0xl0"27 2.2xlO"27

6.7xlO~29 2.3xlO~29

l.OxlO"28 2.8xlO~29

l.lxlO"28 1.7xlO~28 6.9xlO"29 3.8xlO~29 2.0xl0~29

5.7xlO~31 1.9xlO~31

9.2xlO~31 2.3xlO~31

9.5xlO~31 1.4xlO~30 5.6xlO~31 3.1xlO~31 1.7xlO"31

Ekers, 1984), although also some spiral galaxies with more extended

disks have been found (e.g. van der Kruit and Allen, 1976; Ekers and

Sancisi, 1977; Allen, Baldwin, and Sancisi, 1978). Confinement of

cosmic rays in a large halo has been suggested (Ginzburg and

Syrovatskii, 1964; Owens and Jokipii, 1977; Ginzburg, Khazan, and

Ptuskin, 1980). Although radio observations confirm the presence of

a component extending several kpc out of the galactic plane (e.g.

Webster, 1975, 1978; Brindle, French, and Osborne, 1978; Higdon,

1979; Phillipps et al., 1981), the density of GR electrons in the

halo must be considerably less than in the disk of the Galaxy

(typically -10%). The impact of different electron scale heights

in the comparison with the gamma-ray observations will be discussed

in Section 5. Taking into account an electron scale height of 750
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pc, the emissivity values at z = 0.5 kpc and z = 1 kpc given in

Table 3 need to be reduced by 50% and 75% respectively. This implies

that the IC emissivity at z = 1 kpc is only 10% - 20% of the

emissivity at z = 0, marginally depending on galactic radius (R > 3

kpc) and gamma-ray energy. The corresponding scale height of the IC

emission ranges from 500 - 550 pc at R = 10 kpc (R0) to 400 - 450 pc

at R = 5 kpc for all gamma-ray energies.

Table 3 shows that the IC emissivity is largest around R 5

kpc, being ~3 times (1 MeV) to -4.5 times (1 GeV) larger than

locally for a constant CR density in the plane equal to the local

value. The actual variation of the CR-electron density with galacto-

centric radius is uncertain. Low-frequency radio emission indicates

an increase of the synchrotron emissivity with decreasing galacto-

centric distance (e.g. Brindle, French, and Osborne, 1978; Phillipps

et al., 1981), suggesting a CR electron gradient in the Galaxy.

Similar results for the electron distribution have been obtained

from analyses of the observed gamma-ray emission attributed to

electron bremsstrahlung (e.g. Issa et al., 1981; Hermsen and

Bloemen, 1983; Bloemen et al., 1984, 1985). Between R = 10 kpc and

R = 5 kpc the increase is most probably typically by a factor of 2,

while outside the solar circle the electron density decreases to

approximately zero for R = 1 6 - 1 8 kpc. On smaller scales, inhomo-

geneities in the CR distribution may be present: the CR density may

be coupled to the matter density (Parker, 1966, 1968) (such as for

instance a CR-density contrast between spiral arms and interarm

regions) as distinct from cosmic rays being trapped in interstellar

tunnels as suggested by Scott (1975) (see discussions by Jokipii

(1976) and Cesarsky (1980)). However, for high-energy electrons the

inhomogeneities in the distribution are most probably weak due to

the strong diffusion of these electrons from their source regions

(see Cesarsky (1980) and references therein). Therefore, in the

present IC computation only the effect of large-scale CR gradients

will be considered (Section 5).

The relative contributions from the stellar component, the

far-infrared component, and the universal 2.7 K blackbody component
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Rlkpc)

Figure 6. The relative

contribution from the

stellar component (dashed

line)3 the far-infrared

component (dashed-dotted

line) 3 and the universal

2.7 K blackbody component

(full line) to the IC

gamma-ray production, as

a function of galacto-

centric radius R. The

gamma-ray energies are

indicated.

to the IC gamma-ray production can be determined independently of

the CR distribution in the Galaxy (assuming the spectral shape of

the electron spectrum does not change). These contributions for

various positions in the Galaxy are summarized in Figures 6 and 7.

Although the figures are self-explanatory a few evident conclusions

can be drawn. (1) The relative contribution from the stellar

component is fairly constant as a function of R and z, being

dominant for high-energy gamma rays and playing no outstanding role

for low-energy gamma rays. (2) Obviously, the relative contribution

from the 2.7 K blackbody component increases with increasing z and

R, being dominant at R M O kpc for low-energy gamma rays. (3) The

relative contribution from the far-infrared component reaches a

maximum around R s 7 kpc and falls off for increasing R to a contri-
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Figure ?. As Figure 6, but

now as a function of dis-

tance perpendicular to the

galactic plane in the solar

vicinity (R = 10 kpc) and at

R=5 kpc.

bution of only -10% at R = 13 kpc for all gamma-ray energies.

Figure 8 shows the spectra of the IC components in the solar

vicinity (R = 10 kpc) and at S = 5 kpc. The CR electron spectrum at

R = 5 kpc is adopted to be equal to the local spectrum. Again, a CR

gradient can be accounted for by scaling to the local CR electron

density. The energy dependence of the contributions is evident.

Using Table 3 and Figures 6 and 7 these spectra can be constructed

for other positions in the Galaxy. For the stellar component (0.13 -

8 μIn), Figure 8 also includes the contributions from three seperate

wavelength intervals of the radiation field (0.13 - 0.7 pm, 0.7 -

1.8 \m and 1 . 8 - 8 ym). The IC emission related to the 0.13 - 0.7 ym

range is nearly entirely due to X < 0.25 pm, indicating that the UV

photon field is negligible in the present analysis.
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Pigvee 8. Differential invevse-Compton emissivity spectra (a)

in the solar vicinity (R = 10 kpc) and (b) at R = 5 kpc. The

contributions from starlight (0.23-8 vm)j 8 - 1000 vm infra-

red emission and the universal 2.7 K blackbody emission are
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•indicated. For the stellar component^ also the contributions

from three seperate wavelength intervals are shown. The CR

electron spectrum at R = 5 kpc is adopted to be equal to the

local spectrum.
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5. DISCUSSION

a. Comparison with previous works

It is not straightforward to compare the spatial and spectral

distributions of the IC emissivity as determined above with the

results of previous works. This is due to the use of both different

CR-electron spectra and interstellar photon fields, together with

the Thomson approximation that was mostly applied (sometimes inclu-

ding a first-order correction as given by Blumenthal and Gould

(1970) and Schlickeiser (1979)).

Figure 1 summarizes the electron spectra that have been adopted

in some of the most recent specific studies of the IC emission

(Shukla and Paul, 1976; Piccinotti and Bignami, 1976; Kniffen and

Fichtel, 1981a,b). In all these works, the electron spectrum above a

few GeV (up to -1000 GeV) was approximated by a power-law spectrum

with spectral index in the range 2.8 - 2.95. However, various recent

observations (see Webber (1983) and references therein) have

established that the electron spectrum follows approximately an

E~'*3 power law for energies above a few tens of GeV, which was

used in the present analysis. For E < 10 GeV the electron intensi-

ties used in the present analysis are larger than those assumed in

the previous works, which can be attributed to normalization

problems around ~10 GeV existing in the past. As pointed out by

Webber (1983), there appears to be now good agreement between

different measurements of the spectrum at 10 GeV, consistent with

the previous so called 'high' intensities. As a net result of these

differences and partly due to the exact IC evaluation applied here,

in general steeper IC spectra were found in the present analysis.

This steepening effect is shown in Figure 9. It presents the total

IC emissivity spectra at R = 5 kpc and R = 10 kpc, using the various

electron spectra adopted in previous IC studies together with the

radiation field determined in this paper. The steepening effect is

stronger for increasing wavelengths of the interstellar radiation

field. This is due to the increasing relative importance of high-
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Figvre 9. Total differential IC emissivity spectra in the solar

vicinity (lower part) and at R = 5 kpc (upper part) for

different electron spectra. The full lines indicate the IC

emissivities resulting from the electron spectrum used through-

out this paper (Figure 1) and are identical to the 'total'

curves shown in Figure 8. The hatched areas encompass the IC

emissivities resulting from four different electron spectra

used in previous IC studies (see Figure 1). In all cases the

radiation field determined in this paper was used and the exact

evaluation of the IC process was applied.

energy electrons with decreasing energy of the target photons and

with increasing energy of the gamma rays produced. As a consequence

the IC contributions from the infrared part and from the 2.7 K

blackbody component have mostly been overestimated in the past.

To enable comparisons with previous results (as far as

possible), Table 4 summarizes IC emissivities for some integral

gamma-ray energies. Values are given for the solar vicinity, on
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Table 4. Comparison with IC emissivities fvom previous studies fop selected enevgy intervals.

R
(kpc)
(z=0)
10

5

photon field

starlight

far infrared

universal 2.7

total

starlight

far infrared

universal 2.7

total

1-35 MeV

15
28

66
85

125
K

240
140

150
250

340

394

652
K

150

35-100 MeV

1.
1.
2.
2.
2.
4.
2.

9
3,
0,
1,
7,
8,
6

9
16
29
11
0
1

40

7
9
9
9
,1
6
,1

,6
,83
.8
.6
.3
.8

.8

.7

.4

.6

.83

.8

.0

(10-27
>100 MeV

1.8
1.8
1.6
1.8
1.7
1.4
2.9
0.93
1.4
6.5
2.2
0.53
0.74
5.2
5.2
3.4

6.1
8.4
18.2
5.0
0.53
0.74
24.8

S
ph i:m"3

70-150

1
1.
1.
1
1.
0.

1.
0.
0.
3.
3.
2.

4.
7.

12.
4.
0.
0.
16,

s-1)
MeV

2
3

9
57

5
35
69
5
5
6

2
2
,3
,6
,35
,69
.9

150-300 MeV

0.
0.
0.
0.
0.
0.

0.
0.
0.
1.
1,
1,

1
2
5
1
0
0
7

5
56
56
5
88
33

,8
,18
,26
,8
.6
.2

.9

.9

.6

.8

.18

.26

.7

300-5000

0.6
0.61
0.5
0.5
0.97
0.25

0.8
0.18
0.19
1.9
1.8
1.0

2.1
2.3
6.2
1.3
0.18
0.19
8.5

reference

MeV
(1)
(2)
(3)
(4)
(5)
(3)
(4)
(5)
(1)
(2)
(3)
(4)
(5)
(3)
(4)
(5)

(4)
(5)
(4)
(5)
(4)
(5)
(4)

References: (1) Cesarsky, Paul, and Shukla, 1978; (2) Stecker, 1977; (3) Piccinotti and Bignami, 1976;
(4) Kniffen and Fichtel, 1981a,b,; Fichtel and Kniffen, 1984; (5) present work



which most works are concentrated, and for R=5 kpc. Compared to the

present resultss also included in Table 4, the steepening effect

discussed above is clearly visible. As expected, large discrepancies

are found for the universal 2.7 K component, which is most sensitive

to the differences in the high-energy part of the electron spectrum.

For the far-infrared component the estimates of Kniffen and Fichtel

(1981a,b) and Fichtel and Kniffen (1984) are much higher than found

here, although they used the same infrared measurements of Boisse et

al. (1981). This is due to the 2 - 4 times higher energy densities

of the far-infrared photon field computed by Kniffen and Fichtel

compared to the present findings given in Table 2 and to the results

of Mathis, Mezger, and Panagia (1983). Kniffen and Fichtel used the

volume emissivities given by Boisse et al. and adopted a scale

height of 250 pc. However, it should be kept in mind that Boisse et

al. determined these volume emissivities from their unfolded surface

emissivities assuming a scale height of 60 pc. For the stellar

component the various IC estimates for the solar vicinity are in

good agreement, while at R = 5 kpc the present estimates are some-

what higher.

l>, Comparison with gaama-ray observations

The most complete and detailed gamma-ray observations presently

existing were performed at high gamma-ray energies i 50 MeV) by

experiments aboard the SAS-2 (see e.g. Fichtel et al., 1975) and

COS-B (see e.g. Mayer-Hasselwander et al., 1982) satellites. Only

limited observations are available at lower gamma-ray energies

(Gilman et al., 1979; Mandrou et al., 1980; Agrinier et al., 1981;

Gräser and Schönfelder, 1982; Bertsch and Kniffen, 1983). We will

first compare the IC predictions in detail to the high-energy gamma-

ray observations, using the COS-B data.

Using the IC source functions sE _E shown in Figure 4
Yl Y2

(equation 7) and tUe energy densities u of the photon fields

determined in Section 3, IC skymaps were constructed for the three

gamma-ray energy intervals E - E (70 MeV - 150 MeV, 150 MeV - 300
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Figure 10. Longitude and latitude profiles of the predicted IC

gamma-ray intensities for three gamma-ray energy intervals used

in the COS-B analysis. The thick full lines show the predicted

total IC intensities3 assumig a CR electron scale height of 750

pc. Under the same assumption, the individual contributions

from the stellar component (dashed lines)3 the far-infrared

component (dashed-dotted lines), and the universal 2.7 K black-

body component (thin full lines) are indicated. The thin dotted

latitude curves indicate the total IC intensities for a

uniform-slab model of the CR electron distribution with a total

thickness of 2 kpc. The thick dotted curves illustrate the

effect of a CR electron gradient in the model (see test). The

angular resolution of the COS-B experiment is taken into

account in the models.

94



MeV, and 300 MeV - 5 GeV) generally used in COS-B analyses. The IC

intensities for each energy interval have been determined from

numerical integrations along the lines of sight, following the

relation:

(l,b)
Y 2 4iTline

1 Xl

= - /w(R,z ) / sF _E (A) u(A,R 5z) dAdr (14)
4 i T l i n e *2 Yi Y2

of s i gh t

The wavelength interval X̂  - X2 represents a selected part of the

radiation field. The function w describes the galactic distribution

of the CR electron density relative to the local (R = 10 kpc, z = 0 )

interstellar electron density, assuming that the spectral shape of

the electron distribution (as shown in Figure 1) does not change

throughout the Galaxy. Following the discussion in Section 3, three

different electron distributions have been considered, namely:

(a) w(R,z)= exp (-z/zo) (zo = 750 pc)

(b) w(R,z)= 1 (I z I < 1 kpc)

= 0 (|z I > 1 kpc)

(c) w(R,z)= (l+(R0-R)/5)exp (-z/zo) (zo = 750 pc; R0 = 10 kpc)

In all three cases the electron density outside R = 15 kpc was

adopted to be zero. The linear increase towards the galactic centre

in case c was chosen as a most simple description of a CR gradient

with a density at R = 5 kpc which is 2 times larger than in the

solar vicinity. Since the integrations are limited to 3 kpc < R < 15

kpc this is a reasonable assumption.

Longitude and latitude profiles of the resulting IC predictions

are shown in Figure 10. The angular resolution of the COS-B

experiment was taken into account by convolving the IC skymaps with

the point-spread functions of the COS-B observations for the three

energy ranges. Because of the large-scale symmetry of the Galaxy,

the IC intensities for the fourth galactic quadrant will be similar

to the first-quadrant results shown in Figure 10. The figures are

limited to 1 ä 15° to avoid the very central region of the Galaxy
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Figure 11. Longitude and latitude profiles of the gamma-ray

intensities I in the first galactic quadrant for three energy

intervals. The error bars indicate the COS-B observations

(total length of the bars corresponds to a 2a uncertainty). The

instrumental-background levels estimated by Bloemen et at.

(1984) are subtracted from the observations. The thin horizon-

tal lines indicate the zero level. The full and dotted lines

show the total IC predictions j as described in the caption of

Figure 9. In some figures the individual curves are hardly

visibles indicating the minor differences compared to the

observed intensities.
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( R < 3 kpc) where the photon fields are uncertain as discussed in

Section 3. The second- and third-quadrant results are not included

because the IC intensities are very small for these regions of the

Galaxy.

Figure 11 shows that the predicted IC intensities are small

compared to the observed gamma-ray intensities. In addition,

increasing the electron scale height or introducing a CR gradient

has no strong impact on this conclusion. In the galactic plane the

IC contribution to the observed intensities for the three energy

ranges does in general not exceed the 5% level for the different

electron models considered. At medium latitudes (|b| = 15°) the IC

contribution is slightly higher due to the large scale height of the

IC production compared to that of the gamma-ray production by CR-

matter interactions, but remains still less that ^10%. Furthermore,

the IC contribution in the inner Galaxy is most probably even

smaller than estimated above due to the effect of the IC radiation

itself on the parent CR electron spectrum, as pointed out by Fichtel

and Kniffen (1984) and Tang (1984) (i.e. a steepening of the

high-energy part of the electron spectrum due to Compton losses).

For the outer Galaxy the IC intensities are negligible.

The presently existing observations at lower gamma-ray energies

indicate that the power-law spectrum found at high energies can in

reasonable approximation be extrapolated even down to the hard X-ray

range (see for example the compilations given by Bertsch and Kniffen

(1983) and Sacher and Schonfelder (1983, 1984)). This shape is very

similar to that of the IC emission (at least for energies >1 MeV

which are considered in this paper; both approximately an E~2

spectrum), which implies that also in the 1 MeV - 70 MeV range the

IC contribution is small. Around 10 MeV, however, there are

observations (although very poor) which fall below the power-law

distribution. Figure 12 presents the spectral distribution of a

compilation of observations and the calculated IC spectrum towards

the inner Galaxy, where the IC contribution is expected to reach its

maximum.

Kniffen and Fichtel (1981a,b) concluded from their detailed
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of the obsevved gamma-

pay intensity spectrum

to the calculated IC
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inner Galaxy, note that

the longitude intervals
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is due to the limited

amount of data that is
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I = 30° 3 using two

models of the galactic

electron distribution as

described in Section 5b.

The full line corres-

ponds to electron model

a and the dashed line

corresponds to model c.
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analysis that the IC radiation is substantially larger than believed

previously and may account for a significant part of the total gamma

radiation from the inner Galaxy. In particular they pointed out that

the IC radiation should dominate at energies in the 10 MeV - 100 MeV

range at galactic latitudes greater than several degrees and should

be comparable to the emission from CR-matter interactions above 100

MeV. This discrepancy with our conclusions can most probably be

ascribed to a combination of effects, namely: the too high energy

densities of the far-infrared photon field, the determination of the

IC intensities from the IC emissivity distribution seems not to be

correct, and the gamma-ray intensities from CR-matter interactions

are underestimated. As a consequence, the component seperation by

galactic latitude proposed by Kniffen and Fichtel (i.e. studying the

IC component at latitudes above several degrees and studying the

contribution from CR-matter interactions at very low latitudes) is

not realistic.

c. The IC gamma-ray luminosity of the Galaxy

The IC component of the galactic gamma-ray luminosity for a

certain energy range E - E can be determined by integrating the
Yl Y2

volume emissivities S determined in Section 3 over the volume of the

Galaxy:
E
Y2

LE _E = /w(R,z) /S(E ,R,z) dE dV. (15)
Yi Y2 Galaxy E Y Y

Yi

As in Section 5b, the function w describes the galactic distribution

of the CR electron density relative to the local interstellar

electron density. The same three electron models were considered.

The emissivity values for R < 3 kpc, which have not been determined

in Section 3, were assumed to be identical to the values found at

R = 3 kpc. This coarse assumption concerns only a small fraction of

the volume of the Galaxy (as far as IC gamma rays are produced) and

the influence on the results is therefore expected to be small.

The IC gamma-ray luminosity of the Gilaxy above 100 MeV was
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found to be in the range (1.0 - 1.5)xl0^1 ph s~* for all three

electron models. If an uncertainty of 50% for the emissivity values

at R < 7 kpc is assumed (to find a rough indication of the reli-

ability of the value given above), the luminosity above 100 MeV is

(0.8 - 2.0)xl0^1 ph s"1 corresponding to (0.5 - 1.2)xl038 erg s"1.

As expected, this is at least an order of magnitude lower than the

gamma-ray luminosity of the CR-matter interactions determined by

Bloemen, Blitz, and Hermsen (1984) ((1.3 - 2.5)xlO42 ph s"1 above

100 MeV) or the luminosity determined by Caraveo and Paul (1979)

from an unfolding of the SAS-2 observations ((1.2 - 1.5)xl0^2 ph s"1

above 100 MeV).

6. CONCLUSIONS

The Compton calculations presented here, based on detailed

empirical models of the optical and infrared photon fields, show

that the contribution of inverse-Compton gamma rays to the observed

gamma-ray intensities is much smaller than estimated in recent

work. In fact, this contribution is negligible compared to the CR-

matter interactions down to at least ^ 10 MeV. Introducing a CR

gradient or increasing the CR scale height has only a marginal

impact on the findings. This indicates that gamma-ray observations

at energies above ^10 MeV cannot be used to study the galactic

photon fields, including the local region at medium latitudes,

contrary to what has been proposed in the past. On the other hand,

the very-low IC intensities imply that gamma rays are an excellent

tracer of the galactic distribution of interstellar gas and CR

electrons and protons seperately: at low energies dominated by the

electron-bremsstrahlung process, at high energies by the ir"-decay

process, involving CR protons and heavier nuclei.
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CHAPTER IV

GAMMA KAYS FROM AlvHIC AND MOLECULAR GAS

IN THE LARGE COMPLEX OF CLOUDS IN ORION AND MONOGEROS

ABSTRACT

COS-B gamma-ray observations of the large complex of interstel-

lar clouds in Orion and Monoceros are compared with the Columbia CO

survey and the Berkeley HI surveys of this region. A good correla-

tion between the gamma-ray emission and the total gas distribution

is found. The observed gamma-ray emission can be explained in terms

of interactions of cosmic rays distributed uniformly in this region

with the gas. This correlation is used to calibrate the ratio

between the H2 column density and the integrated CO line intensity:

N(H2)/WC0 = (2.6 ± 1.2)xlO
20 mol. cm"2 K"1 km"1 s, consistent with

the value derived from a similar analysis for the inner Galaxy.

1. INTRODUCTION

Large-scale mapping of the major constituents of the interstel-

lar gas has been performed only for the atomic-hydrogen (Hi) compo-

nent, using its characteristic 21-cm line. The other important

constituent, molecular hydrogen (H2), can only be directly observed

in UV absorption towards early-type stars and by infrared emission

in localized hot regions. The best tracer of the large-scale distri-

bution of H2 is the carbon monoxide molecule CO, whose millimetre-

wave rotational lines are readily observed, but the relation between

these measurements and H2 is poorly known (e.g. Lequeux, 1981). An

independent estimate of this ratio can be provided by gamma-ray
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astronomy (Lebrun et al., 1983).

Diffuse galactic gamma rays at energies greater than -50 MeV

result mainly from the interaction of cosmic rays with the inter-

stellar gas (e.g. Bignarai and Fichtel, 1974; Stecker, 1977; Hartman

et al., 1979; Arnaud et al., 1982; Lebrun et al., 1983). Even for

paths of galactic dimensions, the interstellar gas and dust are

highly transparent to photons so energetic. The gamma-ray intensity

is hence a measure of the integral of the product of the total

amount of interstellar matter and cosmic-ray density along the line

of sight. Locally (SI kpc) the cosmic-ray density can be expected to

be approximately uniform (see e.g. Strong et al., 1982) and an

estimate of the total amount of interstellar matter is possible in

principle. This tracing capacity of gamma rays has been investigated

at intermediate galactic latitudes, where galaxy counts provide

uniform sampling of the total gas content of the local interstellar

medium (see e.g. Lebrun et al., 1982; Strong et al., 1982; Lebrun

and Paul, 1983). A good correlation between measured gamma-ray

intensities and total gas column densities, significantly better

than that with HI alone, has been found by these authors. The excess

gamma-ray intensity over that expected from atomic hydrogen alone,

has been used to estimate the molecular hydrogen distribution at

intermediate latitudes, where the contribution from point sources

and inverse-Compton gamma rays are most probably small (Strong et

al., 1982; Lebrun and Paul, 1983; Bloemen, 1983). A comparison of

such H2 estimates with CO surveys can provide information on the

average local ratio of CO to H2.

The large complex of clouds in Orion and Monoceros is the most

extensively studied in CO at medium latitudes. The most complete CO

survey is done with the 1.2-m telescope at Columbia University

(Chin, 1977; Kutner et al., 1977; Thaddeus, 1982; Maddalena et al.,

1985). Studies of one COS-B observation pointed in this direction

(Caraveo et al., 1980, 1981) revealed the cloud structure in gamma

rays and yielded a total mass in agreement with that obtained from

the CO data. In this paper, all the COS-B observations covering this

region are combined and compared with gas estimates based on the
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Columbia CO survey and the Berkeley HI surveys to determine the

average ratio of CO to H2.

2. GAHMA-RAY, CO AND HI COMPARISON

a. Data

Maps of the gamma-ray intensities I in the 100 MeV - 5 GeV and

300 MeV - 5 GeV energy ranges were derived from the COS-B data base

described by Mayer-Hasselwander et al. (1982), supplemented by later

observations (Chapter II). All COS-B observation periods, each of at

least one month duration, covering the region 198° < 1 < 222° and

-25° K b < -5° were used (seven observation periods contribute

significantly). The 300 MeV - 5 GeV range was selected to exploit

the better angular resolution of COS-B at high gamma-ray energies

(FWHM = 1.5°, HPBW = 3.4°) in the comparison with the highly struc-

tured CO distribution. The 100 MeV - 5 GeV energy range was selected

as a compromise between counting statistics and angular resolution

(FWHM s 2.4°, HPBW = 4.3°), increasing the number of gamma counts

that can be used in the analysis by a factor of about three compared

to the 300 MeV - 5 GeV range. A decline of instrumental sensitivity

with time in orbit has been corrected by comparing the measured

intensities of selected regions along the galactic plane at diffe-

rent epochs (Chapter II). Similarly, the smooth decrease of instru-

mental background with time (Chapter II), has been taken into

account. The uncertainties in these corrections may introduce a

systematic uncertainty up to 10% in the gamma-ray data. No attempt

was made to remove the isotropic background, which was left as a

free parameter in the analysis. An iS~̂  input spectrum, as derived

for the diffuse gamma-ray emission in the solar neighbourhood (e.g.

Lebrun et al., 1982), has been assumed when taking into account the

energy dependence of the instrument response. Figure la shows the

resulting gamma-ray intensity map in the 100 MeV - 5 GeV range.

The spectra of the Columbia CO survey of Orion and Monoceros

IV 109



220

220° 210°

200°

-10°

-20°
- 1

' b
i i

1 ' ' ' ' ' ' ' ' ' I ' ' '„L^

• • • ' ' • •

^ \T"LA _.

1 1 1 1 1 1 1 1 1 I 1 1 1 1 1

1 
1 

1 
1 

1 
1 

-"

1 'b ' 1
• l_ • J

i i i i t i I

200°

220° 210° LONGITUDE 200°

Figure 1. Gamma vays and

the distribution of gas

in the Ori-Mon aloud

complex.

a) COS-B gamma-ray inten-

sities in the 100 MeV -

5 GeV energy range,

including the isotropia

background (^S.exlO'5 ph

crrrZ s~l sr~l). Contour

values: (12, 18, 24)xlO~5

ph cm~2 s~l sr~l.

b) Coverage of the

Columbia CO survey. Each

bin of C.5° x 0.5° that

contains at least one

observation (the actual

sampling interval v>as

1/8° on a (OL,&) grid} is

dark.

c) Integrated intensities
wC0 °f CO line emission

at 2.6 mm, smoothed to an

angular resolution of

1/2". Contour values: (1,

5, 10, 15, ..) K hn s~2.

110



I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—1—I—I—I—I

I I I I I I I I I I I I I I I I I ' I I I ' I I I

- 2 0 ° -

220° 210° 200°

I ' • • I

I r, ,

-10°

$)& I V./ '

-20°

o

V- "^
t i l l o

I I I ) I I

d) Total HI column densi-

ties. Contour values:

(1.5, 2.5j Z.b3 .JxlO20

H atom cm~2 .

e) Total gas column

densities determined from

Wco (c) and N(HI) (d),

using n(E2)/^co= ZxlO20

mol. em~2 K~1 km~l s as

found in the present ana-

lysis. Contour values:

(2, 43 63 ,.)xlO
20 H atom

220° 210° 200°

f) Map of the difference

between the observed and

the expected intensity

distributions for the

100 MeV - 5 GeV energy

range. The gray areas and

the full contours indi-

cate positive excesses in

the subtracted map; the

white regions and the

dashed contours indicate

deficiencies in the

observed gamma-ray map.

Contour values: (-8, -4,

43 8)xlO~
5 ph cm~2 s~2

sr~l. fhe number of

counts attributed to the

excesses by the likeli-

hood-ratio test (see

Section 2d) is indicated

for excesses containing

more than 10 counts.

IV »11



(Maddalena et al., 1985) have been integrated over velocity yielding

a quantity here after referred to as W c o. The beam width is 1/8°.

The observations were performed on a (a,(S) grid with 1/8" spacing in

regions of strong CO emission and generally 1/4° or 1/2° spacing

elsewhere. For comparison with the gamma rays, the observations were

transformed and interpolated to a (l,b) grid with 1/2° spacings.

Figure lb shows the coverage of the CO observations in the region

analysed and a map of W^Q is shown in Figure lc. For comparison

with the gamma-ray distribution this map had to be convolved with

the point-spread functions of the COS-B experiment for the selected

energy ranges (Chapter II).

Atomic hydrogen column densities Nein) were derived from the

Heiles and Habing (1974; b < -10°) and Weaver and Williams (1973;

b > -10°) 21-cm Berkeley surveys, under the assumption of a uniform

spin temperature of 125 K. As with the CO map, the resulting total

HI column-density map (Figure Id) had to be convolved with the COS-B

point-spread functions.

b. 300 MeV - 5 GeV gamma rays and the ratio N(H2)/WC0

Assuming the gamma-ray intensity I follows the relationship

I = A.N(HI) + B.WC0 + C, (1)

where N(Hl) and W Q Q refer to the convolved quantities, we then

determined which combination of the parameters A, B and C best

describes the observed gamma-ray distribution for 198° < 1 < 222°

and -25° < b < -5° in the 300 MeV - 5 GeV energy range, using the

maximum-likelihood technique described by Lebrun et al. (1983) with

1° x 1° bins. This analysis assumes that A, B, and C are indepen-

dently deterrainable. It is evident by comparing Figure 1c with Id

that the distribution of W Q Q i-s significantly different from that

of N ( H I ) , WQQ being highly structured. Although the distribution

of N(Hl) is relatively smooth, it is not at all uniform. These spa-

tial differences between the three components (W^Q. N(HI) and the

isotropic background) thus enable an independent determination of

the parameters A, B and C when high-energy gamma-ray data are used.
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Figure 2. Confidence region of the A and B parameters deter-

mined from the likelihood fit of the gamma-ray intensities

for the ZOO MeV - 5 GeV range and the HI and CO gas tracers j

using a relation of the form I = A.N(HI) + B.WQQ
 + c

 ^
see

Section 2b). Longitude range: 198° < I < 222°. Latitude range:

-25° < b < -5°.

The maximum-likelihood estimates of the parameters are given in

Table 1. The formal Iα errors given in the table were determined

from the distributions of the ratios A (A), A. (B) , and A(c) of the

likelihood L: X (A) = (
ma
^ L)/L*, X (B) = (

max
 L)/L*, and X(c) =

B,C A,C
(max L ) / L * where L* is the likelihood maximized over all three
A,B
parameters. Knowing that -2 In X has a chi-square distribution with 1

degree of freedom (e.g. Eadie et al., 1971) the 68% confidence level

corresponds to -2 In X = 1. Figure 2 presents the confidence region

of the A and B parameters together, determined from the distribution

of the likelihood ratio X(A,B) = (
max
 L)/L*. In this case -2 lnXhas

C
a chi-square distribution with 2 degrees of freedom (the 682 confi-
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Table 1. Maximum-likelihood values fov the parameters descri-
bing the distribution of the gamma-ray intensities in the
Ori-Mon aloud complex: Iy - A.N(BI) + B.WC0 + C. The formal
1 a errors given were determined from the distributions of the
maximum-likelihood ratios. Longitude range: 198° < I < 222°.

latitude range

- 2 5 ° < b < - 5 ° - 2 5 ° < b < - 1 0 °

energy range 300 MeV - 5 GeV

A Ü 0 " 2 6 ph H atom"1 s"1 sr"1) 0.52 ± 0.13 0.53 ± 0.30

B Ü 0 " 6 ph cm"2 sr"1 K"1 km"1) 2.7 ± 1.0 3.0 ± 1.2

C CIO"5 ph cm"2 s"1 sr"1) 2.0 ± 0.4 2.0 ± 0.6

B/2A (1020 mol. cm~2 K"1 km"1 s) 2.6 ± 1.2 2.8 ± 2.0

energy range 100 MeV - 5 GeV

A (10~26 ph H atom"1 s"1 sr"1) 1.70 ± 0.25* 1.70 ± 0.25*

B (10~6 pb -..r2 sr"1 K"1 km"1) 10.1 ±1.8 9.2 ± 1.9

C (10~5 ph cm"2 s"1 sr"1) 5.1 ± 0.4 5.8 ± 0.5

B/2A (1020 mol. cm"2 K"1 km"1 s) 3.0 ± 0.7 2.7 ± 0.7

(*) For determination of this value see Section 2c.

dence level corresponds to -2 In A = 2.4). Since the axes of the

ellipses are parallel to the axes of the diagram, the derived values

of A and B are indeed independent, as argued above.

The parameter C is the isotropic background level and its value

is consistent with that determined by other analyses of the COS-B

data base (e.g. Strong et al., 1982; Bloemen et al., 1984, 1985).

The terms A.N(Hl) and B.WCQ a r e t h e gamma-ray intensities origina-

ting from cosmic-ray collisions with atomic and molecular hydrogen

respectively, under the assumption that the gamma-ray emissivity and

the ratio Nfl^/W^g» where N(H2) is the column density of H2, are

uniform over the complex. The parameter A is the gamma-ray produc-

tion rate per H «itom for the 300 MeV - 5 GeV range. The value of

A(300 MeV - 5 GeV) found here is consistent with the average local

emissivity values determined by Strong et al. (1982; O.59xlO~2^ ph

H atom"1 s"1 sr"1 with a statistical uncertainty of -10% (see
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Bloemen, Blitz, and Hermsen, 1984)) using galaxy-count data at

medium latitudes (which induce a systematic uncertainty of -15%)

and by Bloetnen et al. (1984; (0.53 ± 0.14)xl0~26 ph H atom"1 s"1

sr" 1), from the radial distribution of the gamma-ray emissivity in

the outer Galaxy. Furthermore, the A value is consistent with values

calculated theoretically for cosmic-ray-matter interactions (e.g.

Stecker,1970; Stephens and Badhwar, 1981). B is the average ratio

N(H2)/WQO multiplied by the gamma-ray production rate per H2

molecule (twice the production rate per H atom). Thus, if all the

gas is pervaded by the same cosmic-ray flux, B = 2A.N(H2)/WCO.

Using the maximum-likelihood values in Table 1, we find N ( H 2 ) / W C O

= (2.6 ± 1.2)xl020 mol. cm"2 K"1 km"1 s. Note that this ratio is not

influenced by systematic uncertainties in the gamma-ray data. In

addition, the uncertainties that may be introduced by systematic

errors in the HI data (-10%) and in the CO data itself (10% - 20%)

are small compared to the statistical uncertainties in this work.

For the derivation of the statistical uncertainty of N(H2)/W

given above, it was assumed that also the uncertainties of A and B

can be determined independently. Although this is supported by the

orientation of the confidence ellipses shown in Figure 2, a slightly

different analysis was performed which exploits better the error

estimation of the likelihood method. Namely, assuming the gamma-ray

intensity I follows the relationship^

I = A'.(N(HI) + B'.WC0) + C (2)

with B1 = 2N(H2)/WCO, the formal error of N(H2)/WC0 can be

determined from the distribution of the likelihood ratio X(B') =

(max L)/L*, which has a chi-square distribution with 1 degree of

freedom (e.g. Eadie et al., 1971). The ratio N(H2)/Wco a n d * t s l a

uncertainty were found to be identical to the value given above.

As shown in Figure lb, the CO coverage of the area used in the

fitting procedure is not complete and near the galactic plane (-10°<

b < -5°) some CO emission has probably been missed (see also Section

2d). The analysis was therefore also performed for a limited lati-

tude range (-25° < b < -10°). The fit results, included in Table 1,

are in good agreement with the findings for the full latitude range.
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c. 100 MeV - 5 GeV gamma rays and the ratio

A similar analysis was performed for the 100 MeV - 5 GeV energy

range, increasing the number of available gamma rays by nearly a

factor of three with respect to that in the analysis just given.

Since after convolution with the wider point-spread function for

this energy range (see Section 2a) the smoothed distribution of

NCR!) resembles closely the flat background over the largest part of

the map, the parameters A and C cannot be determined independently

and a multiple-linear regression analysis is no longer applicable.

Instead of treating the parameter A as free, we used the average

local emissivity, as determined from the analyses of Strong et al.

(1982) and Bloemen et al. (1984). From both analyses a consistent

value of A(100 MeV - 5 GeV) = (1.7 ± 0.25)xl0~26 ph H atom"1 s"1

sr~l was found. This approach is justified since the gamma-ray

emissivity found toward Orion by Caraveo et al. (1980) for the

70 MeV - 5 GeV energy range (using galaxy counts to trace the gas)

and the value derived above for the 300 MeV - 5 GeV range are

consistent with the average local values.

The maximum-likelihood estimates of B and C are given in Table

1. The value of C obtained is in agreement with previous estimates

of the instrumental background level in this energy range. The ratio

N(H2)/WC0 = B/2A was found to be (3.0 ± 0.7)xl020 mol. cm~2 K"1

km"1 s, in good agreement with that found in Section 2b. The

uncertainty was determined from the uncertainties of A and B given

in Table 1.

Again, the analysis was repeated for the latitude range -25°< b

< -10°. The results, included in Table 1, are in good agreement with

those for -25 ° < b < -5 °.

d. Goodness of fit

Because of the better counting statistics, we will consider the

correlation between the gas and the gamma ray in detail only for

the 100 MeV - 5 GeV range. Using a constant N(H2)/WC0 of 3xl020
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I 7 (expected) (10s ph cm2 s"1 sf1)

Figuee 3. Comparison in 3° x 3° bins of the observed gamma-ray

intensities and those expected from eosmie-ray-gas interactions

for the 100 MeV - 5 GeV range (198° < I < 222°; -25° < b < -7°.

The corresponding (ltb) positions of the datapoints are indica-

ted by the numbers. The isotropic background level, mainly

instrumental3 determined from the fitting procedure described

in Section 2c3 is subtracted from the observed intensities.

The statistical error bars given are characteristic for most

points.

mol. cm~2 K~* km~l s, as just estimated from the 100 MeV - 5 GeV

gamma rays in Section 2c, Figure le shows the distribution of the

total gas column density as derived from the distributions of HI and

CO. Comparison with Figure la shows that the total gas distribution

agrees well with the gamma-ray distribution when the lower angular

resolution of the COS-B map is taken into account. Figure 3 is a

comparison in 3° x 3° bins of the observed gamma-ray intensities and

those predicted by equation 1 and the parameters estimated in
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Section 2c. It is evident that no significant deviations from the

correlation are present. The average number of gamma-ray counts per

bin is ~20, which allows the use of the chi-square test as an

indicator of the goodness of the fit. A reduced X ̂  of 0.93 (for 46

degrees of freedom) was found, indicating a satisfactorily good fit.

In Figure 3, the presentation of the gamma-ray data in 3° x 3°

bins might have smoothed out small-scale gamma-ray emission in

excess of that expected under the assumption of a constant gamma-ray

production rate and a constant N(H2)/WQO for the entire cloud

complex. The gamma-ray distribution was therefore searched for such

hot spots in addition to the estimate from cosmic-ray-gas inter-

actions, using the likelihood ratio test (e.g. Cash, 1979; Pollock

et al., 1985). No excesses more than 2a above the expected diffuse

radiation were found. Figure If presents a map of the differences

between the observed and expected intensity distributions. The

number of counts attributed to the excesses by the likelihood ratio

test are indicated. It was verified that none of the gararaa-ray

deficiencies are significant discrepancies from the gas estimate.

All of the weak apparent excesses in Figure If are located at

the edge of the CO coverage so that they might be due to poor or no

coverage of the CO observations (compare with Figure lb). Namely,

the excesses centred at (1 S215°, b s-5.5°) and (l 208.50, bs-21°)

are coincident with substantial CO emission recently observed with

the Columbia telescope (Maddalena and Thaddeus, 1985), but not

included in the analysis here. Furthermore,the excesses at 1 = 218°

and -17° < b < -12° are near the declination limit of the Columbia

telescope.

3. DISCUSSION

The correlation demonstrated here between the gamma-ray

emission and the gas in the Ori-Mon complex seems to verify the

assumption that CO provides a good description of the molecular

component, despite its fairly high optical depth in many clouds.
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This is not surprising since it can be seen from the CO and

detections of Kutner et al. (1977) that the ratio of the antenna

temperatures of CO and the less saturated l^co is fairly constant

over the complex, TA(CO)/TA(
13CO) s 4.

The results obtained in Section 2 are consistent with the ratio

N(H2)/W(;Q determined by Lebrun et al. (1983) from a similar

analysis of nearly all the first galactic quadrant: (1 - 3)xlO2^

mol. cm"2 R~1 km~l s (*). The upper limit resulted from the actual

comparison of the measured gamma-ray intensities and the HI and CO

observations. The lower limit of Lebrun et al. was derived using an

estimate of the upper limit to the contribution from point-like

garama-ray sources. For the local Orion region, the close correlation

between the gamma-ray emission and the gas tracers indicates that

the contribution from weak unresolved gamma-ray point sources is

probably negligible in Orion.

Our N(H2)/W(;O may be compared to other determinations for

local clouds, derived from star counts and IR spectrophotometry. For

the local dark clouds, observed in CO by Dickman (1978), a value of

N(H2)/Wco S 2 X 1 0 2 0 mol. cm"2 £-1 km"* s is obtained for visual

extinctions Av < 4 mag. As noted by Liszt (1982) for A v > 4 mag,

where only lower limits of the extinction are available, a somewhat

larger N(H2)/WQQ value is suggested by Dickman's data, while for

A v < 2 mag the ratio seems to be lower. For the p Ophiuchus cloud,

Frerking, Langer, and Wilson (1982) showed that N(H2)/WCQ = 1.8xlO
20

mol. cm"2 K~* km"* s in the range 4 mag < Av < 12 mag. For the

extended local complex of diffuse clouds (A < 1.5 mag) in Ophiuchus

and Sagittarius, Lebrun and Huang (1984) found N(H2)/WC0
 = (1-1 *

O.5)xlO2O mol. cm"2 K~* km~l s. For the inner Galaxy, Sanders,

Solomon and Scoville (1983) favour a ratio of N(H2)/WC0 = (3.9 ±

l)xl020 m o i , cm-2 K-l kjn-1 s.

The estimates listed above indicate a tendency for N(H2)/WQQ

to increase with increasing interstellar absorption. As mentioned by

(*) A recent analysis, covering more than half of the Milky Way,

gives the same result (Bloemen et al., 1985).
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Lebrun and Huang (1984) this might be ascribed to CO optical-depth

effects, which implies an increase of N(H2)/Wco with increasing

N(H2). In this context the local values given above are consistent

with the independent determinations from the present gamma-ray

analysis of the giant molecular clouds in Orion and Monoceros and

from the analysis of the first galactic quadrant.
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CHAPTER V

THE RADIAL DISTRIBUTION OF GALACTIC GAMMA RAYS

I. EMISSIVITY AND EXTENT IN THE OUT. GALAXY

ABSTRACT

A method is presented by which the radial distribution of

galactic high-energy gamma rays (70 MeV - 5 GeV) can be determined.

It is shown that the gamma-ray intensity for R > Ro depends on N(HI)

alone to within the uncertainties of the method. The kinematics of

the HI are used to show that galactic gamma rays, and consequently

cosmic-ray particles, are present in significant quantities to

galacto-centric distances of approximately 17 kpc. The gamma-ray

emissivity (70 MeV - 5 GeV) at R > Ro is found to be (2.12 ± 0.07)x

10~26 ph H atom"1 s-i sr"1, within 15% of the local value, and the

gamma-ray luminosity (>100 MeV) of the Milky Way is (1.3 - 2.5)x

1042 ph s"1 ((1.0 - 2.0)xl039 erg s"1). The H2 mass at R > Ro is

found to be <3xlO8 MQ.

1. INTRODUCTION

The diffuse component of galactic high-energy gamma rays (> 50

MeV) has long been thought to be mainly the result of interactions

between cosmic rays and the nuclei of interstellar gas (e.g. Fazio,

1967; Stecker, 1971). Using the COS-B data, Lebrun et al. (1982) and

Strong et al. (1982) have shown that locally (< 1 kpc), at medium

latitudes, the gamma-ray intensity is correlated with the total gas

column density along the same line of sight. If this correlation

holds for the Galaxy as a whole, it is possible to use the kine-
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matics of the gas coupled with the rotation curve as a tracer for

the locations of gamma-ray production. This information can then be

used to determine i:he radial distribution of the diffuse gamma rays.

In this paper, we show that beyond the solar circle, the gamma-

ray intensity is proportional to the HI column density alone within

the uncertainties, and that the emissivity in the 70 MeV - 5 GeV

energy range is only about 15% lower than the local value. We then

examine the radial distribution of the HI with which the gamma rays

are correlated, and show that a significant fraction of the gamma-

ray emission originates at large galacto-centric distances, which

implies that cosmic rays must be abundant in the outer Galaxy. The

results are shown to warrant a more detailed analysis which will be

the subject of a forthcoming paper.

2. THE COHTRIBUTION OF H 2 AT R> l^
i
i

Using galaxy counts and COS-B gamma-ray data in the latitude

range 10° < ]b| < 20", Lebrun et al. (1982) and Strong et al. (1982)

have shown that the gamma-ray intensity is well correlated with the

total column density of hydrogen nuclei (N(Hl) + 2PKH2)) in the |

solar vicinity. The derived local gamma-ray emissivity in the energy

range 70 MeV - 5 GeV is q A v = 2.5xl0"26 ph H atom"1 s~l sr"1 with

an uncertainty (which is mainly systematic) of about 25% (Strong et

al., 1982). Since I = (q A TT) (N(HI) + 2N(H2)) + Ib, where I is the

observed COS-B gamma-ray intensity and I^ is the underlying iso-

tropic background level, it is in principle possible to determine qY

in regions within 10° of the galactic plane from 21-cm and CO obser-

vations. There is, however, no complete CO survey of the galactic

plane and in any event, the derived H2 column densities are general-

ly thought to be uncertain by about a factor of three.

Beyond the solar circle, however, the H 2 mass appears to be

small compared to the HI mass. Estimates of the H 2 mass at R > Ro

have been given by Kutner and Mead (1981) to be 3x10** Mo (with a

possible upward correction of about a factor of two for scale-height
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effects). Solomon, Stark and Sanders (1983) have argued that the

number of clouds between R = 11 kpc and R = 15 kpc is 12% of the

number of clouds between R = 3 kpc and R = 9 kpc, with very few

clouds beyond R = 15 kpc. Using Sanders' (1982) estimate of H2 mass

of 2.7x10^ Mo between R = 2 kpc and R = 10 kpc, one derives an

approximate H2 mass of 3xlO8 M 0 at R > R̂ ,. For the HI, Henderson,

Jackson and Kerr (1982) derive a total HI mass for the Milky Way of

4.8x10^ M Q , of which 80^ lies beyond R = Ro. Thus for a typical line

of sight in the second and third galactic quadrants, one expects

N(H2)/N(HI) S 0.08 - 0.15. On average, it is therefore expected that

it is possible to ignore the molecular gas in obtaining gamma-ray

emissivities with uncertainties due to the H2 contribution of M 0 % .

However, because of the large uncertainties in the CO/H2 conversion,

and the disagreements among CO observers regarding the outer-Galaxy

results, we have made an independent check of the hypothesis that

the H2 can be ignored.

If the H2 contributes significantly to the gamma-ray emissivi-

ty, there should be a measurable difference between the locally

determined emissivity (which includes the H2 contribution) and the

value found in the second and third quadrants determined from the

21-cm observations alone. Furthermore, the CO scale height is

significantly smaller than the HI scale height outside the solar

circle (Fich and Blitz, 1983; Kulkarni, Blitz and Heiles, 1982). The

gamma-ray emissivity at R > Ro should therefore show a latitude

dependence, if the H2 contribution is significant, and if the HI

alone is used to determine the gamma-ray emissivity.

To determine the gamma-ray emissivity at R > RQ, we used the

COS-B data in the longitude range covered by the Weaver and Williams

(1973) HI survey in the second and third quadrants. Gamma-ray

intensity maps were derived from the COS-B data base described by

Mayer-Hasselwander et al. (1982), supplemented by later observa-

tions (Chapter II). The decrease in instrument sensitivity as a

function of its lifetime in orbit was taken into account by compari-

son of measured intensities from many selected regions along the

galactic plane which were viewed at different epochs (Chapter II).
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Figure 1. Comparison of gamma-pay intensities and HI column

densities in the second and thivd galactic quadrants for two

energy ranges. Plots a and b show I versus N(HI) in 4° x 2°

(I x b) bins. Plots c and d show A Γ versus LN(SI) (for defini-

tion of AJ and hN(HI)j see text) in the same bin sizes. The

statistical error bars given are characteristic for most

points. The solid lines indicate the least-squares fits to the

data points and their slopes correspond to the gamma-ray

emissivities in Table 1.
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An E~z input spectrum, as derived for the diffuse emission in the

solar neighbourhood (e.g. Lebrun et al., 1982), was assumed when

taking into account the energy dependence of the instrument response

for the determination of the gamma-ray intensities. The correction

for the isotropic background emission (mainly instrumental) was left

as a free parameter. Those regions where contamination from seven

known pointlike gamma-ray sources (Swanenburg et al., 1981) and

known concentrations of molecules between l= 107° and l= 113° might

affect the analysis were excluded. We analysed the remaining data in

the longitude range 1 = 95° - 245° and the latitude range I bj < 10°.

The HI survey data were corrected to obtain the brightness

temperature TD (Williams, 1973), and an optical-depth correction

was made assuming that the spin temperature is everywhere 125 K. The

resulting data were convolved with the COS-B point-spread function

(Chapter II), and the HI survey of Heiles and Habing (1974) was used

to obtain the contribution to the convolved maps from |b| > 10". The

HI data were binned in 4° x 2° (1 x b) bins and compared to the

COS-B data along the same lines of sight.

The data were analysed by comparing I and N(Hl) bin by bin in

the energy ranges 70 MeV - 5 GeV and 150 MeV - 5 GeV. The results

are presented in Figures la and lb. A good correlation is evident in

the figures. The slope of the least-squares fit defines q /4TT in

both energy ranges, the values of which are given in Table 1. The

offset of the fit defines the isotropic background emission in both

energy ranges. The background levels resulting f'-om the present

analysis are consistent with the values determined by Strong et al.

(1982) (using the same COS-B data base).

Since the background level entered the analysis as a free

parameter, one would like to verify that the derived emissivities

are independent of the resulting background. This may be done by

subtracting the data at negative latitudes from those at equivalent

positive latitudes to provide a comparison between Al and AN(HI),

where A is the excess emission at positive latitudes. This analysis

is made possible because of the large-scale warp of the hydrogen

layer and has the additional advantage (discussed in Section 3) that
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the gas contributing to A N ( H I ) is, on average, at a larger distance

than that contributing to SCHI). Using AI and AN(Hl) therefore

provides a measure of q at relatively larger galacto-centric

distances. Plots of a bin by bin comparison of AI and AN(Hl) are

given in Figures lc and Id. The resulting values for a are also

given in Table 1. Figure 2 presents the two-dimensional maps of

Al and A N ( H I ) , showing the good detailed correlation between these

quantities.

The values in Table 1 show that the emissivities determined

from N ( H I ) and A N ( H I ) are in good agreement in both energy ranges.

Therefore the background level determined from the analysis of N(HI)

is reliable. Because Strong et al. (1982) and the present analysis

treat the COS-B data in the same way, and because the background

levels are found to be consistent in both analyses, a direct com-

parison of our results can be made to the local emissivity values.

In the systematic uncertainties (~25%) mentioned by Strong et al.

in determining the local values, about 15% were due to uncertainties

in the derived background levels. The gamma-ray emissivity in

the 150 MeV - 5 GeV range is equal to the local value of l.lxlO"26

Table 1. Gamna-vay emissivity in the second and third galactic

quadrants and \h\ <10°i as determined fvom the comparison of I

with N(HI)j and from the comparison of AI with AN (El). The

local gamma-ray emissivities are those given by Strong et al.

(1982).

from I vs .

from Al vs

local

N(HI)

. AN(HI)

q A"
150 MeV

1

1.

1

.06 ±

.01 ±

.12

• (10-26

- 5 GeV

0.05

0.11

(*)

ph H atom"1

70

2.

2 .

2 .

s-1

MeV

12 ±

11 ±

52

sr-1)

- 5 GeV

0.07

0.19

(*)

(*) Strong et al. (1982) mention that these values have systematic

uncertainties of about 25% (for comparison with our outer-Galaxy

emissivities, see text).
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ph H atom"-*- s * sr~l given by Strong et al. In the energy range of

70 MeV - 5 GeV the emissivity is -15% lower than the local value

of. 2.5xl0~26 ph jj atom"! s~^ sr~l. Because of remaining uncertain-

ties of -10% in determining the local value, it is unclear whether

the decrease in the 70 MeV - 5 GeV emissivity is significant. If it

is significant, the decrease is mainly due to a lowered (by -30%)

emissivity in the 70 MeV - 150 MeV energy range. A detailed analysis

of this point will be the subject of the second paper of this

series. In any event, the values in Table 1 show that the eraissivi-

ties determined from the HI data are equal to or less than the local

values, thus justifying the assumption that, on average, the contri-

bution from Ü2 c a n b e ignored in the outer Galaxy. On the other

hand, a large gamma-ray emissivity gradient would mask a dependence

on H2, but this can be checked by an analysis of the latitude

dependence of the emissivity.

To determine the latitude dependence, the data were analysed as

above for each latitude and the results are plotted in Figure 3. As

before, the results are plotted separately for I and AI as well as

for the two energy ranges we have analysed. Figure 3 shows that

there is no significant increase in the gamma-ray emissivity at low

latitudes. We therefore conclude that to within 7% (2a; Figure 3a),

molecular hydrogen can be ignored as a source of gamma rays in the

outer Galaxy. Thus, on average, the gamma-ray intensities in the

outer Galaxy are shown to be dependent on Nein) only. Since most of

the H2 in the outer Galaxy at R > 11 kpc is within ±4° of the plane

(see the catalogue of Blitz, Fich and Stark, 1982), and q does not

change at higher latitudes, the H2 mass at R > R0 cannot be more

than ~3xlO8 Mo.

In principle, the emissivities given in Table 1 should be cor-

rected for a contribution from inver:e-Compton gamma rays and the

small contribution from H2. Kniffen and Fichtel (1981) and Sacher

and Schönfelder (1983) have shown that although the inverse-Compton

effect may be significant in the inner Galaxy, it is small (<10%)

for R > Ro compared to the contribution from the cosmic-ray-matter

interactions (*). For the contribution of gamma rays originating
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Figure 3. Gamma-vay emissivities e = q /4v as a function of

galactic latitude in the second and third galactic quadrants

for the two energy ranges. Plots a and b show the results

obtained by a comparison of I and N(HI). Plots c and d present

the results from the comparison of b>1 and LN(HI). The dashed

lines indicate the gamma-ray emissivities for the total lati-

tude range ( \b\ < 10°) given in Table 1.

from H2, a limit of 7% has been given above for the outer Galaxy.

Inclusion of these effects will negligibly change the tabulated

emissivities because the low-energy photon field and the H2 gas

would have to be spatially well correlated with the HI. Since the

correlations are probably fairly poor, we expect that the lower

bound of the values given in Table 1 will only be lowered by a few

percent.

(*) A recent more detailed analysis (Bloemen, 1985) indicates that

the inverse-Compton contribution to the gamma-ray emission does in

general not exceed the 5% level over the entire galactic plane.
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3. THE RADIAL DISTRIBUTION

The good correlation between the gamma-ray intensities and the

HI column densities in the outer Galaxy, with the average q along

the line of sight close to the local value, indicates that the

gamma-ray distribution must be strongly coupled to the HI distribu-

tion (at least for gamma rays in the 150 MeV - 5 GeV range). The

velocity information available from the 21-cm line can therefore be

used to determine the radial HI distribution, which, because of the

near constancy of q will be very similar to the radial gamma-ray

distribution. We used the rotation curve of the outer Galaxy of

Blitz, Fich, and Stark (1980) as modified by Kulkarii, Blitz, and

Heiles (1982) to determine distances beyond the solar circle.

To establish the radial distribution of the HI, we asked within

what distance does 25Z, 50Z, and 75% of the HI emission lie, and

produced maps of these distances for both N ( H I ) and AN(HI). These

maps are presented as Figures 4 and 5. The longitude range 165° -

195° was excluded because one cannot obtain reliable kinematic

distances.

A number of conclusions may be drawn from these maps regarding

the HI distribution and consequently the gamma-ray distribution.

(1) The maps show that the distances are strongly latitude dependent

which implies that emission near the plane tends to sample gas and

gamma rays at larger distances than does the higher-latitude emis-

sion, a result which has long been known. (2) AN(HI) samples gas and

gamma rays at larger distances than N(HI) at a given (l,b). The

reason is that the maps of A N ( H I ) subtract the component of the

relatively local distribution that is symmetric with respect to the

galactic plane. The warp in the HI plane becomes more pronounced at

larger galacto-centric distances (see e.g. Kulkarni, Blitz, and

Heiles, 1982); thus the asymmetric emission component at large

distances is preferentially mapped by AN(Hl). (3) About 1/4 of the

HI and gamma-ray emission is found to be emitted from regions

between R = 14 kpc and R = 17 kpc near the galactic plane. The

diffuse component of the galactic high-energy gamma-ray emission

133



0°-

1 I—I 1 1 I 1 1 I I 1 L- I I I I I I I I I I i I _]—1—I—1—I— I I . | . I I I I . . . . I

10'

O o

~^M^
r^ \5

250° 240° 230° 220° 210° 200° 190° 180° 170° 160° 150° 140° 130° 120° 110° 100°
GALACTIC LONGITUDE

<£-

T T T T -T I I I I1 ' ' ' I ' ' ' '
250° 240° 230° 220° 210° 200° 19C° 1B0° 170° 160° 150° 140° 130

I ' ' ' ' I ' ' '
250° 240° 230° 220 210° 200° 190° 180° 170° 160° 150 140 130" 120" 110" 100

1 „ 1 _ _ 1 _ 1 _ L i . 1 - l - l l l I I I I I - 1 1 - 1 -

90"

Figure 5. Two-dimensional maps of the galacto-centvic distances within which 25%3 50% and 75% respec-

tively of the differential El column density &N(HI) is located. The distances are only indicated for

those positions where the difference kN(HI) is larger than 15% of the total HI column density. For

those positions where the differences are negative3 the distances are indicated at the equivalent

negative latitudes. Contour values: (11, 12S 13t ...) kpc.



therefore extends to very large galacto-centric distances. Since

q is nearly constant and nearly equal to the local value, the

cosmic-ray density must be large and nearly equal to the local value

at distances as large as 14 - 17 kpc from the galactic centre. In a

recent study Schlosser and Feitzinger (1982) claim incorrectly that

the major part of the gamma-ray emission in the second and third

quadrants is produced in the local spiral arm (for remarks on their

analysis see Bloemen, Blitz, and Hermsen, 1983). (4) The maps show a

longitude dependence of the distance from which a given percentage

of the emission originates in the sense that larger distances tend

to occur at larger longitudes. This effect is caused by the spiral

structure of the outer Milky Way which is best seen in the HI

surface-density plots of Kulkarni, Blitz, and Heiles (1982).

With regard to point (3) above, it is necessary to keep in mind

that the remaining uncertainties of -10% in the local emissivities

of Strong et al. (1982) lead to uncertainties in the ratio of outer-

Galaxy-to-local emissivities of ~10%. These ratios are 0.95 ±0.10

for the 150 MeV - 5 GeV range and 0.84 ± 0.09 for the 70 MeV - 5 GeV

range. In the most extreme case, one finds an average emissivity in

the outer Galaxy which is 75% of the local value. We cannot exclude

this possibility with the present analysis; such a lowered emissivi-

ty would imply that the distances within which 25%, 50%, and 75% of

the gamma-ray production is located are somewhat overestimated in

the galactic plane. However, we point out that the close correlation

between the gamma-ray intensities and HI column densities shown in

Figures 1 and 2 requires that any emissivity decrease be monotonic

and smooth, as opposed to abruptly cutting off at some distance R.

This can only be true if the production rate of gamma-rays is still

substantial at large R, validating the conclusion that the produc-

tion of gamma rays is significant at distances of 14 - 17 kpc from

the galactic centre.
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4. THE GAMMA-RAY LUMINOSITY OF THE MILKY WAY

The diffuse component of the galactic gamma-ray luminosity can

be determined from mass estimates of the gas content of the Galaxy

and the gamma-ray emissivity. Since a small decrease of the gamma-

ray emissivity (70 MeV - 5 GeV) seems to be present in the outer

Galaxy, the luminosity has been determined separately for R < Ro

(using the local emissivities, see Table 1) and for R > Ro (using

the emissivities determined in this paper) (*).

Henderson, Jackson and Kerr (1982) derived a total HI mass of

the Galaxy of 4.8x10^ M0 of which about 80% is situated beyond the

solar circle. Using a conversion factor N(^CO)/N(H2) = 1x10"^,

Sanders (1981) derived a total H 2 mass for R < 2 kpc of 5x10
8 Mo and

for 2 kpc < R < R0 of 2.7xl0
9 Mg. The H2 mass for R > R0 is derived

by Kutner and Mead (1981) and can also be estimated from the results

of Solomon, Stark, and Sanders (1983) (see Section 2 ) . In both cases

a value of -3x10^ Mo is obtained. Dickman (1978), however, propo-

ses an N ( 1 3 C O ) / N ( H 2 ) conversion factor which is about 2.5 times

larger, thus reducing the total H2 mass of the Milky Way by about a

factor of 2.5.

Using the uncertainties in the H2 mass mentioned above, a 10%

uncertainty on the HI mass, and the uncertainties in the gamma-ray

emissivities given in Table 1, the gamma-ray luminosity of the Milky

Way was determined to be (1.8 - 3.2)xlO^2 ph s~* for the energy

range 70 MeV - 5 GeV and (0.9 - 1.5)xlO42 ph s"1 for the 150 MeV -

5 GeV range, of which '*>50% originates outside the solar circle. An

interpolation of the emissivities in the two energy ranges investi-

gated, yields a galactic luminosity of (1.3 - 2.5)xlO^2 ph s~l in

the 100 MeV - 5 GeV range, corresponding to (1.0 - 2.0)xl039 erg s"1

if an E~l • ̂ power-law spectrum is assumed (**). These values are

(*) In Chapter VII it is shown that the gamma-ray emissivity in-

side the solar circle is larger than the local value, which implies

in principle a larger gamma-ray luminosity of the Galaxy than calcu-

lated here. However, it was found that the increase is only ~10%.
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somewhat higher than the value (1.2 - 1.5)xlO^2 ph(>100 MeV) s"1

derived by Caraveo and Paul (1979) and 2x10^2 ph( > 70 MeV) s"1

derived by Mayer-Hasselwander et al. (1982) from unfoldings of the

SAS-2 and COS-B gamma-ray distributions, respectively.

5. CONCLUSIOHS

For R > R O :

1. The gamma-ray intensity is proportional to N(Hl) only and

can be ignored to within the uncertainties of our analysis.

2. The gamma-ray emissivity is independent of latitude to within

7% which implies an upper limit of 3x10° Mo to the mass of H2

beyond the solar circle.

3. The gamma-ray emissivity in the energy range 70 MeV - 5 GeV is

found to be only about 15% lower than the local value. If this

result is statistically significant, it appears to be due to a

gradient in the 70 MeV - 150 MeV range (-30%).

4. About 25% of the gamma-ray intensity originates from distances

14 kpc < R < 17 kpc.

5. The density of cosmic rays is large and nearly equal to the

local value at distances up to about 17 kpc from the galactic

centre. If the 30% decrease in the etnissivity of the low-energy

gamma rays is significant, then a gradient in the cosmic-ray

electron density is required

The gamma-ray luminosity of the Milky Way is (1.3 - 2.5)xlO^2 ph s~*

at energies above 100 MeV.

(**) In the published version of this chapter (Bloemen, Blitz, and

Herrasen, 1984), an incorrect value of (1.6 - 3.2)xlO^9 erg s~l is

given.
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CHAPTER VI

TBE RADIAL DISTRIBUTION OF GALACTIC GAMMA RAYS

II. THE DISTRIBUTION OF COSMIC-RAY ELECTRONS

AND NUCLEI IN THE OUTER GALAXY

ABSTRACT

The radial distribution of the high-energy (70 MeV - 5 GeV)

gamma-ray emissivity in the outer Milky Way is derived. The kine-

matics of HI are used to construct column-density maps in various

galacto-centric distance ranges in the outer Galaxy. These maps are

used in combination with COS-B gamma-ray data to determine gamma-ray

emissivities in these distance ranges. A steep negative gradient of

the emissivity for the 70 MeV - 150 MeV energy range is found in the

outer Galaxy. The emissivity for the 300 MeV - 5 GeV range is found

to be approximately constant (within ^20?) and equal to the local

value out to large (^20kpc) galacto-centric distances. These results

imply a hardening of the gamma-ray spectrum with increasing dis-

tance. For R <: 16 kpc the spectrum is shown to be significantly

different from the local gamma-ray spectrum and consistent with a

Tr°-decay spectrum having the intensity expected from the local

measurement of the cosmic-ray nuclei spectrum. Results obtained from

a similar analysis of the SAS-2 data are in agreement with the COS-B

findings. The energy-dependent decrease is interpreted as a steep

gradient in the cosmic-ray electron density (consistent with low-

frequency radio continuum observations) and a near constancy of the

nuclear component. The galactic origin of electrons with energies up

to several hundreds of MeV is confirmed, while for cosmic-ray nuclei

with energies of a few GeV either confinement in a large halo or an

extragalactic origin is suggested by the data.
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1- INTRODUCTION

The diffuse component of galactic high-energy (>50 MeV) gamma

rays has long been interpreted to be mainly the result of the inter-

action of cosmic-ray electrons (via bremsstrahlung) and cosmic-ray

nuclei (via 7r° decay) with the interstellar gas (e.g. Stecker,

1971). To date these two contributions have not been separated

observationally despite their different spectral shapes. Lebrun et

al. (1982) and Strong et al. (1982) using COS-B data, and Strong and

Wolfendale (1981), Thompson and Fichtel (1982), and Lebrun and Paul

(1983) using SAS-2 data, have shown that locally (si kpc) a good

correlation exists between the gamma-ray intensity and the total gas

column density at medium latitudes. Various authors have shown that

in the galactic plane the major part of the gamma-ray emission can

be explained by cosmic-ray interactions with the gas as traced by HI

and CO observations (e.g. Arnaud et al., 1982; Lebrun et al.,1983).

For the outer Galaxy, Bloemen, Blitz and Herrasen (1984; Paper

I) analysing COS-B data, have shown that the gamma-ray intensity

(150 MeV - 5 GeV, 70 MeV - 5 GeV) is proportional to the HI column

density alone (i.e. H2 can be neglected) within the uncertainties of

the analysis. From the radial distribution of the HI, with which the

gamma rays are correlated, they conclude that a significant fraction

of the galactic gamma-ray emission originates at large galacto-

centric distances and that -50% of the total gamma-ray luminosity

of the Galaxy is produced beyond the solar circle.

The gamma-ray emissivity for the 70 MeV - 5 GeV energy range

derived in Paper I is -15% lower than the local value determined

by Strong et al. (1982). This decrease, if statistically signifi-

cant, is mainly due to a reduced emissivity (-30%) of the low-

energy (70 MeV - 150 MeV) component. Both, from the SAS-2 data

(Dodds, Strong, and Wolfendale, 1975; Issa et al., 1980, 1981;

Wolfendale, 1981) and from the COS-B data (Mayer-Hasselwander et

al., 1982), previous indications were found for a lower gamma-ray

emissivity in the outer Galaxy compared to the local value.

In this paper the relatively good counting statistics of the
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COS-B experiment are exploited to determine the gamma-ray emissivi-

ties for the second and third galactic quadrants in various galacto-

centric distance ranges and three energy intervals. A similar

analysis is performed on the SAS-2 data. Using the COS-B data, the

gamma-ray emissivity spectrum is derived for three distance ranges

and is discussed in terms of the contribution from bremsstrahlung

and IT ° decay and of the distribution of cosmic rays. Finally, the

observed low-frequency synchrotron emission is compared with the

prediction based on the derived radial distribution of cosmic-ray

electrons. Some implications for the origin of cosmic-ray nuclei are

discussed.

2. GAMMA-RAY EMISSIVITIES IN THE OUTER GALAXY

Since the molecular hydrogen can be neglected for R > R0 (in

this paper we take Ro = 10 kpc) the 21-cm line surveys alone,

together with the gamma-ray surveys, can be used to determine gamma-

ray emissivities in the outer Galaxy. Regions with known concentra-

tions of molecular gas were excluded.

a. The average emissivities

The gamma-ray emissivities averaged over the total line of

sight in the second and third galactic quadrants can be determined

by a comparison of the total HI column densities with the gamma-ray

intensities I . This analysis was performed in Paper I for the

energy ranges 70 MeV - 5 GeV and 150 MeV - 5 GeV and has been

repeated here for three independent energy intervals (70 MeV - 150

MeV, 150 MeV - 300 MeV, and 300 MeV - 5 GeV) to investigate the

energy dependence of the decrease of the gamma-ray emissivity

compared to the local value.

The analysis was performed in the longitude range covered by

the HI surveys of Weaver and Williams (1973) and Heiles and Habing

(1974) in the second and third galactic quadrants. Those regions
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Figure 1. Comparison of gamma-ray intensities and HI column

densities in 4° x 4° bins in the second and third galactic

quadrants. The regions containing pointlike gamma-ray sources

and known concentrations of molecular gas are excluded (only

the shaded area shown in Figure 2c is used). Typical statisti-

cal error bars are shown. The solid lines indicate the least-

squares fits to the data points and their slopes correspond to

the gamma-ray emissivities in Table 1. The dashed lines

indicate the results for the local galactic region3 as given by

Strong et at. (1982).
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where contamination from pointlike gamma-ray sources (Swanenburg et

al., 1981) and known concentrations of molecules between 1 s 107°

and 1 = 113° might affect the analysis were excluded (a posteriori

it was verified that inclusion of these regions, except for the

regions containing the two strong gamma-ray sources in the anti

centre, would not have changed the conclusions reached in this

paper). The remaining data were analysed in the longitude range

95° < 1 < 245° and the latitude range | b| < 10°. The HI surveys were

corrected to obtain the brightness temperature T^ (Williams, 1973),

and a first-order optical-depth correction was made assuming an

uniform spin temperature of 125 K. A column-density map was con-

structed and convolved with the COS-B point-spread functions (see

Chapter II) for the energy ranges to be analysed. Gamma-ray intensi-

ty maps in the three energy ranges were derived from the COS-B data

base described by Mayer-Hasselwander et al. (1982), supplemented by

later observations (Chapter II). The derivation of the gamma-ray

intensities requires knowledge of the measured gamma-ray spectrum in

order to take into account the energy dependence of the instrument

response. An E~^ spectrum as derived for the diffuse emission in the

solar neighbourhood (e.g. Lebrun et al., 1982) was assumed. The

impact of this assumption on the results was evaluated a posteriori

and, where significant, the results have been corrected.

The observations were analysed by fitting I and N ( H I ) in 4° x

4° bins for the three energy ranges, using a relation of the form

I = (q /4ir) N ( H I ) + IK, where N(Hl) is the convolved HI column
y Y

density. The results are presented in Figure 1. The slope of the

least-squares fit defines the gamma-ray emissivity a /4ir in the

three energy ranges, the values of which are given in Table 1. The

level of the isotropic background (mainly instrumental) was left as

a free parameter to be defined by the offset of the fit, as given in

Table 1. Table 1 also includes the local emissivity values and

background levels determined by Strong et al. (1982) using COS-B

data at medium galactic latitudes. The background levels determined

from the present analysis are in good agreement with the values

determined by Strong et al. For the 150 MeV - 300 MeV and 300 MeV -
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Table 1. Average gamma-pay emisssivities q /4~n in the second

and third galactic quadrants (\b \ < 10°), as determined fpom

the comparison of I in thpee energy ranges with N(HI). I
D

peppesents the total isotropic (mainly instpumental) back-

gpound. Statistical Iα eppops are given. The local emissivities

(and corresponding Jj, values) are those given by Strong et al.

(1982).

energy range q,/'+
ir
 *b

Y

MeV 1 0 ~
2 6
 ph H atom~l s"

1
 sr'

1
 10~

5
 ph cm'

2
 s~l sr'l

4.3 ± 0.7

2.1 ± 0.3

2.0 ± 0.3

(**)

3.9

1.7

2.3

(*) These values have statistical uncertainties of about 10% (see

discussion in Bloemen, Blitz, and Herrasen, 1984).

(**) Strong et al. give residual values relative to estimated iso-

tropic backgrounds of 4.6xlO"5, 1.7x10"^, and 1.9xlO"5 in the three

energy ranges respectively.

5 GeV energy ranges q
y
 is equal to the local value within the

uncertainties. For the low-energy range (70 MeV - 150 MeV), however,

q
Y
 is ~60% of the local value. The decrease is larger than the

systematic uncertainty quoted by Strong et al. in determining the

local emissivity values. Therefore we proceded to determine the

distribution of q as a function of galacto-centric radius for the

three energy ranges.

outer

70 -

150 -

300 -

local

70 -

150 -

300 -

Galaxy

150

300

5000

150

300

5000

0.87

0.49

0.50

(*)

1.4

0.53

0.59

±

±

±

0

0

0

.07

.04

.04
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b. The radial distribution of emissivities

The velocity information available from the 21-ctn line can be

used to determine the spatial distribution of the HI for R > Ro. We

used the rotation curve of the outer Galaxy given by Blitz, Fich,

and Stark (1980) as modified by Kulkarni, Blitz, and Heiles (1982)

to determine distances beyond the solar circle. Using this distance

information, HI column densities can be determined in various

galacto-centric distance ranges and their contribution to the ob-

served gamma-ray intensities can be investigated.

To illustrate the sensitivity of the method, we determined

first the average gamma-ray emissivites in only two distance inter-

vals, namely: 10 kpc < R < 15 kpc and R > 15 kpc. The analysis was

performed over the same region of the second and third galactic

quadrants and on the same HI and gamma-ray data as described in

Section 2a. HI column-density maps have been constructed for the gas

in the two distance intervals (see Figures 2a,b) and have been

convolved with the COS-B point-spread functions as in Section 2a.

The distributions of N ( H I ) in both distance ranges are quite

different. On a large scale this is due to the warp of the hydrogen

layer, which is more pronounced for R > 15 kpc (see e.g. Henderson,

Jackson, and Kerr, 1982; Kulkarni, Blitz, and Heiles, 1982). Al-

though the scale height of the HI layer increases for increasing

galacto-centric distances, the distribution of the HI column densi-

ties outside 15 kpc shows a relatively narrow latitude extent com-

pared to the wider distribution of the column densities inside 15

kpc. On smaller scales, the dumpiness of the atomic hydrogen

distribution produces distinct differences between the distributions

of N(HI) in the two distance ranges. These differences in the

projected distributions allow the following two-dimensional correla-

tion analysis. Figure 2c presents the area which remains after the

exclusion of the regions containing the pointlike gamma-ray sources

and well known concentrations of molecular gas. For this remaining

region we show in Figure 3 pictorially that the structures in the

distribution of N(HI) for the two distance ranges are significantly
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N|HI)>l5(1021H atom cm'2 '

Figure 3. Comparison of HI aolurm densities for R < 15 kpo and

R > 15 kpo in 1° x 1° bins in the second and third galactic

quadrants. The regions containing pointlike gamma-ray sources

and known concentrations of molecular gas are excluded (only

the shaded area shown in Figure 2c is used).

different. Presented are comparisons between column densities of HI

inside 15 kpc and outside 15 kpc in 1° x 1° bins. It is clear from

this scatter diagram that the quantifies exhibit a large degree of

independence.

We investigated which combination of gamma-ray emissivities

inside 15 kpc (<1Y,<15) and outside 15 kpc (qy,>i5^ best describes

the observed gamma-ray distribution, using a relation of the form:
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where N(Hl)<j5 and N(Hl)>^5 are the convolved HI column densities.

Ij, represents the total isotropic background. A maximum-likelihood

method, similar to that used by Lebrun et al. (1982), was applied on

1° x 1° bins to determine qY <\^, q Y >i<j, and If, for each energy

range. Using the likelihood ratio A, defined as the ratio of the

likelihood L maximized over I], and the likelihood maximized over all

three parameters (L*), X(q Y <15, q Y s>15) = (raax L)/L*, a confi-

dence region can be assigned to q Y <^5 and q^ >15, knowing that

-2 In A ha.; a chi-square distribution with 2 degrees of freedom

(Eadie et al., 1971). Figures 4d,e,f show the confidence contours of

the eraissivities for the three energy ranges. The analysis was also

performed for two addition.il distance cuts Rc: for R < 12.5 kpc and

R > 12.5 kpc and for R < 17.5 kpc and R > 17.5 kpc. The resulting

confidence regions of the emissivities are also presented in Figure

4. The maximum-likelihood estimates of Ijj are given in each figure

and are again consistent with the values determined by Strong et

al. (1982).

As the axes of the ellipses are not parallel to the r.oordinate

axes, the derived values of q Y <£ and q^ > ^ (with Rc equals

12.5 kpc, 15 kpc, and 17.5 kpc) are not completely independent,

which is primarily due to some degree of correlation between the

maps of N(HI) < R and N ( H I ) >R . However, the confidence regions

show a clear energy-dependent difference between the values of

qY < R and q Y > R • Namely, for all three distance cuts there is

a trend indicating that qY > R is smaller than q^ <£ for the

70 MeV - 150 MeV range (with an average confidence probability of

-95%), while no significant differences are present for the two

higher-energy ranges. This allows the conclusion that the gamma-ray

emissivity for low-energy (70 MeV - 150 MeV) gamma rays shows a

stronger decrease outside the solar circle than the emissivity for

higher-energy (150 MeV - 5 GeV) gamma rays. In fact, for the 300 MeV

- 5 GeV range, the emissivity remains approximately constant out to

large (~20 kpc) galacto-centric distances.
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The 68% and 95% confidence

levels indicated, acre deter-

mined from the distribution

of the likelihood ratio (see

Section 2b). Assuming that

the quantity -2 In X has a

chi-square distribution with

2 degrees of freedom^ the

corresponding values of -2lnA

are 2.4 and 6.0 respectively.

The maximum-likehood esti-

mates of the isotropic-back-

ground parameter Ijy are given

in each figure. For each

distance interval
3
 the weigh-

ted galacto-centric distance

R
w
 (determined iteratively

from the average radial dis-

tribution of N(HI) and the

resulting emissivity distri-

bution) is indicated.
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Since the average HI column density outside 15 kpc is -30% of

the total average column density in the second and third galactic

quadrants ( [b < 10°), it is clear from these emissivities that

gamma-ray emission related to gas outside 15 kpc contributes signi-

ficantly to the observed high-energy gamma-ray intensity, as shown

in Paper I.

The various emissivity values shown in Figure 4 suggest a

smooth R dependence of the emissivity. However, because the distance

ranges overlap, the derived emissivities are not independent. To

obtain an independent set of values as a function of R, we deter-

mined q in three distinct distance intervals: R < 12.5 kpc,

12.5 kpc < R < 16 kpc, and R > 16 kpc. The distance intervals were

chosen so that comparable fractions of the total average HI column

density are contained in each interval. HI column-density maps were

constructed for these ranges and the analysis was repeated, using a

relation of the same form as equation (1), but in this case with

three HI terms. The resulting values of these 4-parameter fits are

presented in Figure 5. Formal errors (Iα) were determined from the

distribution of the maximum-likelihood ratios (Eadie et al., 1971).

The decrease in emissivity for the 70 MeV - 150 MeV energy range as

a function of galacto-centric radius and the near constancy (within

20%) for high energies (300 MeV - 5 GeV), is evident from this

figure. The local emissivities determined by Strong et al. (1982)

are included in Figure 5 for R = 10 kpc and they fit the trend

present in each energy range.

c. Complementary anlysis of the SAS-2 data

From analyses of SAS-2 data it has been claimed that for ener-

gies above 100 MeV (Dodds, Strong, and Wolfendale, 1975) and for the

35 MeV - 100 MeV energy range (issa et al., 1980), the emissivities

in the outer Galaxy are lower than the local values. However, con-

clusions on the energy dependence of the decrease of the gamma-ray

emissivity cannot be drawn from their differing analyses. In perfor-

ming their analysis for both energy ranges Wolfendale (1981) and
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Figure 5. Radial distribution of q in the outer Galaxy for

three energy ranges. Formal errors (la) are indicated. The

resulting isotropio background values ID are given in the

figures. The local emissivity values determined by Strong et

at. (1982) are indicated for R = 10 kpc. These values have

statistical uncertainties of about 10% (see discussion in

Bloemenj Blitz* and Eermsen3 1984). The dashed lines for R > 16

kpc show the values of q after correction for a IT "-decay input

spectrum (see Section 3).
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Issa et al. (1981) found, for R $ 14 kpc, 'some slight evidence1 for

a stronger decrease in the low-energy range. We therefore wish to

verify whether our analysis when applied to the SAS-2 data, also

gives an energy dependence of the emissivities. The digitized SAS-2

data base in these energy ranges (Fichtel et al., 1978) has been

analysed here for the second and third galactic quadrants in a com-

parable way to that described for the COS-B data in Section 2b.

The intensity scales of the COS-B and SAS-2 experiments were

normalized in the region 60° > l > 300° and |b | < 10°, assuming an

E~2 input spectrum as described in detail by Strong et al. (1985).

This action was taken to avoid systematic differences in the results

due to uncertainties in the absolute calibration and the differences

in the input spectra assumed to calculate the. sensitive areas. The

region containing two strong gamma-ray sources (Crab and 2CG195+04),

has been excluded from the analysis. The analysis was performed only

for the distance ranges R < 15 kpc and R •> 15 kpc.

Since the counting statistics of the SAS-2 experiment are rela-

tively poor, a 3-parameter fit (qy <i$, qy >15S and *b^ could

not satisfactorily determine I^. Therefore the isotropic background

component Ij, was fixed to the value determined by comparing the

gamma-ray intensities with total column-density estimates from

galaxy counts at medium latitudes (Thompson and Fichtel, 1982;

Lebrun and Paul, 1983), adopting the galaxy-counts calibration of

Strong and Lebrun (1982). These values are Ij, = 6xlO~5 ph cm"2 s"1

sr"1 for the 35 MeV - 100 MeV range and Ib
 s 2xlO~5 ph cm"2 s"1 sr"1

for energies above 100 MeV (see Strong et al., 1985).

Figure 6 shows the confidence contours of the emissivities for

both energy ranges. Again, the axes of the ellipses are not parallel

to the coordinate axes, indicating that qy <j5 and qy >j5 are

not completely independent. However, the confidence levels allow the

conclusion that the gamma-ray emissivity for low-energy (35 MeV -

100 MeV) gamma rays decreases significantly faster outside the solar

circle than the emissivity for the high-energy (>100 MeV) range, in

agreement with the hint for a gradient found by Issa et al. (1981)

and Wolfendale (1981) for R S 14 kpc. It was found that systematic
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uncertainties in the level of I^ up to ~25% cause comparable un-

certainties in the emissivities for R < 15 kpc, but have no signifi-

cant impact on the emissivities for R > 15 kpc. This can be under-

stood given the relatively narrow latitude extent of the HI column

densities outside 15 kpc compared to the wider distribution of the
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column densities inside 15 kpc, which more closely resembles the

flat background (see Figure 2).

The emissivity values derived from the SAS-2 data are fully

consistent with the COS-B results for the same distance intervals,

after correction for the different energy ranges selected. The low-

energy result from the SAS-2 data does not provide significantly

more information on the gamma-ray spectrum below the COS-B limit of

70 MeV, because the major part of measured gamma-ray events assigned

in the SAS-2 analysis to the 35 MeV - 100 MeV energy range is effec-

tively selected from the same true energy interval as in the case of

COS-B for the 70 MeV - 150 MeV range (compare Figure 1 of Lebrun and

Paul (1983) with Figure 2 of Lebrun et al. (1982)). Therefore in the

following sections only COS-B data are used.

d. Systematic uncertainties

The radial distribution of the gamma-ray emissivity for the

various energy ranges, determined in Section 2b and 2c, depends only

weakly on the rotation curve used. The use of a somewhat different

rotation curve would have changed basically only the absolute dis-

tance scale of the radial gas distribution and thus of the radial

distribution of the gamma-ray emissivities found. For example, the

effect of using a flat rotation curve, rather than the rising curve

we have adopted, would simply lower the distance scale in Figure 5

by about 17% at distances larger than -14 kpc. It would have

strengthened the gradient in the low-energy gamma-ray emissivity,

while the situation for high energies would have remained un-

changed. Therefore, the conclusions drawn in this paper would not

have changed.

In principle, the gamma-ray emissivities found should be cor-

rected for a contribution from inverse-Compton gamma rays and the

small contribution from cosmic-ray interactions with molecular gas.

Kniffen and Fichtel (1981) and Sacher and Schönfelder (1983) have

shown that although the inverse Compton effect may be significant in

the inner Galaxy, it is small (<10%) for R > R<, compared to the
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contribution from the cosmic-ray-matter interactions (*). For the

contribution of gamma rays originating from H2, a 3o upperlimit of

7% has been determined in paper I. Inclusion of these effects will

negligibly change the emissivities found, because the low-energy

photon field and the H2 gas would have to be spatially well correla-

ted with the HI in the various distance intervals. Since the corre-

lations are probably fairly poor, we expect that the net contribu-

tion of these effects is small and splits up over the emissivities

obtained for the various distance intervals and the derived back-

ground level. Thus the etnissivity values in Figure 5 might be too

high by a few percent. However, part of these contributions will

only have reduced the goodness of the fit, reflected by the statis-

tical uncertainties given. In summary, this means that the eraissivi-

ty gradients found for the different energy intervals are barely

affected.

If the low-energy photon field and the H2 gas are spatially

closely correlated with the HI in the various distance intervals

(although unlikely, as mentioned above), it is necessary to estimate

their radial distribution to judge their contribution in each inter-

val. From the work of Kniffen and Fichtel (1981), using far-infra-

red results of Boisse et al. (1981) and the visible-starlight model

of Bahcall and Soneira (1980), it can be seen that the density of

the low-energy photon field decreases with increasing galacto-

centric radius, such that in the plane at R = 15 kpc the density is

about 20% of the local value (**). Also the amount of H2 is most

probably extremely small at large distances (only a few percent of

the clouds listed in the catalogue of Blitz, Fich, and Stark (1982)

are located outside 15 kpc). Therefore, the major part of the small

contribution from inverse-Compton gamma rays and from cosmic-ray

(*) A recent detailed analysis (Bloemen, 1985) shows that the IC

contribution to the observed gamma-ray intensities does in general

not exceed the 5% level over the entire galactic plane.

(**) A more complete description of the interstellar radiation field

is given by Bloemen (1985).
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Figure 7. The gamma-ray emissivity spectrum for 10 kpc <R <12.5 kpa3

12.5 kpc < R < 16 kpc and R > 16 kpc determined from COS-B data. The

energy ranges in which the emissivities are derived^ are indicated

at the top of the figure. Formal errors (Iα) are given. For R > 16

kpCy the effective energies for these ranges and the instrument

response are determined using both the best power-law fit and a

•n°-decay spectrum. The solid lines indicate the power-laa fits for

R < 12.5 kpc and R > 16 kpc. The dashed curve shows the """-decay

spectrum of Stephens and Badhwar (1981) (lowered by 10% to fit

better the data points) determined from the demodulated proton spec-

trum given by Burger and Swanenburg (1971).
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interactions with molecular gas, originates at fairly close distan-

ces (R < 15 kpc). Only if the low-energy photon field and the H2 are

spatially correlated with the HI, the gamma-ray emissivities within

a few kpc outside the solar circle are overestimated in the present

analysis. In the worst case (the unlikely case of a perfect spatial

correlation), the emissivities found for R < 15 kpc should be

lowered by -20%.

3. THE GAMMA-RAY SPECTRUM AS A FUNCTION OF GALACTO-CENTRIC RADIUS

The analysis described in Section 2 permits the determination

of the spectrum of the gamma-ray emissivity in the outer Galaxy at

various distances from the galactic centre. Using the data in Figure

5, Figure 7 presents the resulting gamma-ray spectra for 10 kpc < R

< 12.5 kpc, for 12.5 kpc < R < 16 kpc, and for R > 16 kpc. There is

a significant difference between the two spectra for R < 16 kpc and

the spectrum for R > 16 kpc, indicating a clear hardening of the

gamma-ray spectrum for increasing galacto-centric distances outside

the solar circle.

The spectrum for R < 12.5 kpc can be fitted by an E " 2 * 0 5 ± 0 - 2

power law, in agreement with the local ( £l kpc) spectrum determined

by e.g. Lebrun et al. (1982) and Strong et al. (1982). This is

consistent with the assumption made in calculating the instrument

response (Section 2a). The spectrum for 12.5 kpc < R < 16 kpc is not

significantly different from the spectrum for R < 12.5 kpc.

For R > 16 kpc, it is evident from the figure that the low-

energy component is strongly reduced. Since this is inconsistent

with the assumption of an E~ 2 input spectrum made in calculating the

instrument response (Section 2a), the spectrum for R > 16 kpc shown

in Figure 7 was iteratively corrected to account for the harder

I input spectrum. The spectrum can be fitted equally well by a power-

' law spectrum with exponent 1.3 ± 0.3 as by a TT "-decay spectrum in

the energy range 70 MeV - 5 GeV. Thus Figure 7 shows that the

diffuse gamma-ray spectrum for R > 16 kpc is significantly different
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Table 2. Garma-ray emissivities for three galaoto-centric

distance ranges in the second and third galactic quadrants

\b\ < 10°), as determined from the comparison of I with N(HI)

in these distance ranges. Formal errors (Iα) are given (see

text).

distance interval q /4IT
Y

(kpc) (10~
2 6
 ph H atom"

1
 s"

1
 sr"

1
)

70 MeV-150 MeV 150 MeV-300 MeV 300 MeV-5 GeV

1 0 < R < 1 2 . 5 1.39 ± 0.25 0.56 ± 0.14 0.53 ± 0.14

1 2 . 5 < R < 1 6 1.05 ± 0.29 0.68 ± 0.15 0.40 ± 0.15

R > 1 6 0.30 ± 0.18 0.26 ± 0.11 0.59 ± 0.12

from the local gamma-ray spectrum and consistent with the ir°-decay

spectrum having the intensity expected from the demodulated local

cosmic-ray nuclei spectrum.

Table 2 lists the final gamma-ray emissivities for the three

distance intervals shown in Figures 5 and 7. An E~2 input spectrum

was used in calculating the instrument response for R < 16 kpc and a

ir°-decay spectrum for R > 16 kpc, consistent with the results ob-

tained in this section.

4. THE RADIAL DISTRIBUTION OF COSMIC-RAY ELECTRONS AND NUCLEI

Under the assumption that the interactions of cosmic—ray elec-

trons (via bremsstrahlung) and nuclei (via ir° decay) with the inter-

stellar gas are responsible for the observed gamma-ray emission (see

Section 2d), knowledge of the radial distribution of gamma-ray emis-

sivities enables the determination of the radial distribution of

cosmic rays in the Milky Way. In addition, the energy dependence can

be used to study seperateiy the distribution of cosmic-ray electrons

and protons.

The overall (power-law) shape of the local gamma-ray emissivity

spectrum indicates that the dominant contribution to the low-energy
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component is due to electron bremsstrahlung. Also Stephens and

Badhwar (1981), starting from the work of Stecker (1973), predicted

for TT° decay from the demodulated spectrum of cosmic-ray nuclei a

gamma-ray emissivity in the 70 MeV - 150 MeV range of O.44xlO~2^

ph H atom"-'- s~* sr~l, which is -30% of the emissivity estimated

from the observed local gamma rays (see e.g. Strong et al., 1982).

For the 70 MeV - 150 MeV range, about 80% of the bremsstrahlung

contribution is due to electrons with E < 300 MeV. We have shown in

Section 2 that the low-energy gamma-ray emissivity falls off rapidly

with R, which implies that there is an evident galacto-centric

gradient in the cosmic-ray electron density for electrons with

E < 300 MeV, as has been known for some years. For the 300 MeV -

5 GeV range, about 80% of the bremsstrahlung contribution is due to

electrons with E S 3 GeV. It is reasonable to suppose that a similar

decrease occurs in this higher-energy electron distribution. In

fact, the cosmic-ray lifetime falls with increasing energy. Thus the

gradient with R could even be somewhat larger for higher electron

energies. Since there is no detectable gradient for the high-energy

gamma-ray emissivity, interactions due to the nuclear component of

comsic rays must dominate the gamma-ray spectrum at these energies.

The absence of a gradient in the emissivities of the high-energy

gamma rays therefore implies that the density of cosmic-ray nuclei,

with energies of a few GeV (those responsible for the bulk of the

TT°-decay contribution in the 300 MeV - 5 GeV gamma-ray energy

range), is constant to within our uncertainties out to large

galacto-centric distances. This is supported by the close agreement

between the measured gamma-ray emissivity for all distance ranges in

the 300 MeV - 5 GeV range and that predicted by Stephens and Badhwar

(1981) for IT0 decay from the demodulated spectrum of cosmic-ray

nuclei (0.45xl0~26 ph H atom"! s~* sr~l). Also the shape of the

gamma-ray spectrum for R > 16 kpc is significantly different from

the local gamma-ray spectrum and not inconsistent with a spectrum

due to ir° decay, as shown in Figure 7.

If we assume that the electron density decreases linearly with

R and that the electron density is effectively zero for R s 18 kpc
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(see Figure 5a, assuming a ir°-decay contribution to the 70 MeV -

150 MeV range as given above), the radial distribution of the

cosmic-ray electron density ne(R) and of the nuclear density nn(R)

in the outer Galaxy is described by

ne(R) = ne(R0) (2.25 - 1.25R/R0) (10 kpc < R < 18 kpc)
(2)

ne(R) = 0 (R > 18 kpc)

nn(R) = nn(Ro) (3)

where ne(Ro) and nn(Ro) are the local interstellar electron and

nuclear densities respectively.

Li Ti pei and Wolfendale (1981) concluded from an analysis of a

small subset of the COS-B data base that cosmic-ray nuclei Ho show a

strong gradient in the outer Galaxy. However their conclusions were

based on simple longitude correlations in a limited region of the

sky (-5% of the region analysed in tha present analysis).

The average gamma-ray spectra in the second and third galactic

quadrants are harder than the average spectra in the first and

fourth galactic quadrants (see Mayer-Hasselwander, 1983). This could

be the result of a continuous softening of the gamma-ray emission

toward inner-galactic regions, as discussed by Hermsen and Bloemen

(1983). Furthermore, Lebrun et al. (1983), from analysis of high-

energy gamma-ray, HI, and CO distributions in the first quadrant,

did not find evidence for a strong gradient of cosmic-ray nuclei. A

complete analysis of the inner Galaxy is given in Chapter VII.

S. COMPARISON WITH SYNCHROTRON EMISSION

Low-frequency radio-continuum emission is primarily synchrotron

emission resulting from the interaction of cosmic-ray electrons with

the interstellar magnetic field. Electrons of energy <300 MeV, which

are responsible for the gamma rays in the low-energy range, emit

synchrotron radiation at -30 MHz in the galactic field of 2-3 pG.

Therefore the distribution of electrons derived in the previous
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sections can be compared directly with the results based on low-

frequency continuum surveys.

Webber et al. (1980) derived the local synchrotron emissivity

e(R0) at 30 MHz from observations toward HII regions, and then used

this to derive an effective patljlength Reff = 2.1 kpc towards the

anticentre, where

oo

Reff = { / E(R)dR} / e(Ro) (4)
R

o

From the linear law given in equation 2, the COS-B gamma-ray data

imply an effective pathlength of ~4 kpc for the electrons. Hence,

on a large scale, the synchrotron and gamma-ray values both show the

electron distribution falling off. The difference in the two Reff

values is within the uncertainties of the two methods; we note

nevertheless that if the magnetic field also falls off we expect
Reff,synchr < Reff.electrons» a s observed.

Phillipps et al. (1981), modelling the 408 MHz nonthermal emis-

sion showed that, on a large scale, the observed emission is best

described by a decreasing synchrotron emissivity as a function of

galacto-centric radius. Since their unfolding technique cannot be

applied outside the solar circle, they determined the distance out

to which the azimuthal and radial variation of the emissivity, de-

duced from within the solar circle, must be extrapolated in order to

match the observed anticentre brightness temperature. For a powerlaw

( E ( R ) <* R-l"9) and an exponential (e(R) <* exp (-R/3.9 kpc)) varia-

tion, they found 16 kpc and 20 kpc respectively, which corresponds

to an effective path length of Reff = 3.5 - 4 kpc. Hence, if the

magnetic field does not show a strong gradient outside the solar

circle, also the distribution of the few-GeV electrons, responsible

for the 408 MHz nonthermal emission, seems to fall ofi in a similar

manner as the lower-energy electrons.

It can be concluded that the electron-density distribution

decreases much more rapidly than the HI surface density as a

function of R. One may compare the results for the Milky Way with

the HI and radio-continuum emission seen in other spiral galaxies.
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Typically it is found that the galacto-centric distribution of the

HI emission is broader than that of the synchrotron emission (see

e.g. Van der Kruit and Allen, 1976; Sancisi and Allen, 1979), in

qualitative agreement with what is found here for the Galaxy.

6. IMPLICATIONS FOR OOSMIC-RÄY ORIGIN

The results presented above place constraints on the distribu-

tion of cosmic-ray sources. The strong decrease of the cosmic-ray

electron density in the outer Galaxy clearly confirms its galactic

origin. The interpretation of the flat nucleus distribution is

beyond the scope of this paper, but a few general observations can

be made.

If the sources of both species are similarly distributed in the

Galaxy, extensive diffusion of the nuclei into the outer Galaxy is

required to reproduce their observed flat distribution. Disk con-

finement will encounter difficulties in such a model and most

probably a large halo would have to be invoked. However, models

involving a large halo, with diffusion (Ginzburg and Syrovatskii,

1964; Ginzburg, Khazan, and Ptuskin, 1980) or diffusion and convec-

tion (Owens and Jokipii, 1977) generally produce gradients in the

cosmic-ray density on scales of vi kpc in the z-direction, and a

similar scale should hold in the radial direction outside the source

region. An explicit example of the distribution of cosmic rays in a

diffusive-halo model for the Galaxy is given in Strong (1977), and

this shows a steep radial gradient. An alternative model involving

Galactic origin would be a large homogeneous halo, but this is un-

likely on physical grounds.

The data are consistent with an extragalactic origin for the

nuclei (Brecher and Burbidge, 1972; Burbidge, 1974) either in its

'universal' or 'local supercluster' forms. The former is considered

unlikely because of the problem of transporting the particles over

intercluster distances (Burbidge, 1974). The local supercluster

theory avoids these problems, and has also been proposed to explain
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the distribution of cosmic rays above 10*° eV (see e.g. Brecher and

Burbidge, 1972; Burbidge, 1974; Strong, Wdowczyk, and Wolfendale,

1974; Wdowczyk and Wolfendale, 1979; Astly et al., 1981).

7. SUMMARY AND CONCLUSIONS

Combining the distance information contained in the 21-cm HI

data with the gamma-ray data of the COS-B experiment, information is

obtained on the radial distribution of gamma rays and cosmic rays in

the outer Galaxy. A different behaviour is found for the 70 MeV -

150 MeV gamma rays compared to the higher-energy gamma rays, which

can be explained by differences between the distributions of cosmic-

ray electrons and nuclei. Namely, the gamma-ray emissivity in the 70

MeV - 150 MeV range exhibits a strong gradient in the outer Galaxy,

while the emissivity for energies above 300 MeV remains constant

within -20% and equal to the local value out to large (-20 kpc)

galacto-centric distances. The low-energy emissivity for R > 16 kpc

is down by at least 50% compared to the local value. In other words,

the measured gamma-ray energy spectrum becomes increasingly harder

with increasing R. The gamma-ray spectrum for 10 kpc < R < 12.5 kpc

is best fitted by a power-law spectrum with index 2.05 ± 0.2,

consistent with the local (<1 kpc) spectrum. The spectrum for R > 16

kpc can be fitted equally well by a power-law spectrum with index

1.3 ± 0.3 as by a ir°-decay spectrum. These results are interpreted

as (1) a decrease of the density of cosmic-ray electrons with

energies up to several hundreds of MeV, such that at large (-18

kpc) galacto-centric distances the electron density is approximately

zero, and (2) a near constancy of the density of of cosmic-ray

nuclei with energies of a few GeV, out to large distances.

The electron distribution is consistent with low-frequency

radio-continuum observations. The galactic origin of electrons with

energies up to several hundreds of MeV is confirmed, while for

cosmic-ray nuclei with energies of a few GeV either confinement in a

large halo or an extragalactic origin is suggested by the data.
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CHAPTER VII

THE RADIAL DISTRIBUTION OF GALACTIC GAMMA RATS

III. THE DISTRIBUTION OF COSMIC RATS IN THE GALAXY

AND THE CO-H2 CALIBRATION *

ABSTRACT

High-energy (>70 MeV) gamma-ray observations are compared to HI

and CO surveys over more than half of the Milky Way. The kinematics

of both HI and CO are used as a distance indicator to determine, in

combination with COS-B gamma-ray data, the galacto-centric distribu-

tion of the gamma-ray emissivity (the producton rate per H atom) for

three gamma-ray energy intervals. The ratio between H£ column

density and integrated CO line intensity is calibrated independently

of excitation and abundance effects. The gamma-ray emissivities are

interpreted in terms of the galacto-centric distribution of cosmic-

ray electrons and nuclei separately.

For each energy range the gamma-ray emissivity increases

towards the inner parts of the Galaxy; the gradient is strongest for

low energies (70 MeV - 150 MeV). Nevertheless, the near constancy of

the high-energy (300 MeV - 5 GeV) emissivity beyond the solar circle

out to large distances (discussed in paper II) remains valid. The

corresponding galacto-centric cosmic-ray distributions are shown to

be described satisfactorily by exponential distributions for R 3

kpc (Ro = 10 kpc), with a radial scale length of 4 - 11 kpc for

electrons (with energies up to several hundreds of MeV) and a scale

length >18 kpc for nuclei (with energies of a few GeV). Although a

(*) Preliminary version of a paper in cooperation with the authors

listed in the table of contents.
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cosmic-ray electron gradient is required to explain the observa-

tions, the results are consistent with a constant density of

cosmic-ray nuclei throughout the entire Galaxy. Previous studies

which indicated a strong density gradient for cosmic-ray nuclei in

the outer Galaxy, as first claimed by Dodds, Strong, and Wolfendale

(1975), are shown to be incorrect.

On a large scale, the ratio between molecular-hydrogen column

density and integrated CO line intensity is found to be constant

throughout the Galaxy, within uncertainties. The best estimate of

this ratio is N(H2)/WCO = (2.75 ± O.35)xlO20 mol. cm"2 K"1 km"1 s,

although, due to systematic effects, the true value is likely to be

lower. The HI and H2 masses for 2 kpc < R < 10 kpc are found to be

equal.

1. INTRODUCTION

It is generally recognized that gamma-ray astronomy offers an

excellent means to study the distribution of cosmic-ray (CR)

particles throughout the Galaxy. The diffuse component of the

galactic high-energy (>50 MeV) gamma rays results mainly from the

interaction of CR nuclei and electrons with the nuclei of the

interstellar gas (via the decay of ir°-mesons and bretnsstrahlung,

respectively) and from the interaction of CR electrons with ambient

photon fields through the inverse Compton (IC) process. For a review

of the various production mechanisms see Fazio (1967) and Stecker

(1971). The numerous gamma-ray studies of the CR distribution that

have been performed in the past, using gamma-ray observations

obtained by the SAS-2 and COS-B satellites, suffered severely from

the uncertainties in the galactic distribution of the interstellar

molecular-hydrogen gas. Large-scale millimetre surveys of the CO

molecule, covering more than half of the Milky Way, are currently

available and can be used to trace the molecular hydrogen. Moreover,

the COS-B observations used in this paper have sufficient resolution

and sensitivity to determine the relation between the integrated

CO line intensity and the molecular-hydrogen column density
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(Lebrun et al., 1983; Bloemen et al., 1984a). While most previous

studies were based on longitude and latitude profiles integrated

over broad regions of the sky, or on radial unfoldings of the data,

we use all the structure in the various observations as far as

possible.

Using COS-B data, Bloemen, Blitz, and Hermsen (1984) and

Bloemen et al. (1984b) (hereafter referred to as papers I and II)

showed that the gamma-ray intensity in the second and third galactic

quadrants can generally be explained by cosmic-ray interactions with

just atomic hydrogen (that is, H2 can be neglected within the

uncertainties of the analysis). The galacto-centric distribution of

the gamma-ray emissivity (the production rate per H atom), which is

proportional to the CR density, was determined for three energy

ranges (70 MeV - 150 MeV , 150 MeV - 300 MeV, and 300 MeV - 5 GeV)

from a correlation study of the atomic-hydrogen column density N(HI)

and gamma-ray intensity, using the velocity information of the HI

21-cm line as a distance indicator. The spectral shape of the gamma

radiation due to the CR nuclei interactions (the Tr°-decay spectrum,

with a maximum at -68 MeV) differs from the shape of the gamma

rays produced by the CR-electron interactions (primarily brems-

strahlung, characterized by a spectrum that decreases monotonically

with energy). So, the spatial distribution of the gamma-ray

emissivity spectrum could be used to trace CR electrons and nuclei

separately. The gamma-ray emissivity for the 70 MeV - 150 MeV range

(which has a large electron-bremsstrahlung contribution) was found

to decrease in the outer Galaxy. This was interpreted to be the

result of a negative galacto-centric gradient in the distribution of

the CR electron density for electrons with energies below -300

MeV, as has been advocated for some years. By contrast, the gamma-

ray emissivity for the 300 MeV - 5 GeV range (dominated by TT"-decay)

was found to be approximately constant and equal to the local value

out to large (~20 kpc) galacto-centric distances. This was inter-

preted as a near constancy (within ~20%) of the density of CR

nuclei with energies of a few GeV out to large distances.

This paper extends the determination of the CR distribution to
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regions inside the solar circle by using the kinematics of both HI

and CO to ascertain the spatial distribution of the interstellar

gas. The conversion factor between integrated CO line intensity and

N(H2) is determined. In addition, possible large-scale variations of

this relationship throughout the Galaxy are investigated. Until now,

such a complete and internally fully consistent approach has not

been possible.

2. METHOD AMD DATA

a. Outline of the model

Assuming circular ructions, the galacto-centric distance R of

the HI and CO emission can be directly related to be radial velocity

vr of the features in the observed spectra (relative to the LSR),

following the well known relation vr = (w-wo)Rosin 1, where w = 6/R

and 8(R) represents the rotation curve of the Galaxy. Ro was taken

to be 10 kpc. To determine distances in the outer Galaxy (R > R o ) ,

we used the rotation curve given by Blitz, Fich, and Stark (1980) as

modified by Kulkarni, Blitz, and Heiles (1982) and the curve of

Burton and Gordon (1978) was used to determine distances for R < Ro.

Skymaps of the HI column densities were constructed in four galacto-

centric distance ranges: 2 kpc < R < 8 kpc, 8 kpc < R < 10 kpc,

10 kpc < R < 15 kpc, and R > 15 kpc. Similarly, the CO spectra were

integrated over the velocity intervals (yielding a quantity here-

after referred to as WQQ) which correspond to the same distance

intervals as for HI (a detailed discussion of the construction of

these maps is given in Section 2b). For comparison with the gamma-

ray observations, the maps were convolved with the energy-dependent

COS-B point-spread function (Chapter II).

To ascertain the contribution of the gas in each distance range

to the observed gamma-ray intensities requires distinct differences

among the angular distributions of the gas in each distance inter-

val; the gas content of the Galaxy was therefore divided into four
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distance ranges, for which this is indeed the case (see Figures 1

and 2). Similarly, to determine the conversion factor between W Q Q

and H2 column density throughout the Galaxy (i.e. the ratio X =

N(H2)/WCQ) requires distinct differences between the structures in

the HI and CO maps. Last, the limited counting statistics of the

COS-B data base restricted us to only a few distance intervals. See

paper II for a description of the gamma-ray data base used.

We assumed that the observed skymaps of gamma-ray intensities

I γ ; in 3 energy intervals (j = 1,2,3 corresponds to the 70 MeV -

150 MeV, 150 MeV - 300 MeV, and 300 MeV - 5 GeV ranges, respective-

ly), can be represented by a relation of the form:

4

Iγ,j = { Z JHL-(N(HI>ij + 2Yij.W
COjij

J } + I
I C j j

 + I
b J
. (1)

i=1
 47r

The index i = 1,2,3,4 corresponds to the four distance intervals

R = 2 - 8 kpc, R = 8 - 10 kpc, R = 10 - 15 kpc, and R > 15 kpc.

N(Hl)ij and W Q Q £J are the convolved maps of the HI column densi-

ties and CO intensities for each distance interval i and each energy

interval j. The term enclosed by braces represents the garama-ray

intensities that originate from CR collisions with atomic and

molecular hydrogen. The term lie j represents the IC contribution

to the observed gamma-ray intensities (described in Section 2c).

Ib,j is the total isotropic gamma-ray background, including the

(dominant) instrumental background. The parameters q£j are the

gamma-ray emissivities. The parameters Yjj are related to the ratio

X for each distance interval (Xj) by the relation

where qjj(H2) is the emissivity of the gamma rays associated with

H2- The ratio qij(H2)/qij, which allows for a possible exclusion of

CR particles from or concentration of them in molecular clouds,

was assumed to be constant throughout the Galaxy (qii(H2)/qii =

q2j(H2)/q2j = . . . ) . This is equivalent to saying that the mean

properties of molecular clouds (but not their numbers) are the same
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throughout the Milky Way. Their is considerable justification for

this from a comparison of local, outer-Galaxy, and inner-Galaxy

molecular clouds (Blitz, 1980; Kutner and Mead, 1981; Sanders,

Scoville, and Solomon, 1985). If the gamma-ray emissivity is uniform

inside a certain distance interval i (qjj(H2)/qij=l), then Yjj

equals X^, independent of energy. On the other hand, different Y£j

values as a function of energy may indicate that the spectra of the

gamma-ray emission originating from the atomic and molecular

hydrogen are different. However, the interpretation of Y-£j is not

unique; for example in the case of a population of unresolved

galactic gamma-ray sources distributed like CO, Y^; would be an

overestimate of X£ (for discussion on this point see Section 5).

b. 00 and HI data

The portion of the Milky Way included in the analysis is

limited by the coverage of the sky by the presently available CO

surveys. The COS-B gamma-ray survey and the Berkeley and Parkes HI

surveys cover essentially the entire galactic plane, extending in

latitude at least several tens of degrees. The most complete CO

surveys, done with the 1.2-m millimetre-wave telescopes at Columbia

University and Cerro Tololo (Chile), provide longitude coverage

for nearly the entire first galactic quadrant (1 > 11.5°; Dame and

Thaddeus, 1985), for the entire second quandrant (Brock et al.,

1985), and for the Carina region (270° < 1 < 300°; Cohen et al.,

1985). The coverage in latitude is essentially complete from b =

-4.5° to b = +6.5°, with several extensions to higher latitudes,

particularly in the longitude range 8° < 1 < 40° (Lebrun and Huang,

1984). The actual sky coverage of the CO observations used in the

present work is shown in Figure la. The angular resolution of the

Columbia CO surveys (1° in the first quadrant, -5.5° < b < 10.5°,

and 0.5° elsewhere) is adequate for comparison with available

gamma-ray data.

The sky maps of VIQQ for three distance intervals are shown in

Figures lb-d (the sky maps for R > 15 kpc and 10 kpc < R < 15 kpc
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were combined, because the amount of CO outside 15 kpc was found to

be very small). When these maps were convolved with the COS-B

point-spread function, zero values were assumed outside the latitude

band mapped in CO. The error introduced is probably small, because

the average CO intensities at higher latitudes are small compared to

those at low latitudes. Furthermore, the actual analysis in the

present work will be restricted to a fairly small latitude range and

the impact of possible CO concentrations at higher latitudes is

expected to be small. However, this will be verified a posteriori.

The HI surveys of Weaver and Williams (1973; |b| < 10°) and

Heiles and Habing (1974; |b| > 10°) were used to obtain HI column

densities for the four distance intervals in the first and second

galactic quadrants. In the Carina region, the surveys of Strong et

al. (1982a; |b| < 10°) and Heiles and Cleary (1979; |b| > 10°) were

used. The HI column density was derived as in papers I and II. The

resulting column-density maps are shown in Figure 2 for a limited

latitude range; the high-latitude surveys were used to obtain the

contribution to the convolved maps from |b| > 10°.

c. The inverse-Compton aodel

The IC gamma-ray intensities Iic,j f o r each energy range j,

which originate from the interaction between CR electrons (with

energies al GeV) and the interstellar photon field, were estimated

from the work of Bloemen (1985). An electron scale height of 750 pc

was adopted. The radial distribution of the CR electrons, a topic

studied here, was estimated in an iterative manner. To obtain the

final results presented in this paper, the electron density in the

2-8 kpc range was assumed to be twice the local value (see Section

4) in determining the IC intensities. In any case, near the galactic

plane the IC contribution predicted by this model does not, in

general, exceed the 5% level for the three energy ranges, as shown

by Bloemen for different electron distribution models (including the

model favoured by the present work), so the uncertainties in the IC

estimates have no significant impact on our results.
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d. The fitting procedure

We applied a likelihoodmethod (similar to that used in paper II)

on 1° x 1° bins to determine the values of the parameters q^j, Y^j,

and Ib : ( i = 1,2,3,4; j = 1,2,3). The formal uncertainties of the

parameters were determined from the distribution of the likelihood

ratio X for each parameter, defining the X-value which corresponds

to a certain value of each parameter as the ratio between the like-

lihood maximized over the remaining parameters, and the likelihood

maximized over all parameters (see e.g. Eadie et al., 1971). Since

in this case the quantity -2 In X has a chi-square distribution

with 1 degree of freedom (Eadie et al.), the 68^ confidence level

corresponds to -2 In X = 1.0, the 95% level to -2 In X = 3.8, etc.

The sky area that can be used in the fitting procedure being

limited by the coverage of the CO observations and further by

uncertainties in the convolution at the edges of the CO survey, we

restricted ourselves to the latitude range -4.5° < b < 6.5° and the

longitude ranges 14.5° < 1 < 165.5° and 270.5° < l< 299.5°. The

cut-off at 1 = 165.5° avoids the use of the unreliable kinematic

distances in the anti-centre region. In principle, the third

galactic quadrant and higher-latitude regions (for which only HI

surveys are available) might be included because the H2 contribution

is expected to be small, but we prefer to avoid systematic errors

that including these regions might introduce. In addition, limita-

tion to the area covered by the CO surveys enables a comparison to

be made with the results obtained in paper II for the outer Galaxy,

where the H2 contribution was assumed to be negligible.

Unlike our approach in paper II, the areas in the second

quadrant (and in the Carina region) that contain point-like gamma-

ray sources (Swanenburg et al., 1981) were not taken out, because

they were found to be close to CO concentrations that may account

for the gamma-ray excesses. Pollock et al. (1985) have shown that a

few of the first-quadrant point sources can result from CO concen-

trations. They have shown also that some point sources are present

in addition to the gamma-ray estimates from CR-gas interactions in
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the first quadrant. These point sources have been included in our

model as described by Pollock et al. The influence of these known

gamma-ray sources on the present large-scale analysis is negligible,

because they contribute only a small fraction to the total gamma-ray

flux; fits without the sources confirm this statement.

Given the limited counting statistics of the gamma-ray observa-

tions, it is not meaningful to start the correlation analysis with

the large number of free parameters that has been introduced in

Section 2a. We therefore assume in most of our following analyses

that the ratio N(H2)/WQQ is constant throughout the Galaxy,

implying that Y^j = Y2J = Y3J = Y4J = Yj (j = 1,2,3). Starting from

a general case of six parameters for each energy range (q£i, Yj ,

I^ ;; 18 in total) we tested whether various simpler models with

fewer parameters describe significantly worse the data. In general,

if a model has n free parameters we expect -2 In X to have a chi-

square distribution with 18-n degrees of freedom, where A is again

the maximum-likehood ratio (now between the simpler model and the

general one; Eadie et al., 1971). In principle the number of free

parameters in the general model is larger than 18 and in the

simpler models larger than n because the fluxes of the point sources

have been made adjustable; this affects not the calculation of the

degrees of freedom (the same sources are included in all models) and

the extra free parameters have therefore been omitted in the

notation for clarity.

3. RESULTS: THE DISTRIBUTION OF GAMMA-RAT EMISSIVITIES AND N(H2)/WCO

a. Fit results

t

Using the likelihood procedure described above, the six

parameters q^j ( i = 1,2,3,4), Yj, and I5 j were estimated for each

energy interval j. Table la presents the maximum-likelihood

estimates and formal errors. The Yj-values listed there are the

same, within uncertainties; Figure 3 shows the likelihood-ratio
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Table 1. Maximum-likelihood estimates of the six fit parameters for three energy ranges (Q= 1,2,3) , as

determined from the comparison of I y j with N(HI) j WQQ and the IC predictions in four distance

intervals (i = 1,2,3,4, corresponds to 2 kpc < R < 8 kpc, 8 kpc < R < 10 kpc, 10 kpa < R < 15 kpc, and R

>15 kpa respectively). The sky area analysed covers the first and second galactic quadrants and the

Carina region, (a) Fit values for each individual energy range (Section Zα). (b) Fit values when the

emissivity gradient is forced to be the same for the three energy ranges (Section 3d), (c) Fit values

when the values of Yj are forced to be identical (Section Ze).

energy range

MeV

70-150

150-300

300-5000

70-150

150-300

300-5000

70-150

150-300

300-5000

qij/4iT q 2 jM* q3j/4ir q4j/4ir

10" 2 6 ph H atom"! s - 1 sr~l

1.65±0.3

0.97±0.17

0.90±0.12

1.25

0.97

0.84

1.80

0.98

0.83

0.95*0.15

0.74±0.09

0.72±0.06

0.95

0.73

0.63

1.02

0.75

0.68

1.05*0.15

0.74±0.10

O.5UO.O6

0.95

0.73

0.63

1.13

0.75

0.49

0.35±0.3

0.32±0.15

0.46±0.12

0.52

0.41

0.35

0.35

0.32

0.48

YJ

1020mol.CTir2K-1k.nrls

3.2±0.7

2.8±0.7

2.5±0.5

4.1

2.8

2.8

2.75±0.35

I b . j

10~5ph ctn~2s"lsr-l

4.7±0.8

2.0±0.4 (a)

2.4±0.3

4.5

2.0 (b)

2.2

4.5

2.0 (c)

2.4
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Figure 3. Likelihood-ratio distribution of JΑ for each energy

interval 3 (full lines). The dashed curve shoios the likelihood-

ratio distribution of the Y-parameter optimized over the three

energy intervals together (Section Ze).

distributions of Yj. Figure 4 shows the q^j-values as a function

of R.

Some fit parameters (and formal uncertainties) can not be

determined entirely independently, because the method encounters

difficulties in distinguishing uniquely among some components.

Although the angular distributions of the gas in the four distance

intervals show distinct differences (Section 2), there remain

large-scale similarities among some HI and CO maps, such as similar

longitude coverage (e.g. N(HI)3j and N(Hl)4j) and concentration of

all the gas in the galactic plane. This problem is most severe for

analyses of the low-energy gamma rays, because the angular resolu-

tion of COS-B reduces with decreasing energy. Therefore, the radial

emissivity distributions (Figure 4) have to be judged carefully. An
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Figure 4. Galacto-centric distribution of the gamma-ray emis-

sivity for three energy intervals 3. The black dots, together

with formal Iα error bars, indicate the fit values for selected

distance ranges i (indicated by the vertical lines) without any

constraints (Section Zα; Table Iα). The circles are the

emissivity values when the values of Yj are forced to be

identical (Section 3ej Table lc). The full curves represent the

emissivity distributions qj(R) in the case of exponential

distributions for the CR electrons and nuclei (Section 4b). The

dashed curves indicate the ir "-decay contribution from the CR

nuclei, as determined in Section 4b (f= 1).

example of this effect can be seen in Figure 4 of paper II, where

the confidence regions (ellipses) of qßj versus q4j are presented;

the axes of the ellipses are not parallel to the coordinate axes.

The likelihood tests in the remainder of this section allow for

these dependencies.

The emissivity values for R > 10 kpc agree with those in paper

II; by analysing nearly the entire second and third quadrants

(|b I < 10°) in paper II we were able to distinguish better between

the contributions from the two distance ranges and to reduce the

statistical uncertainties, although small (5% - 10%) systematic

uncertainties were introduced by neglecting H2. The near constancy

of the gamma-ray emissivity outside the solar circle for the 300 MeV

- 5 GeV range, deduced in paper II, is consistent with the present

findings. For each energy range the emissivity value in the 2 - 8

kpc range is higher than that in the 8 - 1 0 kpc range and those

outside the solar circle. This effect seems to be energy dependent,

being strongest for low energies, but has to be tested carefully as

stated above.

Figure 5 compares longitude profiles of the observed gamma-ray

intensities with those estimated from the model using the fit

parameters listed in Table la. The corresponding latitude profiles

for selected longitude intervals are shown in Figure 6. Although the

fit parameters were determined in the range -4.5° < b < 6.5°, the

VII 185



40

3.0

2.0

1.0

0.0

i i i r
@ 70-150 MeV

1 T 1 I I I I I I I

I i 1 I I

i 1 1 1 1 r
(b) 150 -300 MeV

1 1—i r

I 1 I I l I I I I I

2.0

1.0

1 I I i I I
© 300 - 5000 MeV

i i r i i

J L I I I J L J L

I !

160° 140° 120° 100° 60° 60° 40°
— longitude

20c

186



4.0

3.0

2.0

1.0

0.0

0.0

290° 280°

Figure 5. Longitude profiles (-4.5° < b <

6.5
e
) of the observed gamma-vay intensities

(bars; 1 a statistical uncertainties) and

the estimates from CR interactions with the

gas and photon fieldsj for three energy

ranges (a
3
 b

3
 c)

 3
 using the fit parameters

listed in Table Iα. The thick lines repre-

sent the total estimates. The contributions

from HI
3
 CO

3
 and inverse-Compton emission

are indicated. The thin horizontal lines

are the zero levels (the isotropic back-

ground level is subtracted from the obser-

vations). Point-like gamma-ray sources are

not included in the predicted curves (e.g.

in the Cygnus region around I = 80° and in

the Carina region around I = 295").
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listed in Table Iα which were determined for the latitude range

-4.5° < b < ß.5°. The meaning of the curves is the same as in Figure

5. The isotropic background is subtracted from the observations.
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latitude profiles show a good agreement between the observed and the

predicted gamma rays even at higher latitudes. Since the predictions

in these regions were derived almost entirely from only HI, the

agreement indicates that the poor CO coverage at these latitudes has

a negligible impact on our findings.

b. Significance of the emissivity gradients

To test the hypothesis of a constant gamma-ray emissivity

throughout the Galaxy, following equation 1, we repeated the fitting

procedure for each individual energy range, this time forcing the

emissivity values in the four distance intervals to be the same

(qjj=q2j=q3j=qZ(.j) > while, again, Y; and Ib}j were free parameters.

Within these constraints on the gamma-ray emissivities, we obtained

-2 In X = 72.8. Given that this model has 9 free parameters, we

expect that -2 In X has a chi-square distribution with 18-9=9

degrees of freedom (Section 2d), so that the above value corresponds

to a formally very lew chance probability of ~10~^. This result

implies that the hypothesis of a constant gamma-ray emissivity as a

function of R can be rejected for the integral 70 MeV - 5 GeV energy

range. Possible differences in the required emissivity gradients for

each individual energy range will be studied in the following parts.

c. Significance of the energy-dependent differences

r

The results presented in Section 3a suggest that Y; is indepen-

dent of energy and that the emissivity gradient is stronger for low

energies than for high energies. Before studying the significance of

each of these two effects we investigated whether the gamma-ray

observations really require an energy-dependent model. We considered

therefore the hypothesis of identical radial distributions of the

gamma-ray emissivity q£j for each energy interval j (qil:q21:131:141

= 112:122:132*142 = 113•123-133:143^> together with identical

Yj-values (Yj = Y2 = ¥3)- The background levels were again free,

making a total of 10 free parameters. In this case it was found that
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-2 In A = 69.0, which corresponds to a very low probability level

(18-10=8 degrees of freedom) of 6 x 10~ 1 2. This implies that the

gamma-ray observations require an interpretation with Y; energy

dependent (Section 3d), or with energy-dependent emissivity

gradients (Section 3e), or both.

The need of such an energy-dependent model is not surprising:

Mayer-Hasselwander (1983), comparing the gamma-ray sky maps for low

and high energies, showed the presence of a systematic variation of

the spectral ratio (that is, the ratio between the intensities

for low and high energies) along the galactic plane, and, more

specifically, that che spectrum towards the inner part of the Galaxy

is softer than that of the remainder of the disk.

d. Different eeissivity spectra for HI and H2?

We investigated whether the spectral difference found above can

be ascribed solely to different shapes of the emissivity spectra for

the HI and H2 contributions (i.e. different Yj-values). This

hypothesis again requires forcing the ratios between the emissivity

values in the four distance intervals to be the same for the three

energy ranges. So, this model has 12 free parameters. The resulting

maximum-likelihood estimates of the fit parameters are given in

Table lb. It was found that -2 In X - 19.9, a value that corresponds

to a chance probability (18-12=6 degrees of freedom) of 3xlO~3. it

can be concluded that this hypothesis, which adopts identical

emissivity gradients and attributes all the energy dependence

(Section 3c) entirely to different emissivity spectra for the HI and

H2 contributions, is less satisfactory.

e. Energy—dependent emissivity gradients?

The second possibility that might account for the energy

dependence concerns different radial distributions of the gamma-ray

emissivities. We therefore evaluated the hypothesis that all the

energy dependence of the model is due to different etnissivity
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Figure 7. Confidence region of K2-8 kpo) and Y(>8kpe)
3
 related

to the ratio N(E2)/WQQ in the two distance intervals,, for the

300 MeV - 5 GeV energy range (dashed curve) and for the inte-

gral energy range (70 MeV - 5 GeV; full curve) as determined in

Section 3f. The 68% confidence levels were determined from the

distribution of the likelihood ratio X and correspond to -2 ln\

=2.4 (ehi-square distribution with 2 degrees of freedom).

gradients, and that the Yj-values are identical (Yj = Y2 = Y3 = Y).

The resulting maximum-likelihood estimates are given in Table lc and

the emissivity values are indicated in Figure 4. The likelihood-

ratio distribution of Y is included in Figure 3. The model has 16

free parameters and it was found that -2 In X = 1.4. In this model,

-2 In X has a chi-square distribution with 18-16=2 degrees of

freedom, which implies a reduction of the likelihood within the

Iα level. This hypothesis of the energy-independence of Yj» which

(
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implies an energy-dependent eraissivity gradient, is therefore as

good aa the general 18-parameter model.

f. Variations of N(H2>/Wco throughout the Galaxy?

Until now we have assumed that the ratio X = N(H2)/WCQ is

constant throughout the Galaxy (Yj = Yjj = Y2j = Y3; = Y4j). To

investigate possible large-scale variations of X throughout the

Galaxy, the Y-values were determined separately for the intervals 2

kpc < R < 8 kpc (Yj(2-8 kpc) = Yjj) and R > 8 kpc (Yj(>8 kpc) = Y2j

= Y3J = Y41). Because of the relatively wide point-spread functions

of COS-B for the 70 MeV - 150 MeV and 150 MeV - 300 MeV ranges,

introducing an additional free parameter into the fits for these two

energy intervals did not turn out to be meaningful, so the analysis

was restricted to the high-energy range and the integral range (70

MeV - 5 GeV). In the latter case, the etnissivity values were

optimized for each energy range separately. The resulting confidence

region of Y in both distance intervals (Figure 7) indicates that the

Y-values are identical within the uncertainties. The maximum-

likelihood estimates for the 70 MeV - 5 GeV range are: Y(2-8 kpc) =

(2.8 ± O.7)xlO20 mol. cm"2 K"1 km"1 s, Y(>8 kpc) = (2.7 ± 0.4)xlO20

mol. cm"2 K"1 km"1 s, and Y(2-8 kpc) / Y(>8 kpc) = 1.0 ± 0.3.

The principal implication of this result and of the good

quality of the fit (Figures 5 and 6) is that within the limitations

and uncertainties of our analysis, CO is an acceptable large-scale

tracer of H2 mass. The uncertainties and wide distance intervals,

however, permit small-scale CO/H2 variations within the Galaxy. This

point is discussed in Section 5b.
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4. RESULTS: THE DISTRIBUTION OF COSMIC-RAY ELECTRONS AND NUCLEI

a. General considerations

On the assumption Chat CR interactions with the gas and photon

fields are responsible for the observed gamma-ray emission,

knowledge of the radial distribution of gamma-ray etnissivities

enables the determination of the radial distribution of cosmic rays

in the Galaxy. In addition, the energy dependence can be used to

study separately the distribution of CR electrons and nuclei. In the

following discussion it has been assumed that the shapes of the

CR spectra do not strongly vary throughout the Galaxy and that the

scale height of the CR density is significantly larger than the

scale height of the gas density. It is important to bear in mind

that the derived CR gradients are in fact upper limits if a

population of unresolved galactic gamma-ray sources exists with a

latitude distribution similar to that of the gas, but with a

stronger concentration towards the inner parts of the Galaxy.

The emissivity distributions found in the preceding section

allow some qualitative conclusions. The radial distribution of the

gamma-ray emissivity for the 300 MeV - 5 GeV range indicates that \

the density of CR nuclei of a few GeV (those responsible for tha >

bulk of the gamma-ray emission in the 300 MeV - 5 GeV range by the

IT "-decay process) can be only weakly dependent on R. For instance in

case of a linear decrease, the gradient cannot be stronger than

about -6%/kpc relative to the local (R = 10 kpc) density of CR

nuclei. In particular outside the solar circle, the emissivity (and

thus also the CR nuclei density) shows no strong decrease, which is

consistent with the near constancy found in paper II from a more

extended analysis of the outer Galaxy alone. By contrast, the

overall decrease of the gamma-ray emissivity for the 70 MeV - 150

MeV range, which is stronger than for high energies (see preceding

section), indicates an evident large-scale galacto-centric gradient

for electrons with energies below -300 MeV (those responsible for

a large fraction of the gamma-ray emission in the 70 MeV - 150 MeV
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range by the bretnsstrahlung process). It should be kept in mind that

the CR nuclei contribute significantly (probably about 50%; see

Section 4b) to the local emissivity for the 70 MeV -150 MeV range.

The gradient of the nuclei being very small, this implies that in

case of a linear decrease as a function of R, the gradient of the CR

electron density is probably as large as roughly -30%/kpc relative

to the local density.

It is noted that if a population of unresolved steep-spectrum

gamma-ray point sources is present in the inner Galaxy, evidently a

less steep CR electron gradient would be required.

b. Exponential distributions

For a more quantitative statement about the galactic distribu-

of CR particles, one has to know the ir"-decay contribution from the

CR nuclei qn j(R0) and the bremsstrahlung contribution from the CR

electrons qe j(R©) to the total local gamma-ray emissivity qj(Ra)

for each energy interval j = 1,2,3 (qj(R) = qe>j(R) + q nj(R)).

The total gamma-ray emissivity at galacto-centric distance R can be

represented by

(3)

where ne(R) and nn(R) are the densities of CR electrons and nuclei,

respectively. The spectral shape of the ir "-decay contribution to the

local gamma-ray emissivities was estimated from the work of Stephens

and Badhwar (1981) based on the demodulated local proton spectrum:

q ^ j M T T = (0.48 ± 0.04)xlO~26, (0.43 ± 0.06)xl0"26, (0.47 ± 0.02)

xl0~26 ph H atom"1 s"1 sr"1 for the 70 MeV - 150 MeV, 150 MeV - 300

MeV, and 300 MeV - 5 GeV energy ranges, respectively. The small

uncertainties in these numbers (representing the uncertainties in

the demodulation of the proton spectra used by Stephens and Badhwar)

make this a reasonable approach. The demodulated proton flux

measured near the earth may not be typical for the local inter-

stellar medium. We therefore adopted qnjj(R0) = f . q^" j, where
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f is an energy-independent scaling factor, and considered a range of

possible f values. Assuming exponential CR distributions, the total

gamma-ray emissivity can be written as:

qj(R) = e
Se ( R" Ro )

 { q j(R o)-f. q i r O j} + e ^ K - ^ f . q ^ . . (4)

In principle, with equation 4 the gamma-ray emissivities for

the four distance intervals (Table la; Figure 4 ) , can be fitted by a

least-squares method to obtain coarse estimates of the five para-

meters Se, SnJ and qj(Ro) (j = 1,2,3). However, a least-squares

method is strictly applicable only if the measurements (here

emissivity values), and the corresponding formal uncertainties as

well, are independent; this is not the case (Section 3a). The best

approach is to use again the likelihood method (which allows for

these dependencies), with q^; in equation 1 replaced by the expres-

sion in equation 4, and to estimate now the five new parameters

instead of the 12 emissivities q£j (with Y; and Ijj j a total of 11

parameters). We used a simplified approach, because there is only a

weak dependency between the derived emissivities inside and outside

the solar circle due to the different regions of the sky that ;

dominate in the determination of the emissivities: the first >

galactic quadrant evidently dominates in the determination of the )

emissivities for the inner Galaxy, whereas the second quadrant

dominates in the determination for the outer Galaxy. The two

emissivity values outside the solar circle, and the two emissivity

values inside the solar circle as well, are to some extent related.

It is therefore sufficient to use only the likelihood distribution

of qj4 versus q2j and of qßj versus q^; (Section 3a; 3x2=6 confi-

dence regions in all). The values of the five parameters were

estimated by maximizing the likelihood over the three energy ranges.

Table 2 presents the values of S e and S n for f = 0.8, 1.0,

and 1.2. If we force S e = S n = S (although this is in fact not

acceptable as indicated by the tests in Section 3 and by the results

presented in Table 2 ) , then S = -0.07 ± 0.02 kpc~l, independent of

f. The maximum-likelihood estimates of the total local gamma-ray
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Table 2. Values of the parameter's Se and Sni whieh describe the

exponential radial density distributions of CE electrons and

nuclei3 for different f values (see Section 4b).

Se S n

(kpc"1) (kpc-1)

+ 0.04 + 0.015
• - 0.03 U'V - 0.015

emissivities qj(R0)/4ii were found to be independent of the f value

chosen: (0.96 ± 0.08)xl0-26, (0.72 ± 0.05)xl0"26, and (0.63 ± 0.04)

xlO""26 ph H atom"1 s"1 sr"1, for the 70 MeV - 150 MeV, 150 MeV -

300 MeV, and 300 MeV - 5 GeV range, respectively (for a comparison

with previous estimates of the local gamma-ray emissivity see

Section 5d).

The range of possible f values is limited to 0.8 i f 1.2 for

the following reasons. (1) A value of f less than 0.8 is unlikely

because this would imply that Sn > 0 (see Table 2 ) , i.e. an increase

of the CR nuclei density with R. (2) A value of f larger than *v<1.2

results in a steep bremsstrahlung spectrum (qe j = q; - f.q^
0 j ),

oo

which implies a too steep electron spectrum I e (qe(EY)=_Jle(Ee)dEeJ

for E e > 300 MeV (up to several GeV) compared to the electron

spectrum derived from low-frequency radio observations of the anti

centre and polar directions (Rockstroh and Webber, 1978; Webber,

Simpson, and Cane, 1980; Webber, 1983). The latter seems to be

well established. Whereas this radio spectrum corresponds to an

electron spectral index of a = 2.3 at E e = 1 GeV (I e
a E e "

a ) , f > 1.2

requires a > 2.6 for E e > 300 MeV. For a discussion on the electron

spectrum see Section 5d.
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Figure 8. Radial CR density distributions (relative to the

local density at R = 10 kpc) of the form e
s
^
R
~
R
o^ for CR

electrons ('e) and nuclei (n)
3
 as determined in Section 4b. The

hatched areas encompass 0.8 i f i 1.2 (Section 4b) and Iα un-

certainties for S
n
 and S

et
 that is in all -0.21 < S

e
 < -0.09

and -0.055 < S
n
 < +0.015 kpc'

1
.

It was found that -2 In X is in the range 10.1 to 11.3 for all

f values, corresponding to a chance probability (18-11=7 degrees of

freedom) of -15%, which implies that this simplified model with

exponential CR distributions gives an almost equally acceptable

description of the gamma-ray observations compared to the general

model with 12 emissivities. The resulting radial distributions of

the gamma-ray emissivities, as defined in equation 4 (f = 1.0), are

included in Figure 4.

The main conclusions from this analysis are (1) that we find

only a weak gradient in the CR density distribution throughout the

galactic plane if we force S
e
 = S

n
 (corresponding to a radial scale

length of 15 ± 4 kpc), (2) that the gradient in the CR electron
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component is required by the data (Table 2), whereas (3) the data

are consistent with a constant CR nuclei density throughout the

entire galactic plane. Figure 8 presents the CR distributions which

result from our analysis (Table 2); the hatched areas encompass

0.8 S f i 1.2 and Iα uncertainties for S
n
 and S

e
. The corresponding

scale lengths are 4 - 1 1 kpc for CR electrons and >18 kpc for CR

nuclei.

5.DISCUSSION

a. Systematic uncertainties

Our detailed statistical analysis would evidently not be

meaningful if there were large systematic uncertainties. The in-

fluence of possible unresolved gamma-ray point sources on the value

of X and on the emissivity and CR distributions has been mentioned

in previous sections and will be discussed in the following ones,

where appropriate; in this section we concentrate on the systematic

uncertainties in the observations and in the treatment of the data. \

The radial distribution of the gamma-ray emissivities depends 1

only weakly on the rotation curve used, due to the wide distance \

intervals chosen. The use of a somewhat different rotation curve and

different R
o
 value would have changed basically only the absolute

distance scale of the radial gas distribution and thus of the radial

distribution of the gamma-ray emissivities found (see paper II). The

radial scale lengths of the cosmic rays determined in Section 4b

should be scaled accordingly. The value of X is not affected.

The systematic uncertainties in the COS-B gamma-ray data are

small compared to the statistical uncertainties. A decline of

instrument sensitivity with time in orbit was corrected by comparing

' the measured intensities of selected regions along the galactic

/ plane at different epochs (Strong et al., 1985a). Similarly, the

smooth decrease of instrumental background with time (Mayer-

Hasselwander et al., 1982) was taken into account. The uncertainties
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in these corrections may introduce systematic uncertainties up to

10% in the gamma-ray data. In addition, these uncertainties are not

expected to be correlated with one of the components of our model.

The absolute background levels for the three energy ranges were free

parameters in our analysis and introduce therefore no additional

systematic error; the levels were found to be consistent with other

recent studies of the COS-B data. Our gamma-ray intensity distribu-

tions are in satisfactory agreement with the gamma-ray observations

by the SAS-2 satellite; the outer-Galaxy data of SAS-2 were analysed

in paper II and the results were found to be in agreement with the

COS-B findings. Note that X is not influenced by systematic uncer-

tainties in the calibration of the absolute garama-ray intensities.

There may be systematic differences in calibration between the

HI surveys and between the CO surveys for the northern and southern

hemisphere. The analysis was therefore repeated for only the first

and second quadrants (so Cari..a excluded); the results were found to

be the same within statistical uncertainties. The noise in the CO

and HI observations is unimportant in our work, due to the

) ' convolution with the COS-B point-spread function. Calibration errors

in the CO data of 10% - 20% affect the X value by this same factor

and our X value is therefore strictly applicable only to the GISS CO

survey (see Section 5b); note that the emissivity distributions are

not affected. The systematic errors in the HI data (-10%) are

small compared to the statistical uncertainties in this work and

introduce anyway only an absolute scaling factor for all q£j values;

the radial dependence of the emissivity values remains unaffected.

The optical-depth corrections for HI, however, are still poorly

understood and might give in principle systematic effects. We made a

first-order optical-depth correction assuming a uniform spin

temperature of 125 K, but we found that adopting other temperatures,

differing by values up to ±15 K (which is an acceptable range for

(' large-scale analyses), changes N(HI) generally by less than 4%.

/ Differences up to 10% were found for the mid plane (|b| < 0.5°) in

the first quadrant (10° < 1 < 70°); only in small regions with

strongest velocity crowding (70°s l< 80° and 280" <1< 290°;
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differences up to 20% are present. The uncertainties in the HI

optical-depth corrections have therefore probably a marginal impact

on our results. The major impact is probably for the gamma-ray

emissivities in the 2 - 8 kpc range; if we have underestimated the

optical depths in the inner Galaxy, the radial distribution of the

CR density becomes even flatter. Note that HI optical-depth effects

do not affect the required energy-dependence of the model.

Last, the modelled IC contribution to the observed gamma-ray

intensities for the three energy ranges is less than 5% for the

entire sky area included in our analysis (Bloemen, 1985) and the

uncertainties in the IC intensities therefore marginally influence

our findings. It was found that even neglecting the IC emission or

increasing it by a factor of two has no significant impact on our

conclusions.

b. Gauaa rays from molecular hydrogen and

Estimates of the ratio N(H2)/WCQ have been used by many

authors in trying to determine the distribution of H£ in the Galaxy

from CO surveys. The J=l-0 transition of CO is always optically

thick so that it is, at first sight, meaningless to use this

transition to obtain H2 column densities. Scoville and Solomon

(1975) and Gordon and Burton (1976) pointed out, however, that along

lines of sight through the Galaxy, the differential rotation would

cause gas a various R to be doppler shifted and that there would be

little shadowing of distant clouds by optically thick clouds nearby.

If it were possible to determine N(H2)/N(CO) as a function of R, it

would then be possible to obtain the galactic H2 distribution from

millimetre CO surveys. But, because the determination of N(CO)

requires observations of an optically thin species such as l^CO,

requiring very large amounts of observing time, many observers have

tried instead to determine the quantity N(H2)/WCQ. The determina-

tion and application of this quantity have been controversial in

part because large-scale temperature and abundance gradients can

have a significant effect on the conversion. In this section we
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discuss the question of determining N ( H 2 ) / W C 0 using the COS-B

gamma-ray data in a way which circumvents the previous difficulties.

The hypothesis of identical Yj values having been found fully

acceptable (Section 3e) implies (following equation 2) that the

spectral shapes of the gamma rays from HI and H2 are the same within

the uncertainties. Because the cosmic rays that are responsible for

the production of low-energy gamma rays have predominantly lower

energies than those responsible for the production of high-energy

gamma rays, it can be concluded that we find no significant indica-

tion for an energy dependence in the CR penetration of molecular

clouds. In fact, the theoretical works of Skilling and Strong (1976)

and Cesarsky and Volk (1978) indicate that only very-low-energy

protons and electrons (< 50 MeV) fail to penetrate a dense cloud

completely. If the average CR density inside the molecular clouds is

indeed the same as in the atomic-hydrogen gas, then, following

equation 2, the Y-pararaeter represents X, and its best estimate is

X = (2.75 ± O.35)xl020 mol. cm"2 K"1 km"1 s (Section 3e). However,

as mentioned before, in the case of a population of unresolved

galactic gamma-ray point sources distributed like CO, Y would be an

overestimate of X (see also Lebrun et al., 1983). This value of X is

unaffected by the presence of helium as long as the relative abun-

dance of helium is the same in the atomic and molecular clouds, as

expected.

The X value we derive is free of assumptions of virial equili-

brium or any excitation, metallicity or optical-depth effects, which

have plagued previous determinations. This value represents a global

average over the entire Galaxy, and we believe it is the best value

to use for estimating the H2 content of the Galaxy from CO surveys.

We note, however: (1) Our value should strictly be regarded as an

upper limit (because of a possible point-source contribution). (2)

Our value is strictly applicable only to the GISS CO survey. If

there are systematic differences between the GISS data and other

surveys, the X value must be adjusted accordingly. (3) We showed in

3f that X is constant on a large scale throughout the Galaxy;

small-scale variations in X cannot be excluded, so the use of our
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Table 3. Principal determinations of

source quantity derived calibration

measured N(H 2)/WCQ corrected

N(H2)/WC0

mol. cm 2 K~* km * s

Gordon and Burton (1976)

Dickman (1978)

Solomon and Sanders (1980)

Frerking et al. (1982)

Lebrun et al. (1983) (3)

Black and Willner (1984)

Bloemen et al. (1984) (3)

Lebrun and Huang (1984)

Sanders et al. (1984)

Dickman (1985)

Bhat et al. (1985) (3)

this work

N(H2)/WC0

N(H2)/N(
13CO)

N(H2)/WC0

N(H2)/WC0

N(H2)/WC0

N(H2)/N(CO)

N(H2)/WC0

N(H2)/WC0

N(H2)/WC0

N(H2)/N(
13CO)

N(H2)/WC0 (1)

(2)

N(H2)/WC0

4.5xlO20

1.5x1020

6.5x1020

1.8xlO20

l-3xlO20

3x1020

2.6x1020

l.liilO20

3.6x1020

2.2x1020

1.4xlO20

8.5x1020

1.5x1020

12.6x1020

1.9xlO20

2.8xlO20

3xl020

2.6xlO20

1.1x1020

4.4xl020

2.6xlO20

1.4xlO20

0.7xl020

2.8xl020

(1) Local. (2) At R = 6 kpc. (3) Using gamma-ray observations.

conversion at a galacto-centric resolution finer than the one used

to determine X should take this possibility into account.

We review the principal previous determinations of X in Table

3. Some authors have determined the physically more meaningful

quantity N ( H 2 ) / N ( ^
3 C O ) in the vicinity of the Sun. In these cases,

the measured values are converted to N(H 2)/WQQ using standard

assumptions. Column 3 gives the values quoted by the various

authors. Column 4 gives the effective value after account is taken

of the calibration differences between the various surveys (Dame,

unpublished). It is this value which should be compared to the value

derived in this paper. The nearly order of magnitude variation of
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the values in column 4 shows that widely different

values have been used by various observers. We note that although

Frerking et al. (1982) concluded that there is no correlation

between N(H2) and W C Q in the Taurus clouds, the value quoted is a

value determined in the P Oph region which they recommended for

galactic survey work. Dickman's (1978) value, given in Table 3, was

also used in the frequently quoted work by Blitz and Shu (1980).

Dickman (1985, private communication), has rederived the ratio

N(H2)/N(13cO) to much higher extinctions, showing that a linear

relation exists to A v = 20 mag; we quote a value of N(H2)/Wg0

derived from this new work.

In summary, our value of X is independent of temperature,

abundance, and optical-depth effects. It is also independent of

assumptions of virial equilibrium of molecular clouds, known to be

violated in a significant population of local CO clouds (Magnani,

Blitz, and Mundy, 1985). Since our value of X can be taken as a

reliable upperlimit, it favours the lower values first advocated by

Dickman (1978) and Blitz and Shu (1980) rather than those of Gordon

and Burton (1976) and Solomon and Sanders (1980). We find that even

the most recent determination by Sanders, Solomon, and Scoville

(1984) needs to be lowered by about 40%.

The rough agreement between our N(H2)/WQQ value and the other

(low) values indicates that the contribution from a possible popu-

lation of unresolved gamma-ray sources, distributed like CO, is

probably small.

c. The mass of H£ in the Milky Way

We can now use our X value to determine the mass of the

molecular gas in the radial bins we have used. The results are

summarized in Table 4a. First, the ratio between the H2 and HI

( surface densities °H2^ aHI w a s calculated by direct integration

,1 of the maps presented in Figures 1 and 2. Second, the HI masses were

; determined; a gj was assumed to be constant from R = 2 kpc to R =

15 kpc, as has been shown by Gordon and Burton (1976) and Blitz,
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Tobte 4a. Mass of HI and H% in the Milky Way.

R

(kpc)

<0.5

2-8

8-10

10-15

1

0

0

_

.35

.40

.20

2.3xlO
6

5.5xl0
8

3.3xl0
8

l.lxlO
9

7

1

2

<2xl07
( 2 )

.4xlO
8

.3xlO
8

.3xlO
8

<0.5

<8

<10

<15

1.6xlO
6

5.9xlO
8

9.2xlO
8

2.1xlO
9

<

8.

9.

1.

2xlO
7(

lxlO
8

4xlO
8

2xlO
9

(1) Based on constant value of o
H I
 = 2.9 M

o
 pc~

2
 (see text).

(2) Blitz et al. (1985), Iα upper limit.

(3) These cumulative masses include contributions from R < 2 kpc.

Table 4b. Other determinations of M(H£) (2 - 10 kpc) and

corresponding ratio between H2 and HI mass (2 - 10 kpc).

source

Scoville and Solomon (1975)

Gordon and Burton (1976)

Solomon and Sanders (1980)

Blitz and Shu (1980)

Liszt and Burton (1981)

Dame (1983)

Lebrun et al. (1983)

Sanders et al. (1984)

Bhat et al. (1985)

this work

M(H
2
)

l-3xl0
9

2.1xl0
9

4 xlO
9

1 xlO
9

2.5xl0
9

O.8xlO
9

1 xlO
9

2.6xl0
9

0.6xl0
9

0.9xl0
9

M(H
2
)/M(HI)

1-3

2.4

4.5

1.1

2.8

0.9

1.1

3.0

0.7

1.0
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Fich, and Kulkarni (1983) and its value was derived from the total

HI mass at R < 10 kpc of 9.2 x 10^ M0 found by Henderson, Jackson,

and Kerr (1982). The H2 masses then follow from the values of the

ratio aHo/ aHI - ^ e ^2 n a s s f°r R < 500 pc was taken from the

gamma-ray study by Blitz et al. (1985).

The main result of Table 4a is that we confirm the results

first found by Scoville and Solomon (1975), Gordon and Burton (1976)

and Cohen (1977): the radial distributions of HI and H2 (based on CO

observations) are intrinsically different. Our contribution is that

excitation and abundance effects in the CO do not alter this conclu-

sion. Whereas previous authors have assumed a constant N(H2)/WQQ>

in this work, the distribution of H2 is inferred directly from the

CO and the gamma-ray distributions.

Where we differ with a number of previous studies is in the

fractional mass of molecular gas in the interstellar medium. The

H2 mass inside the solar circle given by a number of previous

investigators is given in Table 4b. Our results are clearly

inconsistent with the determinations of Gordon and Burton (1976),

Solomon and Sanders (1980), Liszt and Burton (1981), and Sanders,

Solomon, and Scoville (1984). The values of M(H2) for R < 10 kpc

from the first three of these works are larger than ours by a factor

very nearly equal to the ratio of the X values (Table 3 - column

4) . In the Sanders et al. (1984) paper, the value of M ( H 2 ) for R

<10kpc is nearly a factor of 2 larger than ours even when account is

taken of the different X values. Why this difference occurs and why

it is present only in this survey is not clear at present.

The results are consistent with those authors who have argued

for rough equality in the masses of the atomic and molecular

components (Cesarsky, Casse, and Paul, 1977; Blitz and Shu, 1980;

Cohen et al., 1980; Li Ti pei, Riley, and Wolfendale, 1982; Lebrun

et al., 1983; Dame, 1983). We find that the H2 mass even in the

molecular ring exceeds the HI mass by only -35%. This value may be

higher or lower at the peak of the ring depending on the true

variation of X within the 2-8 kpc annulus. If H2 is dominant over HI

\ inside R = 8 kpc, we find that the dominance is weak and covers only
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a small fraction (15%) of the surface area of the Galaxy out to 20

kpc, the limiting distance for star formation and molecular clouds.

Outside the solar circle, for R < 15 kpc, our results indicate

that M(H2) is ̂ 20% of the total. The mass of H2 we find outside the

solar circle of 2.3 x 10** M0 is consistent with the findings of

paper I, that H2 can be neglected in analysing the gamma-ray emis-

sion from the outer Galaxy to at least the 102 level; the HI mass

beyond R=ll kpc is found by Henderson et al. (1982) to be 4xlO9 Mo.

Finally, the values of X recently advocated by Bhat et al. (1985)

are lower than ours by about 50%, which would imply an even lower

ratio of H2/HI in the Milky Way. The discrepancy between their work

and ours appears to be largely a result of understated uncertainties

in their analysis. Their values with more realistic uncertainties

probably encompass our more precise determination of X and of M ( H 2 ) -

d. Local gamma-ray emissivities

The total gamma-ray emissivities at R = 10 kpc, determined in

Section 4b ((0.96 + O.O8)xlO"26, (0.72 ± 0.05)xl0"26, and (0.63 ±

0.04)xl0~26 ph H atom"1 s"1 sr"1 for the 70 MeV - 150 MeV, 150 MeV -

300 MeV, and 300 MeV - 5 GeV ranges), can be fitted by an E" 1- 8

power-law spectrum. The emissivity values are in reasonable

agreement with the local values found by Strong et al. (1982b) at

intermediate latitudes (10° i [b| £ 20°) from a comparison between

COS-B data and the Lick galaxy-count data. There is better agreement

with the improved emissivity values given by Strong (1985a) and

Strong et al. (1985b), which were derived from a reanalysis of the

intermediate-latitude regions, using both galaxy-count and HI data

and including IC emission. The values derived by Strong ^t al.

(1985b) for these three energy ranges are: (1.10 ± 0.14)xi0~2^,

(0.76 ± O.O9)xlO"26, and (0.68 ± 0.09)xl0"26 ph H atom""1 s"1 sr"1.

The determination of the local electron spectrum from gamma-ray

emissivities, and the comparison with the spectrum derived from

galactic non-thermal radio emission, requires a detailed evaluation

as described by Gualandris and Strong (1984) and Strong (1985b). We
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limited ourselves to the easier reverse approach: calculation of the

expected bremsstrahlung emissivities, for the three energy ranges

analysed, from the radio electron spectrum. The expected brems-

strahlung spectrum q(E ) for an electron spectrum of the form

Ie
 a E e can be represented by:

q(E) = i % - ^ Jl(Ee)dEe) (5)
Y EY sY E,

where the values of K(E ,a ) are given by Gualandris and Strong

(1984). Using the most recent determination of the electron spectrum

(Ee > 70 MeV, up to a few GeV) given by Webber (1983), the breras-

strahlung emissivities were found to be 0.48xl0~2*>, 0.20xl0~26, and

O.lOxlO"26 ph H atom"1 s"1 sr"1 for the 70 MeV - 150 MeV, 150 MeV -

300 MeV, and 300 MeV - 5 GeV ranges, respectively. The breras-

strahlung contribution to our measured local gamma-ray emissivities

follows from the results presented in Section 4b (0.8 S f S 1.2):

(0.38 - O.57)xlO-26, (0.20 - 0.38)xl0-26, and (0.07 - 0.25)xl0~26

ph H atom"1 s"1 sr"1 for the same three energy ranges (the lower

bound of the ranges corresponds to f = 1.2, the upper bound to

f = 0.8), values which are in agreement with those given above.

Gualandris and Strong (1984) found that the bremsstrahlung estimate

from the gamma-ray emissivities for the 70 MeV - 150 MeV range is a

factor 1 . 5 - 2 times higher than the estimate from the Webber (1983)

electron spectrum. With our lower total gamma-ray emissivity for the

70 MeV - 150 MeV range (confirmed independently by the recent medium

latitude study by Strong (1985a)) compared to the value used by

Gualandris and Strong (1984), no discrepancy seems to be left

between the absolute intensities of the electron spectrum (around

3 00 MeV - 1 GeV) derived from radio and gamma-ray observations.

e. Comments on the CR distributions

The extensions of the CR distributions (Section 4) to R < 4 kpc

are uncertain because of the relatively small sky area (l 250) that

is involved in the analysis of this part of the Galaxy. As a consis-
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tency check, the likelihood analysis described in Section 2 was also

performed with two distance intervals for R < 8 kpc: 2 - 5 kpc and

5 - 8 kpc. The gamma-ray emissivities in the two distance intervals

were found to be not significantly different; in the 70 MeV - 150

MeV range the emissivity value for the 2 - 5 kpc range is somewhat

higher than for the 5 - 8 kpc range. It can be concluded that

we have no indication of a concentration of cosmic rays around

R = 5 - 7 kpc, such previous studies have claimed (see Section 5g).

Although the gamma-ray observations and predictions are in good

agreement, the longitude profiles presented in Figure 5 show also

some discrepancies. These are due partly to the presence of garama-

ray sources (e.g. in the Cygnus region and in the Carina region),

that are either genuine point sources or an indication of localized

enhancements of the CR density. In addition, some discrepancies can

be expected in the case of a concentration of cosmic rays in high-

matter-density regions of spiral arms, as proposed by Bignami and

Fichtel (1974), based on the theoretical considerations of Parker

(1966, 1969). For instance towards 1 = 65°, generally accepted as an

inter-arm region, the gamma-ray predictions are higher than the

observed intensities. However, all deviations are fairly small and

the large-scale CR distribution can be described by the exponential

distributions determined in this paper; only weak modulations due to

high-matter-density regions can be present.

f. Comparison with synchrotron emission

Independent information on the CR electron distribution can be

obtained from the low-frequency radio-continuum emission that

primarily results from interaction of CR electrons with the inter-

stellar magnetic field. In case of an isotropic ensemble of relati-

vistic electrons with differential spectrum k.Eg01 , moving in a

homogeneous magnetic field, the synchrotron emissivity is proportio-

nal to k.B^l+a''2, where B^ is the field component perpendicular

to the line of sight. The 408 MHz all-sky survey published by Haslam

et al. (1981a,b) is most appropriate to a large-scale study. In a
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typical interstellar field of a few G, the 408 MHz observations

mainly trace electrons with energies of a few GeV, which is

approximately and order of magnitude higher than the energy of the

electrons that produce bremsstrahlung at -100 MeV.

Phillipps et al. (1981) and Kanbach (1983) both found from a

radial unfolding of the 408 MHz survey that the radial distribution

of the synchrotron volume emissivity in the galactic plane for

R > 5 kpc can be represented by an exponential distribution

e

s
syn(

R
-

R
o>

} w i t h S g y n
 = -0.25 kpc"

1
. This distribution is

steeper than the exponential CR electron distribution derived from

the gamma-ray observations in Section 4 (-0.21 kpc"
1
 < S

e
 < -0.09

kpc"
1
, for 0.8 i f i 1.2, including Iα uncertainties). Representing

the radial distribution of the magnetic field energy density (=B^)

S (R—R )
also by and exponential distribution e

 m a
8 ° , this

indicates that -0.16 kpc"
1
 < S

m a g
 < -0.04 kpc"

1
. Following this

approach the uncertainties are large, but a combined study of the

low-frequency radio data, the gamma-ray data, and the HI and CO

data, presently available, may give further insight into the

coupling among CR energy density (dominated by CR protons), energy

density of the magnetic field, and gas surface density. Detailed

investigations concerning the equilibrium and stability of the

gaseous disk (similar to the studies of Kellman (1972), Fuchs,

Schlickeiser, and Thielheim (1976), and Badhwar and Stephens (1977))

are needed, but are beyond the scope of this paper.

g. Previous gamea-ray studies of the galactic CR distribution

Even though the importance of molecular hydrogen in the inter-

pretation of gamma-ray observations was noted as early as 1975 by

Stecker et al., up to now poor sky coverage of the CO observations

severely limited the gamma-ray studies of the galactic CR

distribution. In addition, the relation between the measured CO

intensities and the H2 column densities was highly uncertain. Making

a virtue of necessity, the sparse CO observations, mostly concentra-

ted on the mid plane of the Galaxy, and the 21-cm HI observations
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were usually converted into a galactic (spiral arm) model of the gas

distribution. Assuming the CR density on a large scale to be

proportional to the gas density, some studies showed the observed

and predicted gamma-ray intensities to be in agreement (e.g. Bignami

at al., 1975; Kniffen et al. 1977; Fichtel and Kniffen, 1984), while

others required modifications such as abundance gradients or a

partial exclusion of cosmic rays from molecular clouds (e.g.

Cesarsky, Casse, and Paul, 1977). Without making a priori assump-

tions on the proportionality between CR and gas density, several

studies showed that the gamma-ray emissivity increases towards the

inner parts of the Galaxy (e.g. Stecker et al., 1975; Higdon, 1979;

Issa et al., 1981; Harding and Stecker, 1985). The conclusions were

evidently varied and highly uncertain. Using more and better data,

which enables a more sophisticated analysis, the present work has

overcome some of the difficulties that confronted earlier studies of

the inner Galaxy.

For the outer Galaxy, the discrepancy between previous works

using SAS-2 data (e.g. Dodds, Strong, and Wolfendale, 1975; Cesarsky

et al., 1977; Higdon, 1979; Issa et al., 1981) and ours cannot be

ascribed to uncertainties in the molecular-hydrogen contribution to

to the gamma-ray intensities, which is negligible (see paper I and

Section 5c). The pioneering analysis of the gamma-ray data from the

SAS-2 satellite by Dodds et al. (1975) strongly suggested for the

first time that there is a gradient in the density of CR nuclei in

the outer Galaxy, which has been adopted ever since the main

observational evidence against a universal origin of CR nuclei in

the GeV range (see e.g. the review by Cesarsky, 1980). The

burdensome disagreement with our findings in papers I and II and in

the present work, which indicate a near constancy of the nuclei

density throughout the entire Galaxy, seems after all to have a

straightforward explanation: the gamma-ray intensities (> 100 MeV)

measured by the SAS-2 satellite and presented by Fichtel et al.

(1975), which were used by Dodds et al. (1975), are about a factor

of two lower than the final outer-Galaxy intensities released by the

SAS-2 group (Fichtel et al., 1978). These intensity differences may
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be ascribed to the improvement in calibration of SAS-2 after the

first presentation of the data in 1975 (see Thompson et al., 1977);

compare for instance the latitude and longitude profiles given by

Dodds et al. (1975) with those of the final SAS-2 data presented by

Hartman et al. (1979). Usir? these final SAS-2 data, we found that

the 'extra-galactic' model of Dodds et al. (i.e. a constant density

of CR nuclei) predicts even too low gamma-ray intensities for the

outer Galaxy; using recent estimates of the local gamma-ray emis-

sivity for energies above 100 MeV (Section 5d), which are -30%

higher than the value used by Dodds et al., there is good agreement.

It is not surprising that various works (e.g. Cesarsky et al.,

1977; Higdon, 1979) essentially confirmed the findings of Dodds et

al.: they all used the same SAS-2 data base, as presented by Fichtel

et al. (1975). Using the final SAS-2 data, Strong et al. (1981),

Arnaud et al. (1982), and we (paper II) found no indication of a

strong eraissivity gradient (>100 MeV). Although Strong et al. (1978)

and Arnaud et al. (1982) ascribed this to a less strong gradient in

the second galactic quadrant (which they studied), compared to the

third quadrant, the disappearance of the strong gradient found by

Dodds et al. (1975) is basically due to the use of the recalibrated

SAS-2 data.

Issa et al. (1981), analysing the final SAS-2 data and COS-B

data, found a steep emissivity gradient outside the solar circle,

independent of gamma-ray energy. However, they used a radial-

unfolding technique, which gives highly uncertain results at the

solar circle and which is essentially unapplicable to regions beyond

the solar circle. It is noted that the recent work by Bhat et al.

(1984) is largely based on this analysis by Issa et al. (1981). The

local (Si kpc) emissivity variations at medium latitudes (| b | > 10°)

discussed by Issa et al. (1981) and Bhat et al. (1984) can be

ascribed to local variations in the electron density solely (Strong,

1985a; Strong et al., 1985b), which are beyond the scope of our

large-scale analysis of the Milky Way.
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VI. CONCLUSIONS

It is shown that a gamma-ray emissivity gradient as a function

of galacto-centric radius is required to explain the COS-B gamma-ray

observations in the integral 70 MeV - 5 GeV range in terras of CR

interactions with the interstellar gas and photon fields. Using HI

and CO observations to trace the gas distribution in the Galaxy,

the gamma-ray model displays an energy dependence that cannot

satisfactorily be ascribed to different emissivity spectra of

HI and H2, but can be accounted for fully by an energy-dependent

emissivity gradient, which is strongest for low energies. The ratio

X = N(H2)/WQO is derived simultaneously in the likelihood fitting

procedure of the gamma-ray observations; its value is found to be

constant throughout the Galaxy within uncertainties of the analysis:

X = (2.75 ± 0.35) xlO20 mol. cm"2 K"1 km"1 s.

In terms of densities of CR electrons and nuclei, exponential

CR distributions e^'^~^o' as a function of galacto-centric

radius R (Ro = 10 kpc) give an acceptable description of the

gamma-ray observations. The value of S is in the range -0.21 to

-0.09 kpc"1 for CR electrons and -0.055 to +0.015 kpc"1 for nuclei.

The CR electron gradient is required, but the results are consistent

with a constant density of CR nuclei on a galactic scale.

The gradient in the distribution of the CR electrons confirms

their galactic origin. As argued in paper II, if the sources of

electrons and nuclei are distributed similarly in the Galaxy, then

extensive diffusion of the nuclei into the outer Galaxy would

be required to reproduce the observed flat distribution; disk-

confinement models will encounter difficulties, but also models

involving a large halo (Ginzburg and Syrovatskii, 1964; Owens and

Jokipii, 1977; Ginzburg, Khazan, and Ptuskin, 1980) cannot be easily

applied. The gradient of the CR nuclei, if it exists, is so weak,

that on the basis of gamma-ray observations, it can no longer

exclusively be claimed that CR nuclei (with energies of several

GeV) are produced in the Galaxy; the data are consistent with an

extragalactic origin (Brecher and Burbidge, 1972; Burbidge, 1974).
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However, since weak modulations of the CR distribution due to

high-matter-density regions might be present (Section 5e), it is

likely that at least part of the CR nuclei has a galactic origin.
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CHAPTER VIII

THE GAMMA-RAY DEFICIT TOWARD THE GALACTIC CENTRE*

ABSTRACT

The gamma-ray flux (E > 300MeV) from the central few hundred

parsecs of the Milky Way is shown to be nearly an order of magnitude

-smaller than the value expected from the H2 masses generally estima-

ted to be present in the centre and from the average gamma-ray

etnissivity measured for the disk. This result implies that in the

galactic centre the gamma-ray emissivity is anomalously low, or that

molecular hydrogen is nearly an order of magnitude less abundant

than estimates made from CO observations. The former suggests that

the density of cosmic-ray nuclei with energies of -1 GeV is anoma-

lously small relative to the local value, or perhaps that these
I

cosmic rays do not efficiently penetrate the molecular clouds in the \

central region of the Galaxy. The latter suggests that the gas-to- ?

dust ratio is anomalously low and that the 3 a upper limit to the

mass of the nuclear disk in the centre of the Galaxy is 5.8x10^ M0.

Circumstantial evidence favours a low H2/CO abundance as the source

of the gamma-ray deficiency.

(*) In this paper we refer to the central 400 pc as the galactic

centre to differentiate it from the remainder of the galactic disk.

It should be kept in mind that by using this terminology we do not

mean the infrared or radio-continuum source in the central parsec of

the Milky Way.
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1. INTRODUCTION

Observations of the central 400 pc of the Milky Way have shown

that it contains a very large column density of CO and other mole-

cules, typically 5 - 1 0 times greater than that of a typical line of

sight through the entire disk of the Galaxy (see Oort (1977) for a

review). Millimetre-wave observers have argued that the H2 masses

implied by these observations are typically > 3xl08 Mo, although

Oort (1977) has presented arguments for a mass in the galactic

centre an order of magnitude lower. A mass as low as the value

advocated by Oort would have significant implications for the

chemistry of the galactic centre, the gas-to-dust ratio, and for CO

observations of the nuclei of other galaxies.

Independent information on the mass of the molecular gas in the

galactic centre can be derived from gamma-ray observations. Various

studies of the high-energy (> 50 MeV) gamma-ray observations by the

SAS-2 and COS-B satellites (e.g. Hartman et al., 1979; Mayer-

Hasselwander et al., 1982) have indicated that the diffuse high-

energy galactic gamma-ray emission is produced predominantly by

interactions between cosmic rays and the nuclei of the interstellar

gas (see e.g. Fazio (1967) and Stecker (1971) for a review of the

production mechanisms). Since the interstellar medium is highly

transparent to gamma-ray photons, the gamma rays act as a tracer of

hydrogen nuclei in all forms (e.g. Stecker et al., 1975; Fuchs,

Schlickeiser, and Thielheim, 1976; Bignami et al., 1979; Arnaud et

al., 1982; Strong et al., 1982a; Lebrun et al., 1983, Bloemen et

al., 1985) independent of excitation, optical depth and metallicity

effects, which often plague the interpretation of radio- and

millimetre-line data.

We show in this paper that there is a substantial paucity of

gamma rays in the galactic centre relative to the disk. We show that

this implies that either the cosmic-ray density or the gas-to-dust

ratio is significantly lower in the galactic centre. We compare our

results with previous attempts to analyse the gamma-ray emission

from the galactic centre (Wolfendale and Worrall, 1976,1977; Audouze

222



et al. , 1979; Issa et al., 1981). Finally, we discuss the implica-

tions our results have for CO observations of the nuclei of other

galaxies.

2. DATA

a. Gamma-ray data

The data collected by the COS-B satellite have been used. The

data base is the one presented by Mayer-Hasselwander et al. (1982),

supplemented by some later observations (Chapt. II). For the present

analysis we selected the 300 MeV - 5 GeV energy range, because the

point-spread function f(9 ) is the most sharply peaked of the three

COS-B energy ranges commonly analysed and thus provides the best

spatial resolution (f( 6) <* exp -(9/0.6°)0-8 with FWHM = 1.5° and

HPBW = 3.4°). This is desirable because the coverage of the CO sur-

vey is relatively narrow in latitude (± 20'). As a check, the gamma-

ray data in the 150 MeV - 300 MeV energy range have also been used.

An E~2 input spectrum, as derived for the diffuse emission in

the solar neighbourhood (e.g. Lebrun et al., 1982), was assumed when

taking into account the energy dependence of the instrument response

for the determination of the gamma-ray intensities. The contribution

from the instrumental and isotropic background determined by Bloemen

et al. (1984a) for the same COS-B data base has been subtracted from

the raw data. Figure 1 shows the measured 300 MeV - 5 GeV gamma-ray

intensity in the galactic plane for 350°<l<25° and -1°< b < l ° . The

distribution is remarkable for its flatness; there is no discernable

peak at the galactic centre.

b. HI data

We use the 21-cm surveys of Weaver and Williams (1973), and

Strong et al. (1982b) to determine the HI column density, N(Hl), in

the same region shown in Figure 1. The data were corrected to obtain
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Figure 1. COS-B gamma-ray intensity (300 MeV - 5 GeV) in the

galactic plane. The vertical bars are the lo statistical uncer-

tainties in the data.

the brightness temperature Tjj (Williams, 1973) and an optical-depth

correction was made assuming that the spin temperature is every-

where 125 K. Much of the emission in the longitude range 358.5° < 1

< 1.5° suffers from absorption against the continuum sources at the

galactic centre. The HI column densities in this region were there-

fore estimated from an interpolation between measurements made at

adjacent longitudes, i.e. the HI surface density in the galactic

centre was assumed to be no greater than elsewhere in the disk.

Finally, the derived HI distribution was convolved with the COS-B

point-spread function for the 300 MeV - 5 GeV energy range. The

resulting HI column-density distribution averaged over |b| < 1° in

the range 350°< 1 < 25° is shown in Figure 2.

c. CO data

The most extensive CO observations in the region of the

galactic centre are those of Bania (1977, 1980, 1985), made with the

11-m telescope at NRAO. These data are sampled every 0.5" in
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Figure 2. Atomic hydrogen column-density distribution in the

galactic plane. The data ave convolved with the COS-B point

spread function. Because of serious absorption problems near

the galactic centre* column densities in the range 358.5° < I

< 1.5° are found by interpolation from adjacent regions.

longitude from 1 = 350° to 1 = 25° at latitudes b = -20', -10', 0',

+10', and +20'. The spectra of this survey have been integrated over

velocity, yielding a quantity referred to as \}QQ. Figure 3a shows

the longitude distribution of WQQ averaged over [b | < 20'. The

latitude coverage of the CO observations is narrower than the width

of the COS-B point-spread function. In order to convolve the CO

observations with the COS-B point-spread functir>~, the CO data were

extrapolated by assuming a gaussian latitude distribution. The data

from 3 adjacent longitude bins were averaged and a gaussian was fit

to the latitude distribution of the average; this procedure was

repeated for steps of one bin (0.5°) in longitude. Figure 3b

presents the longitude distribution of the measured data together

with the extrapolated data, averaged over |b| < 1°. Figure 3c shows

the longitude distribution of the convolved data for the same

latitude range.

In order to check the accuracy of the extrapolation, a number
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Figure S. (a) Carbon monoxide antenna temperature integrated

over velocity and latitude for -20' < b < 20'. (b) Same as (a)

except the data are extrapolated to \b\ = 1° by gaussian fit-

ting (see text), (c) Same as (b) but convolved with the COS-B

point-spread function.

of CO observations at b = ± 1° between 1 = 350° and 10° were made in

October 1983 using the 4-m millimetre-wavelength telescope at CSIRO

in Epping, N.S.W., Australia. The CSIRO dish uses a cooled Schottkey

barrier diode mixer and has an overall system temperature of ^500 K.

The observations were made by beam switching with a steerable 3.5°

reference beam at a rate of 0.5 Hz. The position of the reference

beam was adjusted to provide equal power levels in the signal and

reference beams, and to ensure that the reference beam was always

farther from the galactic plane than the main beam. Calibration was

achieved by referring all observations to Orion A which was assumed

to be 65 K and was observed prior to each observing session. The

system is equipped with a 512 channel acousto-optical spectrometer

having a resolution of 0.45 km s"* and a bandwidth of 230 km s~ ,

which is adequate for all of the positions observed.

Observations were made at 1° intervals from 1 = 350° to 1 = 10°

at b = +1° and from 1 = 358° to 1 = 10° at b = -1°. Bad weather and

equipment difficulties prevented more extensive observations.

Because it was not possible to make a detailed calibration compari-

son with Bania's data, we also make use of the published latitude

profiles of Sanders et al. (1984) to check our extrapolation. Two

comparisons are plotted in Figure 4. From the CSIRO data, we note

that on average, W Q Q is greater than the extrapolated value by

-30 K km s~l, consistent with what is found when the data of

Sanders et al. (1984) are used. Note, however, that the magnitude of

the CO excess towards the galactic centre remains unaffected by this

difference.
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Figure 4. Latitude profiles of the CO observations of Bania

(1970j 1980, 1985; arosses) together with the gaussian extra-

polations for \b \ > 20' (dashed curve), used in the present

work, the observations of Sanders et al. (1984) (solid curve),

and our CSIRO observations at b = ±1° (dots), averaged over two

selected longitude intervals. In the lower part of the figure

the dots indicate the CSIRO observations at I = 10° only.

3. ANALYSIS AND RESULTS

We estimated the expected longitude distribution of the gamma-

ray intensities in the 300 MeV - 5 GeV range (to be compared with

the observed distribution shown in Figure 1), by assuming that the
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gamma rays are produced by the interactions between uniformly

distributed cosmic rays and the nuclei of the interstellar gas as

traced by the HI and CO observations described in Section 2. Under

this assumption, the expected gamma-ray intensity I is described by

I = (qy/4Tr) (N(HI) + 2X.W C 0), (1)

where q^4 f is the gamma-ray emissivity (ph H atom"! s~^ sr~l) and X

is the ratio N C E ^ / W C Q . The contribution from inverse-Compton

gamma rays (Bloemen, 1985) and possible discrete sources has been

neglected (see discussion in Section 4 ) . Under the same assumptions,

Lebrun et al. (1983) determined q^i.^ and X^g^ for nearly all of

the first quadrant (12° $ I 98°; -5° S b 5 10°). Only a few gamma-

ray excesses remain unexplained by this model (Pollock et al.,

1985).

We started from the Lebrun et al. (1983) determination of q^isk

and Xdisk to investigate the correlation between the gas column

densities and the gamma-ray intensities for the galactic centre (*).

However, some adjustements have to be made for the present analysis.

An improved treatment of the basic HI data (COS-B Caravane Collabo-

ration, private communication), and the use of an E~^ input spectrum \

(see Section 2a) indicated that the values of qdisk a n d xdisk have I

to be modified. In addition, calibration differences between various

millimetre antennae have not yet been fully resolved. Therefore the

conversion factor X^jg^ determined for the first galactic quadrant

is only applicable to data taken with the Columbia Sky Survey dish

(used by Lebrun et al.). In the region common to the Columbia survey

(*) Lebrun et al. (1983) assumed the gamma-ray emissivity (300 MeV -

5 GeV) to be constant inside the solar circle (3 kpc < R < R 0 ) .

Bloemen et al. (1985) found a weak increase of the emissivity inside

the solar circle towards the inner parts of the Galaxy. However,

including this gradient in the present analysis would marginally

influence our findings and would in fact strengthen our conclusions,

as argued in Section 4.
i
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Figure 5. The observed (histogram) and expected gamma-ray

•intensities (300 MeV - 5 GeV). The solid line shows the expec-

ted gamma-ray intensity from HI and CO data using q /4 -n =

0.55xl0~26 ph H atom'1 s'1 sr"1 and N(H2)/WCO = 3x10*° mot.

cm~% K~l km~l s. The small gamma-ray excesses near I = 356°3
I = 7°j and I = 14° are close to three gamma-ray sources listed

in the 2CG catalogue (Swanenburg et al.3 1981).

and Bania's survey at NRAO (12° < 1 < 25°) we found that indeed a

systematic scaling factor is required, consistent with the value

found independently by Dame (private communication). Taking>these

effects into account produces values fortuitously similar to those

in Lebrun et al. (qdisk(300 M e V ~ 5 GeV)/4iT= 0.55xl0~26 ph H atom"1

s~l sr~l and Xj^gj^ = 3xlO20 mol. cm"2 K~* km"* s) where X,jisk now

applies to the NRAO 11-m telescope data. Figure 5 presents the

longitude distribution of the expected gamma-ray intensities

determined from equation 1 and the qjisk an(* ^disk values given

above, together with the distribution observed by COS-B. Although

the expected and observed gamma-ray intensities are in good agree-

ment in the disk, the predicted peak toward the galactic centre is

not observed. That is, one expects to see a large excess of gamma-

ray emission from a region within a few degrees of the galactic
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Fifuee 6. Same as Figure 5, but now for the 150 MeV - ZOO MeV

energy range. Also here the ratio ^(Uz)/^CO = 3xl0%0 mot.

am~2 K~l km~l s has been used. The gamma-ray emissivity has

been determined by fitting fJ(EI) + 2N(H2) to the observed

gamma-ray intensities in the longitude range 6° < I < 25° and

350° < I < 356° (see Section 3).

centre (corresponding to the central molecular disk or bar - Liszt

and Burton, 1978, 1980) which is not present in the gamma-ray data.

It will be shown (in Section 4) that this excess far exceeds the

statistical uncertainties in the gamma-ray data.

The immediate implication is that either the gamma-ray emissi-

vity is very much lower in the galactic centre (issa et al., 1981),

or the mass of H2 is very much less than that inferred from the CO

observations and observations of other millimetre lines (e.g.

Heiligman, 1982; Sanders, Solomon, and Scoville, 1984; Linke, Stark,

and Frerking, 1981), or both.

Additional information is, in principle, available in the

150 MeV - 300 MeV energy range. Using the same value for Xj^g^ as

above, Figure 6 shows a comparison for the 150 MeV - 300 MeV gamma

rays similar to that shown in Figure 5. Because Lebrun et al. do not

give qdisk ^n this range, we fitted the total gas column densities
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to the observed gamma-ray intensities in the longitude range 350° <1

< 356° and 6° < 1 < 25° and obtained qdisk(15° M e V " 3 0 0 M e V ) =

O.62xlO~2° ph jj atom"1 s"1 sr"1, comparable to the value observed

locally. Figure 6 shows that the gamma-ray deficit is also present

in this energy range, but as expected is not as significant because

of the decreased spatial resolution.

We now examine these conclusions quantitatively. We calculated

first an upper limit to the gamma-ray flux from the galactic

centre. Specifically, we asked what is the 3a upper limit to any

excess gamma-ray flux, FQQ, within the range Ib | < 3C and 357° < 1

< 5°, over that produced in the disk (the expected flux peak is

centered at lsl°and b = 0°). To derive this upper limit, we cross-

correlated the measured two-dimensional gamma-ray distribution with

the expected excess distribution, and found that FQQ < 4x10"? ph

(300 MeV - 5 GeV) cm"2 s"1. For Ro = 10 kpc this corresponds to an

upper limit to the luminosity of the galactic centre of L Q C < 4.8x

1039 ph (300 MeV - 5 GeV) s"1. For an E~2 spectrum, this corresponds

to L Q C < 6.9x10^6 erg s""1. If the gamma-ray emissivity for the

central region is not different from the value in the disk (0.55x

10" 2 6 ph (300 MeV - 5 GeV) H atom"1 s"1 sr"1) the 3o upper limit to

the gamma-ray flux derived above implies that the molecular mass

within -400 pc of the galactic centre is < 5.8x10' M o (assuming Ro=

10 kpc), an order of magnitude lower than the estimates based on

millimetre-line data.

We define the CO excess E c o as the velocity integrated CO

emission in the range 359° < l < 3.5°, |b | <1° from which the mean

of the velocity integrated CO emission in the adjacent ± 5° of the

galactic plane is subtracted. The latter contribution presumably

comes entirely from the galactic disk. Note that our CO observations

at CS1RO indicate that EQQ is not significantly affected by the

latitude extrapolations of Bania's CO data (see. Section 2c). It is

found that EQQ = 0.79 K km s"1 sr. If qgg is the gamma-ray

emissivity in the central 400 pc of the Galaxy, and XQQ is the

ratio N(H2)/WCQin this region, then (qGC/^-n) XQC = F G C / 2 E C 0 .
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Thus the 3 o upper limit to the right-hand side of this equation

implies

«Idisk
 x

disk
0.15

where q<ii
s
k
 a n d x

disk
 a r e t n e v a

lues outside the central 400 pc. It

should be stressed that this 3 o upper limit is independent of the

calibration of the CO data used to determine it. The implications

are straightforward: if the conversion from integral CO intensity to

H2 column density in the galactic centre is the same as that in the

disk (XQC = Xd^gfc) , then the gamma-ray emissivity is nearly an

order of magnitude lower than in the disk. If, on the other hand

<1GC
 =
 Idisk» then the conversion from CO to H2 in the galactic

centre is nearly and order of magnitude different from that in the

disk.

4. SIGNIFICANCE

The expected gamma-ray flux from the galactic centre (i.e.

assuming qgc and XQQ are equal to the values in the disk) is

given by F
G C j e x p

 = (qdisk/
47r) x

disk
 2 E

C0»
 w h i c h

 equals 2.6xlO"
6

ph (300 MeV - 5 GeV) cm"
2
 s"

1
. This flux is larger than that of any

source in the 2CG catalogue (Swanenburg et al., 1981), with the

exception of the Vela pulsar. Since the observed flux toward the

galactic centre has a Iα statistical uncertainty of 1.3x10"' ph cm"
2

s"l, the gamma-ray deficit toward the galactic centre is formally a

20a result. We note that there is _no_ realistic uncertainty in our

analysis that might substantially reduce the significance of this

result. The individual values of qdj.sk
 a n

d Xdi
s
k may have non-

negligible uncertainties; the product qdisk-
x
disk (which defines

FQC
 e x

p ) i-
s
 however well defined, since it is determined from the

normalization of the combined CO (i.e. H2) and HI contribution to

the observed gamma-ray intensities in the disk (see method of Lebrun
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et al., 1983). In this respect one should realize that the angular

distributions of HI and CO in the disk are significantly different,

which enabled Lebrun et al. to determine vhe relative contributions

of these two components to the observed gamma-ray emission.

The presence of a large-scale cosmic-ray gradient in the inner

Galaxy (e.g. Stecker et al. 1975; Issa et al., 1981; Bloemen et al.,

1985) does not significantly affect the product qdisk-^disk» which

must be interpreted as an average over the inner Galaxy. For a

gradient increasing all the way into the galactic centre, the value

of FQQ e Xp would become larger, and the anomaly at the galactic

centre would become even more pronounced. In addition, an enhance-

ment of the photon field in the galactic centre could increase the

inverse-Compton gamma-ray flux from that direction. This would

similarly produce a larger deficit than that given in Section 3. The

same holds if there is a concentration of gamma-ray sources in the

galactic centre.

5- DISCUSSION

a. Comparison with previous results

Previous attempts to study the gamma-ray emission from the

galactic-centre region are presented in Wolfendale and Worrall

(1976, 1977), Audouze et al. (1979), and Issa et al. (1981). In all

of these papers possible enhancements of gamma-ray emission in the

distributions derived from the SAS-2 and COS-B satellites were

attributed to the galactic centre. Particular emphasis was given to

an apparent exceos in the SAS-2 gamma-ray distribution for energies

> 100 MeV integrated over a wide range in latitude. Figure 7 shows a

comparison of the shapes of the SAS-2 and COS-B distributions inte-

grated over a much smaller latitude range. The figure clearly shows

that the two data sets are fully consistent, and that no significant

excess is attributable to the galactic centre. Therefore inferences

about the galactic centre based on the apparent SAS-2 excess are not
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Figure 7. Longitude profiles of the SAS-2 observations above

100 MeV (thick histogram) and COS-B observations above 150 MeV

(thin histogram) for the latitude range \b\ < 2.4°. Because the

two energy ranges are not identical3 the SAS-2 data (Fichtel et

al.j 1978) have been normalized to the COS-B data (see Section

2a) over a large fraction of the gdlactio plane (300 ° < l< SO" 3
b\ < 10°).

warranted. The upper limit to the gamma-ray flux from the galactic

centre discussed in Section 3, is an order of magnitude lower than

the values given by Audouze et al. (1979) and by Issa et al.

(1981). The improvement is due primarily to much larger data bases

for both the gamma rays and CO, and to the direct comparisons we

made of the observed CO, HI, and gamma-ray distributions.

b. Implications

It is not possible from the HI, CO, and gamma-ray data alone to

decide whether the galactic-centre gamma-ray deficit is due to a low

gamma-ray emissivity, or to a low H2/CO ratio in the galactic
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centre. Here we examine the implications of each possibility.

(i) Seduced gamma-ray emissivity

If the H2/CO ratio in the galactic centre is close to the

value in the solar vicinity, the low value of HQQ implied by our

analysis can be produced if either, (1) the density of cosmic rays

in the galactic centre is substantially lower (by nearly an order of

magnitude) than it is in the disk, or, (2) galactic-centre cosmic

rays pentrate a substantially smaller fraction of a molecular cloud,

on averagej than in the disk.

With regard to the former possibility, the analyses of Bloemer

et al. (1984a, 1985) indicate that the density of the cosmic rays

which produce 300 MeV - 5 GeV gamma rays (primarily nuclei of ~1

GeV) is roughly constant in the Galaxy from R 3 3 kpc to R = 20 kpc.

Therefore, if one requires the cosmic-ray density in the galactic

centre to be an order of magnitude lower than this, one requires

some mechanism for excluding cosmic-ray nuclei from the galactic

centre. This would seem to require a remarkable magnetic-field con-

figuration. This possibility cannot, however, be excluded a priori.

Furthermore, since it is commonly believed that cosmic rays

drive much of the interstellar chemistry (e.g. Dalgarno and Black,

1976; Watson, 1978), it is difficult to understand how the galactic

centre could maintain the large abundances of complex molecules

(e.g. Rank, Townes, and Welch, 1971) if the cosmic-ray density would

be low by an order of magnitude. Finally, low-frequency radio obser-

vations indicate that the galactic centre is a strong source of

synchrotron radiation (Jansky, 1932; see Oort (1977) for a recent

review); cosmic-ray electrons are thus probably present in abun-

dance . It is implausible that the cosmic-ray nuclei would not also

be plentiful.

It is conceivable that a region as rich in molecules as the

galactic centre produces molecular clouds sufficiently dense that

the cosmic rays do not penetrate the clouds. However, the theoreti-

cal work of Skilling and Strong (1976) and of Cesarsky and Volk

236



(1978), shows that only very-low-energy protons and electrons (<50

MeV) fail to penetrate a dense cloud completely. Furthermore, the

gamma-ray observations of the Orion molecular complex show conclu-

sively that cosmic rays do penetrate at least the local giant

molecular clouds (Caraveo et al., 1980; Bloemen et al., 1984b).

Heiligman's (1982) 13CO observations of the galactic centre seem to

indicate that the mean densities of the molecular clouds found

toward the galactic centre are not unusually large compared to Orion

on average. He also finds that a substantial fraction of the

emission is actually rather diffuse, and there seems to be no obser-

vational reason why cosmic rays should not penetrate the molecular

clouds toward the galactic centre.

Although we cannot rule out either a cosmic-ray deficit or the

inability of the cosmic rays to penetrate the molecular clouds as

the source of the gamma-ray deficit, there seems to be substantial

circumstantial evidence that would indicate the source of the

deficit is to be found elsewhere.

(ii) Reduced H2/CO ratio

A more attractive possibility is that the CO abundance (speci-

fically as measured by W Q Q ) is an order of magnitude greater in

the galactic centre than in the disk. This could be the case if the

metal abundances were unusually high as a result of the intense

star-forming activity known to take place in this part of the

Galaxy. Evidence that abundances in the galactic centre are unusual

comes from recombination line studies (Wink, Wilson, and Bieging,

1985; Shaver et al., 1983) and from studies of isotope ratios

(Penzias, 1979). Alternatively, some mechanism in the galactic

centre might favour an overproduction of CNO bearing molecules in

the gas phase relative to the disk, or the CO might be hotter than

in the disk.

A reduced H2/CO ratio has two major implications. The first is

that Che mass of the molecular disk within 400 pc of the galactic

centre must be <5.8x10? M 0 (3a upper limit), consistent with the
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value advocated by Oort (1977). This value is an order of magnitude

smaller than that advocated by most millimetre-line observers (e.g.

Heiligman, 1982; Sanders, Solomon, and Scoville, 1984) and two

orders of magnitude smaller than that advocated by Linke, Stark, and

Frerking (1981). A reduced H2/CO ratio also implies that other

molecular species such as HCO+, HCN, etc. are likely to be over-

abundant relative to H2. Such an overabundance may be partially

responsible for the high galactic centre mass suggested by Linke,

Stark, and Frerking (1981).

The other implication of a reduced molecular mass is that the

gas-to-dust ratio in the galactic centre would have to be anomalous-

ly low. Far infrared surveys of the galactic plane (Stier et al.,

1983; Hauser et al., 1984) show that the 13CO/dust ratio in the

galactic centre is approximately equal to that in the disk. There-

fore , if the H2/CO ratio is anomalously low in the galactic centre,

the H2/dust ratio must also be low (by nearly an order of magni-

tude). If this is indeed the case, one expects profound implications

for the properties of the grains and the interstellar chemistry of

this region.

(iii) Extragalactic CO observations

Observations by Young and Scoville (1982) of the nuclei of 9 Sc

galaxies show a good correlation between blue luminosity and CO

luminosity. These authors apply a single CO/H2 conversion for all of

these galaxies and argue that their observations imply a relation-

ship between H2 mass and blue luminosity in the nuclei of the

galaxies they observed. They conclude that since their relationship

spans nearly two orders of magnitude in luminosity, variations in

the CO/H2 conversion from galaxy to galaxy are unlikely to affect

their results.

Our results imply that the CO/H2 ratio in the central regions

of the Milky Way may be different by at least an order of magnitude

from the value inferred from observations of the disk. Young and

Scoville use a CO/H2 conversion derived from the disk of the Milky
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Way in their analysis, and our results imply that there might be

variations of an order of magnitude or more in the conversion from

galaxy to galaxy. Furthermore, additional complications in conver-

ting from CO to H2 column densities could result from different

excitation conditions in the nuclei of various galaxies. The LQQ-

Lg relationship found by Young and Scoville may be an artifact of

some other related physical property such as dust temperature,

metallicity, grain properties, etc., rather than an indication that

the star formation rate per nucleon is constant as they concluded.

In general, statements concerning the H2 content of galaxies,

especially in their nuclear regions should be viewed with con-

siderable skepticism when these conclusions derive from CO observa-

tions alone.
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CHAPTER IX

SUMMARY AND PROSPECTS

This dissertation presents studies of the galactic diffuse

gamma-ray emission (70 MeV - 5 GeV), which originates primarily

from cosmic-ray-matter interactions in interstellar space. Using the

most comprehensive gamma-ray data base presently existing and new

large-scale millimetre-wave surveys of the carbon-monoxide molecule,

various difficulties that confronted earlier studies are overcome.

The main assumption in this work is that unresolved gamma-ray point

sources do not contribute significantly to the observed gamma-ray

emission, although the impact of the possible existence of a

significant population of gamma-ray point sources has been con-

sidered. A summary of the studies and the main results is given

here:

(1) The inverse-Compton gamma-ray production in the Galaxy is

estimated from a detailed empirical model of the interstellar

radiation field at optical and infrared wavelengths and models of

the galactic electron distribution (Chapter III). It is shown that

the inverse-Compton contribution to the gamraa-ray intensities

(E > 10 MeV) is generally less than 5% near the galactic plane,

nevertheless it is taken into account in the large-scale modelling

of the Galaxy presented in Chapter VII. This small inverse-Compton

contribution justifies our assumption that the diffuse galactic

gamma-ray emission results mainly from (a) the interaction of

cosmic-ray electrons (with energies up to several hundreds of MeV)

with the interstellar gas through the bremsstrahlung process and

(b) the interaction between cosmic-ray nuclei (mainly GeV protons)

and nuclei of the interstellar gas via the 7r°-decay process.

IX 243



(2) In Chapter IV it is shown that the observed gamma-ray emission

from the large complex of interstellar clouds in Orion and Monoceros

can be explained in terms of interactions of cosmic rays distribu-

ted uniformly in this region with the gas, as traced by HI and CO

observations. This indicates that the cosmic rays penetrate the

giant molecular clouds in the Ori/Mon region. A similar large-scale

analysis for most of the Galaxy (Chapter VII) shows that the

spectral shapes of the gamma-ray emission originating from the

atomic hydrogen and from the molecular clouds are the same within

statistical uncertainties, indicating that the electrons and

protons, which are responsible for the production of gamma rays in

the energy range 70 MeV - 5 GeV, both are able to penetrate the

molecular clouds.

(3) Using HI, CO, and gamma-ray observations, the ratio between H2

column density and integrated CO line intensity is calibrated,

independently of excitation and abundance effects, for the local

Ori/Mon cloud complex (Chapter IV) and on larger linear scales

(kpcs) for the first and second galactic quadrants and the Carina

region (Chapter VII). For the Ori/Mon complex this ratio equals

N(H2)/WC0
 = (2.6 ± 1.2)xl020 mol. cm"2 K"1 km"1 s. The large-scale

analysis shows that the ratio N(H2)/W(;Q is constant throughout the

Galaxy, within the quoted uncertainties: N(H2)/WCO = (2.75 ± 0.35)

xlO^O mol. cm"2 K~1 km"1 s. However, if a population of unresolved

gamma-ray point sources exists, distributed like CO, this value

should strictly be taken as an upperlimit. The principal implication

of this result, and of the good correlation found between the

observed gamma-ray intensities and the HI and CO observations, is

that within the limitations and uncertainties of our analyses, CO is

an acceptable large-scale tracer of H2 mass. The uncertainties and

wide distance intervals (several kpc) we have analysed, however,

permit small-scale CO/H2 variations within the Galaxy.

(4) The CO-H2 relation described above seems not to apply to the

galactic centre (Chapter VIIl). A gamma-ray deficit is found for the
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central few hundred parsecs of the Milky Way, indicating the possi-

bility that the ratio Nd^VW^g is almost an order of magnitude

lower near the galactic centre than for disk. Although circumstan-

tial evidence favours this low H2/CO abundance as the source of the

gamma-ray deficiency, it cannot be excluded that it should be

ascribed to an anomalously low density of cosmic-ray protons or

to an inefficient cosmic-ray penetration of the moleculer clouds

near the galactic centre.

(5) The distribution of H2 on different scales in the Galaxy is

inferred directly from the CO and gamma-ray observations using our

N(H2)/WCO values. The 3a upper limit to the mass of the molecular

clouds near the galactic centre is only 5.8xlO7 M0 (Chapter VIII),

which is nearly an order of magnitude smaller than the H2 masses

generally estimated to be present. The total H2 mass in the Galaxy

is 1.2xlO9 Mo (Chapter VII), which is only 25% of the total HI

mass. The H2 mass located outside the solar circle is less than

3xlO8 Mo (Chapters V and VII). The H2
 a n d H I masses between R = 2

kpc and R = 10 kpc are equal and even in the molecular ring the H2

mass exceeds the HI mass by only -35%.

j

(6) The galacto-centric distribution of the gamma-ray emissivity for \

selected energy ranges is determined (using the kinematics of both

HI and CO as a distance indicator) and interpreted in terms of the

radial distribution of cosmic-ray electrons and nuclei separately.

The final results are obtained in three steps:

(a) In Chapter V it is shown that galactic gamma rays, and

consequently cosmic-ray particles, are present in significant

quantities out to large distances beyond the solar circle. The

total gamma-ray luminosity (E > 100 MeV) of the Galaxy is found

to be (1.0 - 2.0)xl039 erg s"1, of which -50% originates outside

the solar circle (for comparison, the inverse-Compton gamma-ray

luminosity of the Galaxy for this energy range is estimated to be

only (0.5 - 1.2)xl038 erg s~l (Chapter III)), originating primarily
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inside the solar circle).

(b) In Chapter VI, analysing the outer Galaxy for three separate

energy ranges (70 MeV - 150 MeV, 150 MeV - 300 MeV, and 300 MeV -

5 GeV), it was found that the high-energy gamma-ray emissivity is

approximately constant (within 20%) and equal to the local value out

to large (~20kpc) galacto-centric distances wheras the low-energy

etnissity decreases with increasing galacto-centric distance. This

energy-dependent decrease is interpreted as a gradient in the

cosmic-ray electron density (for electrons with energies up to

several hundreds of MeV) and a near constancy of the nuclear

component (mainly protons with energies of a few GeV) in the outer

Galaxy.

(c) In Chapter VII, the inner Galaxy is included in the analysis.

Using HI, CO, and gamma-ray observations over more than half of the

Milky Way, it is shown that a large-scale gamma-ray emissivity

gradient in the Galaxy is required to explain the gamma-ray observa-

tions in the integral 70 MeV - 5 GeV range in terms of cosmic-ray

interactions with the interstellar gas (and photon fields). However,

a significant energy dependence is required in the gamma-ray model,

which cannot be satisfactorily ascribed to different emissivity

spectra for HI and H2 (point (2)), but can be accounted for fully by

an energy-dependent emissiwity gradient, which is strongest for low

energies. In terms of densities of cosmic-ray particles, exponential
S(R—R )

cosmic-ray distributions e ° as a function of galacto-

centric radius R (Ro = 10 kpc) give an acceptable description of the

observations. The value of S is in the range -0.21 to -0.09 kpc~*

for the cosmic-ray electrons and -0.055 to +0.015 kpc~^ for the

nuclei. Although the electron gradient is required to explain the

observations, the results are consistent with a constant density of

cosmic-ray nuclei throughout the entire Galaxy. The quoted cosmic-

ray gradients are in fact upper limits if a population of unresolved

galactic gamma-ray point sources exists with a latitude distribution

similar to that of the gas, but with a stronger concentration
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towards the inner parts of the Galaxy. If such a population in

addition would have a steeper energy spectrum than the diffuse

galactic gamma-ray emission, a less steep cosmic-ray electron

gradient would be required.

(7) The gradient in the distribution of the cosmic-ray electrons

confirms their galactic origin. If the sources of electrons and

nuclei are distributed similarly in the Galaxy, then extensive

diffusion of the nuclei into the outer Galaxy would be required to

reproduce the observed flat distribution. In this case, a disk-

confinement model will encounter difficulties, but also a halo

model can certainly not easily explain the results, unless the halo

is unreasonably big: models involving a large halo, with diffusion

and/or convection, generally produce gradients in the cosmic-ray

density on scales of a few kpc outside the source region. These

problems can in principle be circumvented if the sources of the

electrons and nuclei were distributed differently. The radial scale

length of the sources of the nuclei would have to be greater than

-15 kpc, but there is no galactic population, which might be

responsible for the acceleration of cosmic rays, with such a large

extent into the outer Galaxy. In any case, the gradient of the

cosmic-ray nuclei, if it exists, is so weak, that on the basis of

gamma-ray observations, it can no longer exclusively be claimed that

cosmic-ray nuclei (with energies of several GeV) are produced in the

Galaxy; the data are consistent with an extra-galactic origin either

in its 'universal' or 'local supercluster1 forms. However, since

weak modulations of the cosmic-ray distribution due to high-matter-

density regions might be present, it is likely that at least part of

the cosmic-ray nuclei has a galactic origin.

There are good prospects for additional checks on the results

and direct follow-ups of the work presented in this thesis. Some

analyses are feasible now or will be in the very near future:

- The present work is largely based on observations of the Milky
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Way for the northern hemisphere (limited by the coverage of the CO

observations) and even for this sky area the entire COS-B data base

has not been exploited yet. A large-scale CO survey of the southern

hemisphere from the Columbia/GISS group will soon become available,

which will enable a check on the general applicability of the

reported results over almost the entire Milky Way.

-There seem to be now sufficiently good observations to construct a

self-consistent model of the gamma-ray emission, the diffuse

galactic synchrotron emission at radio wavelengths, and the HI and

CO distributions in the Galaxy. This modelling will provide new

insight into the equilibrium configuration of the galactic gaseous,

magnetic, cosmic-ray, and stellar components as well as into the

diffusion and convection of cosmic-ray particles perpendicular to

and in the galactic plane.

-The IRAS infrared observations enable more reliable estimates to be

made of the inverse-Corapton gamma-ray emission, particularly at

medium latitudes (|b | > 5°) where its contribution to the observed

gamma-ray emission is still most uncertain. Together with the

gamma-ray predictions from the cosmic-ray-matter interactions it

may be possible to disentangle the gamma-ray emission originating

locally (<1 kpc) and a possible galactic gamma-ray (and cosmic-ray)

halo.

-Finally, with regard to the origin of cosmic rays, the findings

described in this thesis might be a challenging input for theorists

in this field.

For a more detailed gamma-ray survey of the Milky Way one has

to wait till a few years after the launch of the NASA Gamma Ray

Observatory in 1988.
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APPENDIX

PARAMETER ESTIMATION AND COMPOSITE HYPOTHESIS TESTING

THROUGH APPLICATION OF THE LIKELIHOOD RATIO

It is evidently most important that the procedures of data

analysis be sufficiently sophisticated to make the best possible use

of the data, particularly for photon counting experiments (see e.g.

Lampton, Margon, and Bowyer, 1976; Cash, 1979). The low count rate

of the COS-B experiment requires even additional care. The approach

to statistical inference employed in this r-issertation is based on

the likelihood ratio and was introduced by Neyman and Pearson (1937)

and Wilks (1938).

The actual application of the likelihood ratio depends on the

exact type of problem to be solved. Generally the form of the

underlying statistical model is (assumed to be) known, except for

certain parameters and their confidence intervals, which have to be

estimated from the experimental data. On the other hand, sometimes

all parameter values follow from theoretical predictions and the

model is then completely specified; one would like to test in these

cases whether or not the data are consistent with these parameter

values, assuming the form of the model is correct (simple-hypothesis

testing). There is a variety of composite-hypothesis testings:

mostly only part of the parameter values is predicted by theory (or

nothing is known a priori about the parameters involved) and one

would like to test if an hypothesis on certain values for the free

parameters (together with the predicted values) is consistent with

the data, or to decide between two hypotheses on the parameter

values in a model, or to make a choice between different statistical

models. The likelihood ratio enables all these types of analysis.

The problems of parameter estimation (with the generation of

confidence intervals) and hypothesis testing are closely related,

particularly if the hypothesis under test concerns the value of a
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parameter. Also the techniques for the estimation and testing

procedures are similar. Therefore, the following discussion is

generalized and holds for both procedures. The basic questions,

however, should not be confused. The central idea is summed up in

the likelihood axiom (Edwards, 1972):

"Within the framework of a statistical model, all the informa-

tion which the data provide concerning the relative merits of two

hypotheses is contained in the likelihood ratio of those hypotheses

on the data, and the likelihood ratio is to be interpreted as the

degree to which the data support one hypothesis against the other."

Probability models which describe the COS-B observations were

constructed in this dissertation in the following way (Pollock et

al. (1981) used for the first time the likelihood-ratio procedure in

gamma-ray astronomy, but constructed the probability model in a

somewhat different manner, adapted to their type of problem). For

the mostly used l°xl° binning of the COS-B data the number of

observed counts N in a bin is generally small and follows a Poisson

probability distribution; so the probability of observing N when N e

is the expected number is:

P(N,Ne) = Ne
N.e"Ne / N! (Al)

N e is a function of n parameters (k^,..,kn) in the chosen model of

the gamma-ray sky and depends on the calibration measurements: if

I e is the expected average gamma-ray intensity for the bin (solid

angle ti) under an hypothesis on (k^,..,kn) then Ne = Ie Q R + Nj,

(R is the exposure of the bin and Nj, the number of background events

estimated from.the in-flight calibration; see Chapter II ). So, for

each bin on the sky we can compute N e and P(N,Ne) under different

hypotheses on the parameters (k^,..,kn) (*). We have chosen as the

(*) Apart from physical quantities (such as gamma-ray emissivity,

the ratio H2/CO, etc.), a possible correction on the background

intensity A I(j has been one of the free parameters in all analyses

described in this dissertation.
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best hypothesis the one which maximizes the product of the

probabilities P(N,Ne) over all bins, i.e. the likelihood L:

( A 2 )

The likelihood ratio X between two different hypotheses on the

parameter values, (k^ °,..,kn°) and (kj',..,kn'), equals

kn°) . ( A 3 )

\ )

The maximum-likelihood ratio for a certain hypothesis on the

parameter values (ki°,..,kn
e) equals

(A4)
Lmax

For a given value of one of the parameters (kj = kj°) the maximum-

likelihood ratio is

m a x T f t i i ° i i ^

) — K] , . . ,Kj-1 jKj + 1 ,..Kn J J J (A5)

Similarly, the maximum likelihood ratio is defined for given values

of a subset of the parameters.

The (maximum) likelihood ratio of two hypotheses contains all

the information which the data provides concerning these two

hypotheses, and this could be in principle the end of this

appendix. It avoids the hypothetical 'infinite series of experiments

under identical conditions1 used in the classical approach to

statistical inference and the subjective 'previous knowledge about a

parameter (the prior probability distributions)1 used by the

Bayesian statisticians, and their corresponding non-parametric

(distribution-free) and parametric tests. However, we have made a

concession to the Bayesian approach.

The quantity -2 In X (where A is the maximum-likelihood ratio

for a certain hypothesis on some or all parameter values) has a

j chi-square distribution, where the number of degrees of freedom
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equals the number of parameters constrained by the hypothesis (e.g.

Eadie et al., 1971). For instance, in case of an hypothesis for all

parameters (equation A4), -2 In X (k^°,..,k
n
°) is distributed as

X
n
2, and in case of an hypothesis for one parameter (equation A5),

-2 In X(kj°) is distributed as X ̂ 2
 #
 similarly, this defines confi-

dence regions for one or a set of parameters in the Bayesian

approach. For instance, for one parameter, the 68% (Iα) confidence

region corresponds to -2 In X = 1.0, the 95% (2a) confidence region

corresponds to -2 In X = 3.8, etc.

Note that we have not considered here the problem of whether

the form of a model is consistent with the data. Such goodness-of-

fit tests will be described where appropriate.

REFEREHCES

Cash, W.: 1976, Astron. Astrophys. 51_, 307

Cash, W.: 1979, Astrophys. J. 228^ 939

Eadie, W.T., Drijard, D., James, F.E., Roos, M. , and Sadoulet, B.:

1971, Statistical Methods in Experimental Physics, North-

Holland Publ. Comp., Amsterdam

Edwards, A.W.F.: 1972, Likelihood, C.U.P.

Lampton, M., Margon, B., and Bowyer, S.: 1976, Astrophys. J. 208,

177

Neyman, J., and Pearson.E.S.: 1937, Phil. Trans. Roy. Soc. London A

231, 295

Pollock, A.M.T., Bignami, G.F., Hermsen, W., Kanbach, G., Lichti,

G.G., Masnou, J.L., Swanenburg, B.N., and Wills, R.D.: 1981,

Astron. Astrophys. _94_, 116

Wilks, S.S.: 1938, Ann. Math. Stat. 9_, 60

Wilks, S.S.: 1963, Mathematical Statistics, Princeton University

Press, Princeton

252



ALGEMENE SAMENVATTING

Gammastraling met een energie van ongeveer 10 MeV tot 10 GeV

orntstaat in ons Melkwegstelsel voornaraelijk in de ruirate tussen de

sterren door de wisselwerking van energierijke kosmische stralings-

deeltjes met het interstellaire gas, ongeacht de chemische samen-

stelling of de fysische toestand van het gas. Het waarnemen van deze

gammastraling biedt dan ook unieke mogelijkheden voor een onderzoek

aan de galactische verdeling van zowel de interstellaire tnaterie als

de kosmische stralingsdeeltjes, temeer daar gammastraling niet wordt

geabsorbeerd in de interstellaire ruimte. De verdeling van de

electronen component van de kosmische straling kan ook worden

bestudeerd aan de hand van waarneraingen van de synchrotron straling

die door deze electronen in het galactisch magneetveld wordt

geproduceerd bij radiogolflengten, maar voor het overgrote deel van

de kosmische straling (voornamelijk protonen, maar ook zwaardere

kernen) bestaat geen andere waarneemmogelijkheid. Garamawaarnemingen

zijn dan ook van essentieel belang om de verdeling en de oorsprong

van de kosmische straling te onderzoeken. Wat het interstellaire gas

in ons Melkwegstelsel betreft zijn er ook andere waarneemmogelijk-

heden, maar van de twee belangrijkste componenten is alleen het

atomaire waterstofgas (Hi) goed in kaart gebracht m.b.v. de

karakteristieke 21-cm lijn. De andere belangrijke component,

moleculair waterstof (H2)» is alleen direct waarneembaar onder

bijzondere omstandigheden. De grootschalige verdeling van dit

moleculaire gas kan het best in kaart gebracht worden aan de hand

van waarnemingen van rotatieovergangen binnen het CO molecule

(geexciteerd door botsingen met H2 moleculen) bij millimeter-

golflengten, maar de calibratiefactor tussen deze waarnemingen en de

dichtheden van het moleculaire waterstofgas is hoogst onzeker,

temeer daar door abundantie- en temperatuureffecten deze relatie wel

eens zou kunnen varieren over het Melkwegstelsel. De gammasterren-
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künde biedt momenteel de beste raogelijkheden ora dit probleem op te

lossen en de grootschalige H2 verdeling in ons Melkwegstelsel te

bepalen.

De galactische gammastraling (70 MeV - 5 GeV) is in kaart

gebracht met de Europese satelliet COS-B gedurende de jaren

1975-1982. De eigenschappen van de ganunatelescoop aan boord van

COS-B en de verkregen hemelkaarten zijn gegeven in hoofdstuk II.

üeze gegevens zijn gebruikt in dit proefschritt, tesamen met de

sinds kort beschikbare grootschalige CO metingen en de 21-cm HI

waarnemingen om de galactische verdeling van de kosmische-stralings-

deeltjes en het interstellaire gas te bepalen. De intensiteit van de

gemeten gammastraling is een maat voor het produkt van de

kosmische stralingsdichtheid en de gasdichtheid längs de gezichts-

lijn, maar het is mogelijk om door zorgvuldige correlatiestudies,

gebruikraakend van alle structuur in de HI-, CO- en gammagegevens,

deze twee componenten op grote schaal te scheiden. Het is bovendien

mogelijk om de electronen en protonen component van de kosmische

straling afzonderlijk te bestuderen. De spectra van de gammastraling

die ontstaat bij de interactie van deze deeltjes met de kernen van

het interstellaire gas zijn namelijk verschillend: de protonen

domineren in de produktie van gammastraling met hoge energieen

(£300 MeV; via het verval van instabiele ir°-mesonen die ontstaan bij

kern-kern-interacties), terwijl de remstraling van de electronen

belangrijk bijdraagt in de produktie van gammastraling met relatief

läge energieen (<150 MeV). In hoofdstuk III is aangetoond dat een

mogelijk derde proces (namelijk de produktie van inverse-Compton

gammastraling door de electronen in het interstellair stralingsveld

voor optische en infrarood golflengten) slechts een geringe bijdrage

levert aan de totale verdeling van de gammastraling.

De produktie van gammastraling op relatief kleine schaal kan

bestudeerd worden aan de hand van HI-, CO- en gammawaarnemingen van

het nabijgelegen Orion/Monoceros wölken complex (hoofdstuk IV). De

gas verdeling en de verdeling van de gamma intensiteiten aan de

hemel tonen duidelijk dezelfde structuur van het wolkencomplex (zie

Figuur 1 in hoofdstuk IV). De gammastraling kan inderdaad worden
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verklaard met de wisselwerking tussen de kosmische stralings-

deeltjes, homogeen verdeeld over het complex, en de gas deeltjes,

hetgeen eveneens aantoont dat de kosmische straling de moleculaire

wölken kan binnendringen.

Figuur 1 laat ook zien dat de HI en CO kaarten totaal verschil-

lend zijn. Dit maakt het mogelijke om uit een correlatie studie van

de gamma-intensiteiten (die een maat zijn voor de totale hoeveelheid

gas längs de gezichtslijn) en de HI en CO tnetingen de calibratie

factor tussen H2 kolomdichtheid en gemeten CO intensiteit te

bepalen. Een vergelijkbare methode kan worden toegepast op

galactische schaal (hoofdstuk VII). In het laatste geval kunnen

variaties in deze CO-H2 relatie over het Melkwegstelsel bestudeerd

worden door gebruik te raaken van de snelheidsinformatie van de CO en

HI spectraallijnen: de calibratiefactor blijkt verrassend constant

te zijn over het Melkwegstelsel op grote schaal (kpcs). De galac-

tische H2 verdeling, zoals deze uit de correlatie studies kon worden

bepaald, laat zien dat de H2 en HI massa's binnen de zonnecirkel

ongeveer gelijk zijn en dat de totale H2 massa van ons Melkweg-

stelsel siecht 25% is van de HI massa. Een zeer duidelijke afwijking

in de CO/H2 calibratie factor is mogelijk gevonden voor de grote CO

concentraties rondom het melkwegcentrum (binnen circa 400 pc)

(hoofdstuk VIII): de H2-CO verhouding lijkt daar een factor tien

lager te zijn dan in het melkwegvlak, hetgeen betekent dat dan ook

de H2 massa in het melkwegcentrum een factor tien lager zou zijn dan

tot nu toe gedacht werd. Dit geeft een nieuwe kijk op de chemische

Processen die zieh afspelen rondom het melkwegcentrum.

Door gebruik te maken van de snelheidsinformatie van de CO en

HI metingen en van de spectraalverschillen in de gammastraling

geproduceerd door respectievelijk electronen en protonen kon uit

deze correlatie studies ook de radiele verdeling van de electronen

en protonen component van de kosmische straling bepaald worden

(hoofdstukken V, VI, en VIl). Hieruit bleek dat de dichtheid van de

electronen afneemt met toenemende afstand tot het melkwegcentrum,

hetgeen duidelijk wijst op een galactisch oorsprong, zoals

verwacht. De dichtheid van de protonen is echter vrijwel constant
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over het gehele melkwegvlak, tot op zeer grote afstand buiten de

zonnecirkel. Dit is een grote verrassing, teraeer daar studies in het

verleden ten onrechte een duidelijke gradient in de verdeling van de

protonen toonden.

De nieuwe resultaten leiden tot de conclusie dat op grond van

gammawaarnemingen niet langer geconcludeerd mag worden dat de

protonen component van de kosmische straling ontstaat in ons

Melkwegstelsel. De gammawaarnemingen zijn consistent met een extra-

galactische oorsprong, maar sluiten een galactische oorsprong niet

uit. Als de protonen en de electronen in ons Melkwegstelsel in

dezelfde bronnen onstaan, dan is een zeer uitgebreide diffusie

vereist voor de protonen. Echter, zowel de huidige raodellen waarin

de kosmische stralingsdeeltjes geconcentreerd zijn in het melkweg-

vlak als halo modellen zullen de waarnemingen zeer moeilijk kunnen

verklaren.
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