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A B S T R A C T

Galactic diffuse γ-ray emission is produced by interactions of cos-
mic rays (CRs) with interstellar gas and low-energy radiation fields.
This is the brightest component of the high-energy γ-ray sky, surveyed
since 2008 with unprecedented sensitivity and angular resolution by
the Large Area Telescope (LAT) on board the Fermi Gamma-ray Space
Telescope. Galactic diffuse emission constitutes not only a bright and
structured background which needs to be modeled in order to study
individual sources and fainter diffuse components, but it can be used
also as a probe of the interstellar environment of the Milky Way.

We present in-depth studies of LAT γ-ray observations of selected
regions in the local and outer Galaxy. LAT data are compared with
multiwavelength tracers of the interstellar medium (ISM), including
radio/mm-wave lines of gas and infrared emission/extinction from
dust. The impact of the H I optical depth, often overlooked in the past,
is carefully examined and recognized currently as the dominant source
of uncertainty in the interpretation of observations.

On one hand, we discuss the constraints provided by the γ-ray
data on the census of the interstellar gas. We determine the XCO =
N(H2)/WCO ratio for several clouds, finding no significant gradients
in the Galactic disc over a range of ∼ 3.5 kpc in Galactocentric radius,
and variations of a factor . 2 in nearby local clouds. We also find
evidence for an ubiquitous dark phase of interstellar gas which does
not shine at radio/mm wavelengths and which provides a mass ∼ 50%
of that traced by CO. For the first time we determine its γ-ray spec-
trum which is found to be well correlated with that of H I, thus further
confirming that the emission originates from interstellar gas.

On the other hand, we use the emissivity per hydrogen atom to in-
fer the distribution of CRs in distant locations not accessible by direct
measurements. While the local H I emissivity is consistent with the CR
spectra measured near the Earth, no significant decrease is found to-
ward the outer Galaxy in spite of the steep decline in number density
of putative CR sources. The implications for CR origin and propaga-
tion are detailed.

Our models successfully reproduce LAT data over most of the re-
gions considered. A remarkably hard and extended excess of γ-rays is
detected in the innermost ∼ 100 pc of the massive-star forming region
in Cygnus. The γ-ray excess fills a ionized cavity, which apparently
extends from the Cyg OB2 stellar cluster toward the γ Cygni super-
nova remnant, and it hints to the presence of an excess of high-energy
particles with respect to the surrounding clouds. We discuss its ori-
gin, the relationship with spatially coincident TeV emission detected
by Milagro and the possible link with CR acceleration in the region.
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S O M M A R I O

L’emissione γ Galattica diffusa è prodotta dalle interazioni dei raggi
cosmici con il gas e i campi di radiazione di bassa energia nello spazio
interstellare. Essa costituisce la componente più brillante del cielo γ ad
alte energie, osservato dal 2008 con una sensibilità e una risoluzione
angolare senza precedenti dal Large Area Telescope (LAT) a bordo del
telescopio spaziale Fermi. L’emissione Galattica diffusa costituisce non
solo un fondo intenso e strutturato che è necessario modellare per stu-
diare le sorgenti γ individuali e le componenti diffuse più deboli, ma
anche un mezzo per sondare l’ambiente interstellare della Via Lattea.

In questa tesi si riportano alcuni studi delle osservazioni γ del LAT
per regioni selezionate della Galassia locale ed esterna. I dati del LAT
sono confrontati con traccianti multifrequenza del mezzo interstellare,
tra cui righe radio e millimetriche del gas e emissione e estinzione
dovute alle polveri. L’impatto dello spessore ottico dell’idrogeno a-
tomico, spesso trascurato in passato, è esaminato con cura e iden-
tificato allo stato attuale come la principale sorgente di incertezza
nell’interpretazione delle osservazioni.

Da un lato si discutono i vincoli dati dall’emissione γ sul censimen-
to del gas interstellare. Il rapporto XCO = N(H2)/WCO è determina-
to per varie nubi: non si osserva un gradiente significativo nel disco
Galattico su una distanza di 3.5 kpc in raggio Galattocentrico, ma si
evidenziano variazioni di un fattore . 2 per le nubi locali. L’emis-
sione γ mette in evidenza in tutte le regioni studiate una fase oscura
del gas interstellare che non brilla alle lunghezze d’onda radio o mil-
limetriche, la cui massa rappresenta ∼ 50% di quella tracciata dal CO;
l’origine dell’emissione γ da parte di gas oscuro è dimostrata dalla pri-
ma misura mai effettuata del suo spettro, che risulta ben correlato a
quello dell’idrogeno atomico.

Dall’altro lato l’emissività per atomo di idrogeno serve per traccia-
re la distribuzione dei raggi cosmici in regioni lontane non accessibili
con misure dirette. Mentre l’emissività locale risulta consistente con
lo spettro dei raggi cosmici misurato in prossimità della Terra, non si
osserva nessuna diminuzione significativa nella Galassia esterna mal-
grado il rapido decremento nella densità delle sorgenti putative di rag-
gi cosmici. Le implicazioni per la loro origine e propagazione sono
discusse in dettaglio.

I nostri modelli riproducono i dati del LAT nella maggior parte delle
regioni considerate. Si rivela un eccesso esteso di emissione γ dura nei
100 pc centrali della regione attiva di formazione stellare del Cigno. La
“bolla” γ riempie una cavità ionizzata, che apparentemente si estende
dall’ammasso di stelle massicce Cyg OB2 in direzione del resto di su-
pernova γ Cygni, e suggerisce la presenza di un eccesso di particelle di
alta energia rispetto alle nubi che la circondano. I possibili meccanismi
di accelerazione alla sua origine sono esaminati anche in riferimento
all’associazione con emissione γ al TeV rivelata da Milagro.
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R É S U M É

L’émission γ diffuse Galactique provient des interactions des rayons
cosmiques avec le gaz et le champ de rayonnement de basse énergie
dans l’espace interstellaire. Elle représente la composante la plus bril-
lante du ciel γ de haute énergie, lequel est observé depuis 2008 avec
une sensibilité et une résolution angulaire sans précédent par le Large
Area Telescope (LAT) à bord du télescope spatial Fermi. L’émission
diffuse Galactique ne constitue pas seulement un fond intense et struc-
turé qui doit être modélisé pour étudier les sources individuelles ou
les composantes diffuses plus faibles, mais elle peut être utilisée pour
sonder l’environnement interstellaire de la Voie Lactée.

Des études détaillées des observations γ du LAT dans des régions
spécifiques de la Galaxie locale et externe sont présentées. Les don-
nées LAT sont comparées à des traceurs multi longueurs d’onde du
milieu interstellaire, dont les raies radio et millimétriques du gaz et
l’émission et l’extinction des poussières. L’impact de la profondeur op-
tique du H I, souvent négligé auparavant, est examiné soigneusement
et identifié comme la principale source actuelle d’incertitude dans l’in-
terprétation des observations.

Les contraintes apportées par l’émission γ sur le recensement du gaz
interstellaire sont discutées. Le rapport XCO = N(H2)/WCO est déter-
miné dans plusieurs nuages. Il ne présente pas de gradient significatif
dans le disque Galactique sur une distance de 3.5 kpc en rayon Galacto-
centrique mais des variations d’un facteur . 2 sont observées dans les
nuages proches. L’émission γ révèle la présence un peu partout d’une
phase sombre du gaz interstellaire qui ne brille pas aux longueurs
d’onde radio/millimétriques et dont la masse représente ∼ 50% de
celle vue en CO. Pour la première fois on détermine son spectre γ qui
suit étroitement celui du H I et confirme ainsi que l’émission associée
provient d’un gaz.

D’autre part, l’émissivité trouvée par atome d’hydrogène sert à suivre
la distribution des rayons cosmiques dans des endroits éloignés, non
accessibles par des mesures directes. L’émissivité trouvée dans le gaz
H I local est compatible avec les spectres des rayons cosmiques mesurés
près de la Terre, mais nous n’observons pas de diminution significa-
tive dans la Galaxie externe malgré le déclin rapide de la densité volu-
mique des sources potentielles de rayons cosmiques. Les conséquences
sur l’origine et la propagation de ceux-ci sont discutées en détail.

Nos modèles reproduisent les données LAT dans la plupart des ré-
gions considérées. Ils révèlent une bulle étendue d’émission γ dure
dans les 100 pc centraux de la région active de formation d’étoiles du
Cygne. L’excès γ remplit une cavité ionisée, laquelle apparemment s’é-
tend de l’amas d’étoiles massives Cyg OB2 en direction du reste de
supernova γ Cygni, et il suggère la présence d’un excès de particu-
les de haute énergie par rapport aux nuages circonvoisins. La relation
avec l’émission γ au TeV mesurée par Milagro au même endroit et
les différents processus d’accélération disponibles dans la région sont
discutés pour en cerner l’origine.
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Io stimo più il trovar un vero,
benché di cosa leggiera,

che ’l disputar lungamente delle massime questioni
senza conseguir verità nissuna.

— Galileo Galilei

I N T R O D U C T I O N

Galileo Galilei in 1609 first looked at the sky not by naked eye but
instead using his telescope. This event in regarded as the foundation
stone of modern Astronomy. A second revolution occurred in the 20

th

century, when the development of new instrumentation enabled as-
trophysicists to expand their field of investigation from visible light
to the whole electromagnetic spectrum and to other messengers like
cosmic rays (CRs), neutrinos and gravitational waves. Among the last
windows of the electromagnetic spectrum opened, we find the most
energetic form of light, γ-rays.

Following the first complete survey of the γ-ray sky by the Compton
Gamma-Ray Observatory, since 2007 we entered in a renaissance of high-
energy γ-ray Astrophysics with the launch of the AGILE satellite and
the Fermi Gamma-ray Space Telescope. The Fermi Large Area Telescope
(LAT) provides a continuous survey of the sky from 20 MeV to more
than 300 GeV with unprecedented sensitivity and angular resolution.

This manuscript represents the fruit of the research I carried out in
the Fermi LAT collaboration during the past three years. I focused
my effort in understanding the performance of the telescope and the
backgrounds for the study of γ-ray sources, especially Galactic diffuse
γ-ray emission.

Indeed, the most evident feature of the LAT sky is our Galaxy, which
shines in γ-rays because of interactions of CRs with gas in the inter-
stellar medium (ISM) and low-energy interstellar radiation fields. But
what for someone else is only a background, for me represented a
treasure of knowledge about the interstellar environment of the Milky
Way.

The interstellar space of our Galaxy is populated by CRs, the ISM
and interstellar electromagnetic fields intimately bound together and
with massive stars. Massive stars form out of the reservoir of matter
provided by the ISM in its densest and coldest regions. They enrich
their surroundings by emitting intense radiation and releasing nucle-
osynthesis products carried away in strong winds and powerful explo-
sions at the end of their life. The latter process is thought to power
as well the injection of CRs with energies . 1015 eV in the interstellar
space of the Galaxy.

CR Physics represented one of the most fertile fields of the 20
th cen-

tury Science. After the first pioneering studies, CR observations gave
birth to subnuclear Physics in the ’30s and the ’40s. CR Physics reflour-
ished in the second half of the century with the advent of spaceborne
instruments, and once more toward the new millennium with the dis-
covery that apparently most of the Universe is made from something
unknown we call “dark matter” and “dark energy”. The quest for
new Physics needed to explain this mystery led to the foundation of
the field known as Astroparticle Physics.
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2 introduction

On the other hand the ISM is a system extremely rich in interest-
ing Physics far from the local thermodynamical equilibrium, playing a
fundamental role in the interplay between the interstellar environment
and stars, which are the major constituents of the Galactic ecosystem.

Interstellar γ-ray emission is key to understand CR origin and prop-
agation. It is also a tracer of total column densities in the ISM, which
usefully complements gas and dust observations at other wavelengths.
The core of the thesis is built around the analyses of three selected
regions of the sky relevant for the understanding of the interstellar
environment of the Milky Way. The first two of these studies led to
publications, for which I gave a major contribution in both the analy-
sis and the redaction phases. The papers are therefore integrated in
the manuscript. The last analysis reported is still a work in progress,
yet anticipating very exciting results.

Part i provides the reader with the fundamental pieces of informa-
tion to understand the results presented in the thesis. Readers experi-
enced in the field should skip whatever they already know or even go
directly to the second part of the thesis.

Chapter 1 is an overview on Fermi LAT data analysis, which presents
the γ-ray data and the analysis methods discussed in the follow-
ing chapters.

Chapter 2 gives a general introduction on the interstellar environment
of the Milky Way, with its three basic constituents, the ISM, CRs
and electromagnetic fields.

Chapter 3 focuses on the main subject of the thesis, interstellar γ-ray
emission. It illustrates the main open questions before the Fermi
era and some early results obtained by the LAT collaboration,
relevant or complementary to my work.

The major scientific outputs of my work are presented in Part ii.
The first three chapters report the analysis of the individual regions,
the latter provides a summary of the results and their implications.

Chapter 4 is dedicated to the region of Cassiopeia and Cepheus in
the second Galactic quadrant, where we observe some nearby
conspicuous clouds of the Gould Belt, as well as interstellar com-
plexes at larger distances in the outer region of the Milky Way.

Chapter 5 completes the study of the outer Galaxy, with the segment
seen toward the third Galactic quadrant in the constellations of
Canis Major and Puppis. LAT measurements are also compared
with predictions by CR propagation models, and the implications
are discussed.

Chapter 6 presents a global analysis of the γ-ray emission from the
Cygnus region. The Cygnus complex, located in the tangent di-
rection of the Local Spur, hosts a massive interstellar complex
and is the region with the highest massive star-formation activ-
ity in the vicinities of the solar system.

Chapter 7 summarizes the results of my analysis efforts regarding
interstellar emission and discusses their implications for the dis-
tribution of CRs in the Galaxy and its relations with the distri-
bution of putative sources, remnants of massive stars after their
explosive death, as well as for the census of the ISM.

Finally, Part iii collects some technical material. It is intended to
present some very specific personal contributions I gave to the analysis
of LAT data with all their gory details.
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Appendix A is a note about my work on residual backgrounds in LAT
data, both from misclassified CR interactions and the Earth’s at-
mospheric γ-ray emission. Residual backgrounds are a key issue
to study the large-scale interstellar emission, therefore relevant
to the analyses previously presented, but they are also of larger
general interest for the analysis of LAT data.

Appendix B provides some details about the kinematic separation of
ISM structures. In particular, I explain here in detail the novel
method I developed for kinematic separation that I applied to
the analyses presented in the thesis, based on physical structures
of the ISM instead of rings as in most of the previous studies.

Appendix C illustrates the procedure for the linear fit of two sets of
variables both affected by non-negligible uncertainties and not
statistically independent, that I also used for the analyses previ-
ously reported.

To help the reader a list of acronyms used along the thesis is pro-
vided. Finally, the table of contents describes in detail the structure of
the manuscript.

completed in Padova
January 26, 2011

last revised on
February 21, 2011





Part I

T H E F E R M I L A R G E A R E A T E L E S C O P E A N D
T H E I N T E R S T E L L A R E N V I R O N M E N T O F

T H E G A L A X Y I N γ - R AY S





TELESCOPE, n. A device having a relation to the eye
similar to that of the telephone to the ear,

enabling distant objects to plague us with a multitude of needless details.
Luckily it is unprovided with a bell summoning us to the sacrifice.

— Ambrose Bierce, The Devil’s Dictionary





1T H E F E R M I L A R G E A R E A T E L E S C O P E : D ATA A N D
A N A LY S I S

The Large Area Telescope (LAT) is the primary instrument on board
the Fermi Gamma-ray Space Telescope (Fermi) 1, launched on June 11,
2008. The LAT is an imaging telescope detecting photons from 20 MeV
to more than 300 GeV. The second instrument on board Fermi is the
γ-ray burst monitor (GBM), dedicated to the study of transient phe-
nomena in the 8 keV to 40 MeV energy range.

In this chapter I will introduce the reader to LAT data and their
analysis. I will start with a short overview of the detector and data
taking, then I will go through the analysis chain which associates to
each event the best estimate of energy and arrival direction and re-
duces the backgrounds by about six order of magnitudes. The inter-
pretation of data relies on the understanding of the instrument per-
formance, which is modeled using both Montecarlo simulations and
in-flight data. I will briefly describe the LAT performance and how it is
modeled through Instrument Response Functions (IRFs). I will finally
introduce the reader to the statistical technique mainly used to ana-
lyze LAT data, the likelihood analysis based on Poisson statistics, and
to the high-level analysis environment developed by the LAT team.

This chapter is meant to provide the reader with a comprehensive
introduction about LAT data and their analysis rather than presenting
my work. Being involved in the activities of the LAT collaboration
since the late preparatory phase before the launch, I took part to the
verification of the LAT performance 2, to the validation of the analysis
tools (§ 1.3.2) and to the studies of residual background contamina-
tion. Some technical notes about my personal contributions to the
latter topic are included in Appendix A. Given the broad scope of the
LAT Science, no attempt is made to review all the objectives of the
mission. Those strictly related to my work are presented in Chapter 2

and Chapter 3.

1.1 lat data

1.1.1 The LAT on orbit

Fermi is on orbit around the Earth, at ∼ 565 km with an inclination
of 25.6◦ with respect to the Equator. After a check-out and commission-
ing phase the Fermi observatory started the nominal Science operations
on August 13, 2008

3. The primary observing mode for Fermi is a scan-
ning mode, where the LAT observes the whole sky every two orbits
(∼ 3 hours). To achieve this purpose the LAT boresight on alternate
orbits is pointed to +50◦ from the zenith direction and towards the

1. http://fermi.gsfc.nasa.gov/; formerly known as Gamma-ray Large Area Space
Telescope (GLAST).

2. I participated, e.g., to the definition of the standard performance plots shown later
in § 1.1.2 and available at
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm.

3. The LAT was operated in the standard Science operation mode almost continu-
ously since August 4, 2008.

9
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10 the fermi large area telescope : data and analysis

pole of the orbit and to −50◦ from the zenith on the subsequent orbit 4.
The orbit of Fermi has a precession period of ∼ 53.5 days. Fermi is
occasionally operated in pointing mode to study interesting transient
phenomena. Calibration runs, which may involve or not pointings, are
also periodically performed.

The LAT detector

The LAT (Atwood et al., 2009) is an imaging, wide-field-of-view, γ-
ray telescope, detecting photons from 20 MeV to more than 300 GeV.
The LAT is a pair-tracking telescope, made from a 4× 4 array of tow-
ers, with a converter-tracker and a calorimeter module. A segmented
anticoincidence detector (ACD) covers the tracker array, and a pro-
grammable trigger and data acquisition system (DAQ) completes the
instrument. Fig. 1.1 provides a schematic illustration of the LAT.

Figure 1.1: Schematic view of the LAT (Atwood et al., 2009): a tower (tracker
and calorimeter module) is cut-away and partially exploded for
display. The real telescope dimensions are 1.8 m×1.8 m×0.72 m.

High-energy γ-rays interact with matter mainly through production
of e+ − e− pairs. The LAT converter-tracker modules (Atwood et al.,
2007) have therefore 16 planes of high-Z material (tungsten), which
promote the conversion into pairs. The sensitive tracker apparatus
consists of 18 (x, y) tracking planes, each with two layers (x and y) of
single-sided silicon strip detectors. The first 16 planes are interleaved
with the tungsten foils, the first 12 with a thickness of 0.03 radiation
lengths (thin or front section) to maximize the angular resolution at
low energies limiting the Coulomb scattering, the following 4 with a
thickness of 0.18 radiation lengths (thick or back section) to maximize

4. The rocking angle used to be 35◦ at the beginning of the mission, and it was later
increased to improve the battery performance, being its cooling more efficient if the
bottom of the spacecraft points away from the Earth.
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the conversion probability at high energies. The last two planes have
no converter foils in order to accurately measure the entering point
in the calorimeter. The aspect ratio of the tracker (height/width) is
0.4, allowing a large field of view (FoV) of 2.4 sr and ensuring that
nearly all pair-conversion events will pass into the calorimeter. The
self-triggering capability of the tracker is an important new feature of
the LAT design that is possible because of the choice of silicon-strip
detectors, which do not require an external trigger. In addition, all of
the LAT instrument subsystems utilize technologies that do not use
consumables, such as the gas of tracking spark chambers in previous
high-energy γ-ray telescopes. The read-out electronics are described
in Baldini et al. (2006).

Every calorimeter module has 96 CsI crystals doped with thallium,
arranged in an eight-layer hodoscopic configuration with a total depth
of ∼ 8.6 radiation lengths, giving both longitudinal and transverse in-
formation about the energy deposition pattern. Crystals are read out
by photodiodes at each side. The calorimeter provides the measure-
ment of the energy deposited by the shower initiated by the e+ − e−

pairs, and also images the shower development, enabling the estima-
tion of the energy leakage and the discrimation from hadronic show-
ers. Each crystal provides three spatial coordinates: two discrete co-
ordinates from the location of the crystal in the array and the third
coordinate given by measuring the light yield asymmetry at the ends
of the crystal along its long dimension.

The ACD is the first defense of the LAT against the large background
given by charged CRs. In the LAT design it was required to provide an
efficiency exceeding 0.997 for detection of singly charged particles en-
tering the FoV of the telescope. With respect to previous pair-tracking
γ-ray telescopes the LAT was designed to detect photons up to hun-
dreds of GeV. It was therefore essential to avoid the “self-veto” effect,
i.e. the rejection of γ-rays with energies & 10 GeV because of the back-
splash on the ACD of secondary particles produced in the calorimeter.
For this purpose the LAT ACD is segmented into 89 plastic scintilla-
tor tiles providing spatial information that can be correlated with the
signal from tracker and calorimeter modules. Scintillation light from
each tile is recorded by wavelength shifting fibers embedded in the
scintillator and connected at their ends to two photomultiplier tubes
(PMTs). To minimize inefficiencies along one dimension adjacent tiles
are overlapping; along the other gaps between tiles are covered by
flexible scintillating fiber ribbons with > 90% detection efficiency. To
protect the ACD from debris hitting its surface, it is covered by a light
micrometeoroid shield (0.39 g cm−2). A complete description of the
ACD and its performance is given by Moiseev et al. (2007).

Data acquisition

The DAQ collects information from the subsystems, generate the in-
strument triggers (at a rate of 2− 3 kHz) and provides the first onboard
filter reducing the rate of downlinked events to ∼ 500 Hz, while the en-
tire LAT instrument is connected to the satellite through the spacecraft
interface unit.

The tracker and calorimeter modules of each tower are interfaced
by a tower electronics module (TEM), generating tower-based triggers.
At the entire instrument level a global unit collects signals from all
the electronics module and distributes the clock signal, provides an
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interface with the ACD, generates instrument-wide triggers based on
the information received from the TEMs and the ACD interface and
builds the events with the information received from the whole appa-
ratus, sending them to the event processor units (EPUs).

The minimum read-out time per event is 26.5 µs, due to the transmis-
sion of the trigger signal between the different units. During the event
read-out the different subsystems send a busy signal to the global unit,
which generates the overall dead time and send it to Earth along with
data.

The trigger is designed in order to minimize the deadtime due to
background events. Triggers are generated by any of the TEMs, ei-
ther if there is a signal over threshold for three planes in a row or
an energy deposition threshold is exceeded in any of the calorimeter
crystals (with two different thresholds for low-energy and high-energy
events). Non-detector based trigger inputs are used for calibration and
diagnostic purposes, either derived from a periodic clock or from an
external request.

The two EPUs implement the onboard filtering aimed at reducing
the contamination by charged particles. The events triggering the LAT
are indeed mostly background due to CR interactions. The onboard
analysis is designed in order to maximize the efficiency for γ-ray detec-
tion keeping the background within the bandwidth allowed for down-
link. Note that all events exceeding a threshold of raw energy de-
posited in the calorimeter (in the range 10− 20 GeV) are downlinked
at Earth for analysis since their rate is low.

The Fermi orbit crosses the Earth inner radiation belt in a region
known as the South Atlantic Anomaly (SAA). The SAA hosts geomag-
netically trapped particles with fluxes exceeding by several orders of
magnitude those in the rest of the orbit. This hard radiation environ-
ment would lead to the saturation of the tracker electronics, with a
drastic reduction of the livetime, and high currents in ACD PMTs ex-
ceeding the safe operation limits and producing a rapid deterioration.
Therefore, the LAT does not take data during the passages in the SAA
and bias voltages of the PMTs are lowered from 900 V to ∼ 400 V
(Abdo et al., 2009o). The perimeter delimiting the SAA was conserva-
tively defined prior to launch, and re-evaluated in the commissioning
phase, so that the turn-off leads to a loss in observation time of ∼ 13%
of the total on-orbit time (Abdo et al., 2009o).

1.1.2 Reconstruction and classification

Once data have been downlinked to the Earth the event analysis
process starts, consisting in the determination of the direction and en-
ergy of the candidate γ-rays and the event classification necessary to
largely reduce the backgrounds and tune the instrument performance.
The whole event analysis chain was developed and strongly relies on
detailed Montecarlo (MC) simulations of the instrument.

All the work presented in this thesis is based on the event analysis
developed prior to launch known as Pass 6 (or P6), which is described
in some detail in the rest of the paragraph. The LAT team, thanks to
the expertise accumulated with real data after the launch, is working
on the definition of an analysis with improved event classification (P7)
and a further analysis version redefining also the event reconstruction
(P8).
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The LAT Montecarlo Modeling

Central in the pre-launch phase for the design of the instrument and
the development of the software infrastructures, the MC modeling of
the LAT is fundamental for both the event analysis and the studies of
the instrument performance.

LAT MC simulations make use of different γ-ray source models (in-
cluding realistic representations of the γ-ray sky) and a full model of
the backgrounds (e.g. charged CRs, neutrons, γ-ray emission from the
Earth limb, see Ormes et al., 2007).

The LAT MC modeling is based on GLEAM (GLAST LAT Event
Analysis Machine, see Boinee et al., 2003, for details). The simula-
tion of events is based in particular on some tools of the Geant 4

MC toolkit (Allison et al., 2006).The instrument digitization is then
modeled through parametrized calculations; after the launch on-orbit
calibration data (Abdo et al., 2009o) were used to convert the energy
deposited in the active volumes to instrument signals. Then, an ana-
logue of the onboard filter described above is applied and then events
undergo the same analysis chain described below.

The MC modeling of the LAT was validated through an on-ground
calibration with muons and a beam-test campaign performed on a
calibration unit (CU), made from some subdetector modules identi-
cal to those used to build the LAT, including two complete tracker-
calorimeter towers. The CU was exposed to photons (up to 2.5 GeV),
electrons (1− 300 GeV), hadrons (π and p, from a few GeV to 100 GeV)
and ions (C, Xe, 1.5 GeV/n) in different irradiation facilities (see Bal-
dini et al., 2007, for details). The beam test made possible the tuning of
the detector modeling, as well as the choice of the G4 interaction mod-
els which best reproduce the real data 5. It provided also the bounds
to the systematic uncertainties on the absolute energy measurements,
equivalent to +5%

−10% (Ackermann et al., 2010).

Tracking and energy reconstruction

Spatially adjacent hits in the tracker are combined in a cluster, de-
termining a 3D position in the detector. Clusters are then combined
to generate track hypotheses. Two different algorithms are used to
generate tracks. The first method is based on the centroid and axis
of the energy deposition in the calorimeter; the furthest cluster is cho-
sen at random in the appropriate temporal window, the second one is
searched for on the line connecting the putative first hit to the deposi-
tion centroid in the calorimeter; if the latter is found a track hypothesis
is generated and populated using an adaptation of the Kalman filter
(Frühwirth et al., 2000), propagating clusters to the following layer us-
ing a full covariance matrix which takes into account Coulomb scatter-
ing; the process is iterated over all the possible furthest clusters, until
a track of sufficient quality is found after exploring at least two lay-
ers; the “longest, straightest” track found by the Kalman fit is retained
as the best track (corresponding to the higher energy charged particle
hypothetically produced by the γ-ray conversion), and after flagging
the hits of the first track as used a second track-finding algorithm is

5. Notably, the LAT beam test led to discover that the Landau-Pomeranchuck-Migdal
effect, affecting the development of electromagnetic showers in the calorimeter, was
inaccurately implemented in the standard libraries; the problem was fixed in following
versions of Geant 4.



14 the fermi large area telescope : data and analysis

invoked. The second method is used when calorimeter information
is not sufficient for track finding (e.g. at low energies): it is a blind
method analogous to the first one but the second cluster is chosen at
random in the next closest layer to the calorimeter; multiple scattering
errors are calculated assuming a minimum energy, namely 30 MeV.

After determining single tracks, the latter are combined into vertices.
The best track is combined with a second one chosen among the others
associated with the event. If the second track approaches the best one
within a given distance, namely 6 mm, a vertex solution is generated.
The next unused track is selected and the process repeated. Tracks
which are not satisfactorily paired are assigned to a vertex by them-
selves. If calorimeter information is available a further solution, the
“neutral energy” solution, is also possible: when a significant fraction
of energy goes into neutral particles (γ-rays) during the conversion
process or immediately thereafter (due e.g. to Bremsstrahlung) the
tracks can point away from the direction of the infalling γ-ray, but the
direction can be better reconstructed using the centroid of the energy
deposition in the calorimeter.

The first step in the energy reconstruction is the conversion of the
raw signals into energy deposition for each crystal end, providing the
total energy and the position for each crystal, thus resulting in a 3D
array of energies. The sum of the energies deposited provides the first
raw estimate of the event energy, whereas the 3D centroid and mo-
ments of the energy deposition provide the direction of the shower.
Further corrections are based on the track direction (or vertex direc-
tion) determined as described above using the tracker information.
The trajectory is used to estimate the energy leakage out of the sides
and back of the calorimeter and in internal gaps between the active
volumes. Three different algorithms are used, based on a parametric
correction using the barycenter of the shower, on a fit to the shower
profile or on a maximum likelihood taking into account also the hits
in the tracker. At low energies (. 100 MeV) a significant fraction of the
energy can be deposited in the tracker, therefore this contribution is es-
timated from the tracker hits and added to the corrected calorimeter
energy.

Event classification and background rejection

Event classification aims at selecting the best estimates of the event
direction and energy among those available for the event and determin-
ing their accuracy, as well as at drastically reducing the backgrounds
in the final data sample. All these purposes are achieved using a series
of selection criteria and classification tree 6 (CT) generated probabilities
(Breiman et al., 1984).

Using a CT the best energy estimate is chosen between the available
options for each event, and using another CT the probability that the
measured value is within 1σ from the true value is evaluated. For
the estimate of the direction, at first a CT chooses between the vertex
solution if available and the best one-track solution. Events are then
divided into four subclasses, according to the conversion point, in the
front or back section of the tracker, and to the vertexing properties, ver-
tex or one-track events. For each of the subsets the probability that the

6. Automated algorithm which partitions a data set into classes generating complex
event selection criteria
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measured direction is within the 68% containment angle from the true
arrival direction is evaluated by a CT, and the events are re-merged.
At this point for each event there are a best energy and a best direction
measurements, as well as the corresponding estimates of the accuracy
of the measurements.

The background rejection is a fundamental task since the background
events triggering the LAT exceed by 105 the celestial γ-rays. The on-
board filter is configured in order to fit the available band for data
downlink at the Earth while keeping the largest possible efficiency
for γ-ray detection (reducing the signal-to-noise ratio at ∼ 1 : 300).
The background rejection at Earth aims at further reducing the back-
grounds by almost three orders of magnitude. The main tool to achieve
this purpose is the ACD used in conjunction with the measured tracks.
Event with tracks pointing to hits in the ACD and to gaps in the ACD
shield are discarded (the latter case provides an efficiency loss only
at the level of ∼ 2%). Further constraints to reduce the backgrounds
are based on the event topology in the tracker and the overall shower
profile in tracker-calorimeter; they are used to grow some CTs which
estimate the probability of an event being a celestial γ-ray or a back-
ground particle.

The various scientific objectives of the LAT Science require an appro-
priate tuning of the instrument performance and of efficiency/back-
ground contamination; a few event classes were defined prior to launch.
The Transient class, suitable for studying localized, intense, transient
phenomena, has the largest efficiency but a residual background at the
level of the γ-ray detection rate. The Diffuse class 7 was the purest class,
expected to achieve a background-rejection factor of the order of 106,
while keeping an efficiency for γ-ray detection ∼ 80%. After launch
the better understanding of the backgrounds led to the definition of
a purer class, called Dataclean, especially developed to study the ex-
tragalactic γ-ray background (EGB, Abdo et al., 2010j). All the event
classes have a residual background contamination. The reducible back-
grounds are given by events which, in principle, could be identified as
background and eliminated. The irreducible backgrounds are given by
background particles interacting with the dead materials surrounding
the instrument and producing a real γ-ray which enters the detector.
Irreducible events constitutes the majority of residual backgrounds in
the purest classes. For more details on residual backgrounds see Ap-
pendix A.

The event analysis finally results in a table, where each event is asso-
ciated with an energy, a direction and some additional pre-computed
quantities, as well as a flag which allows the user to select among
the predefined event classes. LAT photon data 8 are publicly available
through the Fermi Science Support Center (FSSC) 9, together with the
orbital history of the telescope.

7. So called because it was specifically tuned to study diffuse γ-ray emission, even
if after launch it was used also to study sources due to the backgrounds larger than
expected for the Source class.

8. Only photon data are released, meaning that all the events in the public data
sample meet the loose selection criteria of the Transient class.

9. http://fermi.gsfc.nasa.gov/ssc/

http://fermi.gsfc.nasa.gov/ssc/
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1.2 the lat instrument response functions

In high energy Astrophysics it is conventional to use for data analy-
sis a high-level model of the instrument response through Instrument
Response Functions (IRFs; e.g. Davis, 2001). This choice is motivated
by two different purposes:

– providing the whole scientific community with a mean to inter-
pret the data after direction and energy reconstruction and event
classification;

– comparing data from different instruments in different energy
ranges, to perform multiwavelength analyses.

The LAT IRFs were defined and parametrized prior to launch based
on the MC simulations described in § 1.1.2. After launch the IRFs
started being modified to take into account effects observed on-orbit,
notably the losses of efficiency due to accidental coincidences and pile-
up effects in the detector and other differences found between MC
and on-orbit performance. The LAT IRF models developed by the LAT
team are released along with data. (§ 1.3.2).

1.2.1 Modeling the LAT performance

Definition of the IRFs

The IRFs are defined by convention as a function R of true photon
energy E′ and direction p̂′, measured photon energy E and direction p̂
and time t, so that the differential count rate in the instrument phase
space (reconstructed energy and direction) is given by the convolution
of the source differential flux per unit area at the detector with the
IRFs.

dN
dt dE dp̂

(E, p̂, t) =
∫

dE′dp̂′ R(E, p̂|E′, p̂′; t)
dN

dt dE′dp̂′dS
(E′, p̂′, t)

(1.1)

The IRFs are canonically factorized into three functions, represent-
ing the efficiency, the angular resolution and the energy resolution
plus a temporal scaling factor.

R(E, p̂|E′, p̂′; t) = T(t)A(E′, p̂′)P( p̂|E′, p̂′)D(E|E′, p̂′) (1.2)

The scaling factor T(t) accounts for temporal variations, such as in-
strument failures or the deterioration of instrument components. The
lack of consumables (like the gas of spark chambers in previous high-
energy γ-ray telescopes) makes the LAT performance very stable and
therefore this term negligible.

The three functions usually called IRFs are then:
– the effective area, A(E′, p̂′), the detection efficiency for photons of

true energy E′ and arrival direction p̂′ expressed as an area (i.e.
the factor converting incident fluxes per unit area into differen-
tial count rates in the instrument regardless of the reconstructed
energy E and direction p̂);

– the Point Spread Function (PSF), P( p̂|E′, p̂′), the probability den-
sity that a photon with energy E′ and arrival direction p̂′ has a
reconstructed direction p̂;

– the energy dispersion, D(E|E′, p̂′), the probability density that a
photon with energy E′ and arrival direction p̂′ has a reconstructed
energy E.
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Representation of the IRFs

The LAT IRFs are determined primarily by the hardware design, the
event reconstruction algorithms and the event classification and selec-
tion. The IRFs were modeled prior to launch using the MC simulation
of the detector. The MC modeling consists in a dedicated massive
simulation of γ-ray events and the subsequent derivation of the IRFs.

The effective area is represented as a table of scalars in several bins
in energy and inclination angle with respect to the detector axis and
separately for front and back-converting events. The representation
of the PSF and energy dispersion is more complex: it involves the
parametrization of the angular and energy distribution of events. This
is done assuming some functional forms which approximately repro-
duce the observed distributions and determining the function param-
eters fitting data in several bins in energy and inclination angle.

The details of the representation (parametric functions, binning) var-
ied among the different versions of the IRFs. Instead of focusing on the
current version, for further details I address the interested reader to the
dedicated web pages of the FSSC 10, which are continuously updated
with the latest developments in the modeling of the LAT performance.

The latest pre-launch expectations for the LAT performance are de-
scribed in Atwood et al. (2009), corresponding to the IRF sets known
as P6_V1 11. In the next paragraph I will overview the developments
in the LAT IRF after launch and I will briefly discuss the current open
issues.

1.2.2 LAT Instrument Response Functions since launch and open issues

The outcome of the on-orbit calibration campaign of the LAT (Abdo
et al., 2009o) was implemented in the LAT MC simulation, and so in
the generation of the IRFs. Moreover, some unexpected effects became
clear when comparing real data with MC simulations.

Hunting ghosts

Right after launch unexpected interactions between γ-ray and back-
ground events were observed, source of rate-dependent inefficiencies.
Prior to launch these effects were thought to be negligible. A ghost
event consists, e.g., in a background particle releasing energy in the
sensitive volumes immediately before a real γ-ray triggers the LAT. See
Fig. 1.2 for an example illustration. Those events may be discarded
by the event classification algorithms trained on MC simulations un-
affected by such effects, leading to a degradation of the instrument
performance.

The real solution to these problems is the redefinition of the recon-
struction analysis in order to correctly treat events with artifacts, which
is under investigation by the LAT team (P8 analysis). In the mean
time, to allow unbiased studies of celestial sources the effects of ghosts
are taken into account in the generation of the IRFs. Data frames are
extracted from periodic trigger events, stored in bins of geomagnetic

10. http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

Cicerone_LAT_IRFs/IRF_overview.html

11. The LAT IRFs are conventionally called after the event analysis version they refer
to (P#), plus a number representing the version of the IRFs (V#), plus the event class
(selection criteria used to build the data sample).

 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_overview.h tml
 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_LAT_IRFs/IRF_overview.h tml
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Figure 1.2: Example of a ghost event in the LAT (Rando et al., 2009): on the
left a ghost track produced by the accidental time coincidence of a
background particle hitting the LAT, on the right a candidate γ-ray.
Only active volumes in tracker and calorimeter are shown; overlaid
the candidate tracks.

latitude to correctly sample the LAT radiation environment, and ran-
domly superimposed to MC generated events to simulate the effect of
ghosts 12.

P6_V3_DIFFUSE IRFs

This “overlay” procedure led to the first IRF set taking into account
on-orbit effects, called P6_V3 (Rando et al., 2009), where the effective
area is corrected for the average effect of pile-up and accidental coin-
cidence effects in the LAT given its orbital characteristics. I will now
shortly describe the performance of the LAT as depicted in this IRF set
for the Diffuse events class, which were used for most of the analyses re-
ported in this thesis, as well as for many published papers, notably the
first-year LAT Catalog (1FGL; Abdo et al., 2010c). I address the readers
to the LAT performance web page 13 for the latest developments.

Fig. 1.3 shows the effective area of the LAT, separately as a function
of energy for normally incident photons and as a function of incidence
angle for 10 GeV photons. The peak effective area, typically lying in
the 1− 10 GeV energy range is greater than 8000 cm2.

The relevant quantity in the standard survey mode is the effective
area integrated over the FoV, called acceptance or étendue, which is
shown in Fig. 1.4. The large acceptance of the LAT led to the collection
of a data sample which already exceeds by more than one order of
magnitude the statistics of previous γ-ray telescopes. Fig. 1.4 shows
the intrinsic acceptance, regardless of orbital characteristics; to obtain
the effective acceptance the curves have to be rescaled by the livetime
fraction. It is interesting to note that the acceptance has a slower turn-

12. Note that most of the data frames are empty.
13. http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.

htm

http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm
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Figure 1.3: The LAT effective area as a function of energy for normally inci-
dent photons (left) and as a function of incidence angle for 10 GeV
photons (right). The curves correspond to front-converting events
(red), back-converting events (blue) and total (black).
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Figure 1.4: The LAT acceptance as a function of energy. The curves correspond
to front-converting events (red), back-converting events (blue) and
total (black).

on with respect to the normal effective area, highlighting the depen-
dence of the FoV on energy.

Fig. 1.5 shows the angles for 68% and 95% event containments, as a
function of energy and incidence angle as above. The PSF strongly
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depends on energy due mainly to Coulomb scattering in the tracker,
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whereas the dependence on incidence angle is mild. As an illustrative
number, we note that the 68% containment angle for front-converting
events at 1 GeV is ∼ 0.6◦, whereas the diameter of the full Moon in the
sky is ∼ 0.5◦. For comparison, the 68% containment angle at 1 GeV of
EGRET, the predecessor of the LAT, was 1.7◦. If compared to an ideal
Gaussian case, the PSF has larger tails especially at energies & 10 GeV.
This can be appreciated looking at the ratio of the 95% to the 68%
containment angle, shown in Fig. 1.6. This ratio would be 1.62 for the
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of energy for normally incident photons (left) and as a function of
incidence angle for 10 GeV photons (right). The curves correspond
to front-converting events (red), back-converting events (blue) and
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ideal Gaussian case, while it is > 2 for the LAT PSF.
Fig. 1.7 shows ∆E/E for 68% event containment, which is a measure
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Figure 1.7: ∆E/E for 68% event containment as a function of energy for nor-
mally incident photons (left) and as a function of incidence an-
gle for 10 GeV photons (right). The curves correspond to front-
converting events (red), back-converting events (blue) and total
(black).

of the instrument energy resolution. It is better than 15% over most of
the LAT energy band.

The systematics affecting the LAT effective area were evaluated for
this event class using bright pulsars (Rando et al., 2009), which provide
us with a clean γ-ray sample thanks to the temporal properties of
their emission. The conservative estimate of the systematics derived
puts a 10% upper limit on the effective area uncertainties at 100 MeV,
5% at 562 MeV and 20% at 10 GeV. The bounds to the effective area
uncertainties can be assumed to linearly vary with the logarithm of
energy between these values.
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IRFs beyond P6_V3

Further improvements are under development by the LAT team.
There is a small dependence of the effective area on the azimuthal
angle in the detector, at a few % level, which can affect observations of
bright sources on day scales. This dependence can be modeled from
the MC simulations and taken into account.
P6_V3 IRFs take into account the average effect of pile ups and ac-

cidental coincidences in the LAT. The effect is indeed dependent on
the trigger rate, or, equivalently, on the livetime fraction. The livetime-
dependent correction to the effective area can be computed from MC
simulations with ghost overlays and parametrized (also as a function
of energy) with simple analytical formulas to re-weight the effective
areas in the IRF convolution.

The experimental PSF at energies & 5 GeV was found to be broader
than expected from MC simulations. This was noticed in the distribu-
tion of events around bright sources, active galactic nuclei (AGN) and
pulsars (PSR), and advertised as a source of systematics by the LAT
collaboration (e.g. Abdo et al., 2010c). Part of the problem can be at-
tributed to deficiencies of the MC simulation used to generate the IRFs;
the LAT team is currently investigating the possibility of releasing an
in-flight PSF, corrected to reproduce in-flight data, while trying to fix
the mismatch between data and MC simulations.

As anticipated, small systematic discrepancies at the 5% level are
observed between real events and MC for some variables related to
the shower development in the tracker and the calorimeter, which are
influencing the estimate of the efficiency. Also in this case the LAT
collaboration is considering to use in-flight data to correct the effective
area while investigating the origin of these discrepancies to reduce the
final systematic uncertainties on the absolute fluxes.

1.3 likelihood analysis of lat data

Because of the limited statistics, the presence of a bright and struc-
tured background given by interstellar emission and the angular res-
olution strongly varying with energy, yet always poor compared to
other wavelengths, it is never possible to really isolate a source in high-
energy γ-rays and statistical techniques have to be applied to study the
GeV sky. In this section I review the most broadly used method, the
likelihood analysis based on Poisson statistics, which was applied for
the analyses described in this thesis. I will describe its basics features
and how it is implemented in the LAT high-level analysis environment.

The likelihood analysis requires to assume a model of the signal
detected by the telescope. Describing the sky at GeV energies is com-
plicated by the dominance of diffuse γ-ray emission (see Chapter 3),
which needs to be modeled together with individual sources.

1.3.1 Likelihood analysis for photon-counting experiments

Let us assume to have a model describing the observations sup-
posed to be known except for a finite number of parameters. Let
M(E′, p̂′, t; {αk}) be the differential flux per unit area at the detector
predicted by the model as a function of true photon energy E′, true
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photon arrival direction at the detector p̂′, time t and of the unknown
parameters {αk}k=1, ..., m.

Using the definition of the IRFs in Eq. 1.1 we can derive the differ-
ential count rate J in the detector phase space (reconstructed energy E
and direction p̂) predicted by the model

J(E, p̂; {αk}) =
∫

dt dE′dp̂′ R(E, p̂|E′, p̂′; t) M(E′, p̂′, t; {αk}) (1.3)

as a function of reconstructed energy E, reconstructed arrival direction
p̂ and of the unknown parameters {αk}k=1, ..., m. The counts expected in
a given energy range (E1, E2), solid angle Ω and time interval (t1, t2)
are then obtained as the integral of the differential count rate in the
detector.

Λ({αk}) =
∫ t2

t1

dt
∫

Ω
dp̂

∫ E2

E1

dE J(E, p̂; {αk}) (1.4)

Given the low counting rates it is appropriate to use for the compar-
ison the Poisson statistics, as originally proposed by Cash (1979). This
method was successfully used for γ-ray studies over the years (e.g. Pol-
lock et al., 1981; Mattox et al., 1996). If λ is the number of expected
counts the probability density of observing n counts is

f (n, λ) =
λn

n!
e−λ (1.5)

Expected counts can be compared with observed counts binned with
a certain grid in arrival direction and energy. The likelihood is defined
as the product for each pixel ı of the probability densities of observing
Nı counts given the expectation Λı({αk}).

L ({αk}) = ∏
ı

f [Nı, Λı({αk})] (1.6)

It is convenient to consider the logarithm of the likelihood.

log L ({αk}) = ∑
ı

Nı log Λı({αk})−∑
ı

Λı({αk})−∑
ı

log(Nı!) (1.7)

The best-fit set of parameters {αk} is found maximizing the likelihood,
or equivalently its logarithm 14, where the last term ∑ı log(Nı!) can be
neglected since it is model independent. The likelihood becomes

log L ({αk}) = ∑
ı

Nı log Λı({αk})−Λtot({αk}) (1.8)

where Λtot({αk}) is the total number of counts predicted by the model.
The likelihood profile around the maximum provides an estimate

of the statistical errors affecting the best-fit parameters. According to
Cramer-Rao’s disequation (Cramer, 1946; Rao, 1945) an upper limit to
the covariance matrix terms is given by

σ2
ab =

[
− ∂2 log L

∂αa∂αb

∣∣∣∣
{αk}

]−1

(1.9)

In the case of limited statistics an unbinned likelihood method can
be used. Let us think to use a grid fine enough that in each pixel the

14. Commonly used numerical codes minimize the opposite of the likelihood loga-
rithm.
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number of observed counts is either 0 or 1. Let P be the pixel set where
Nı = 1, the likelihood logarithm is therefore simply

log L ({αk}) = ∑
ı∈P

log Λı({αk})−Λtot({αk}) (1.10)

In a small enough pixel Λı({αk}) = J(Eı, p̂ı; {αk})∆t∆ p̂∆E, so Eq. 1.10

yields

log L ({αk}) = ∑
ı∈P

[log J(Eı, p̂ı; {αk}) + log ∆t + log ∆ p̂ + log ∆E] +

−Λtot({αk}) =
= ∑

ı∈P
log J(Eı, p̂ı; {αk}) + log ∆tNobs + log ∆ p̂Nobs +

+ log ∆ENobs −Λtot({αk}) (1.11)

where Nobs is the total number of observed photons. Being the mid
terms independent from the model they can be neglected for the like-
lihood maximization and Eq. 1.11 becomes

log L ({αk}) = ∑
ı∈P

log J(Eı, p̂ı; {αk})−Λtot({αk}) (1.12)

where the first summation can be practically computed looping over
the energies and directions of the observed photons.

The quantitative comparison between different models using the
likelihood analysis is not straightforward. There are some selected
cases where the comparison can be performed using the likelihood ra-
tio test (LRT). Let us consider the model M({αk}k=1, ..., m), and let us
assume M0({αk}k=1, ..., h) to be a simpler or more parsimonious model
where {αk}k=h+1, ..., m are fixed to given values (m > h). In the null
hypothesis that {αk}k=h+1, ..., m are set to the true values the Wilk’s the-
orem (Wilk, 1938) predicts that the test statistics

TS = 2
(
log L − log L0

)
(1.13)

where L and L 0 are the maximum likelihood values found for the full
model M and the simpler model M0, respectively, is distributed asymp-
totically as a χ2 with m− h degrees of freedom 15. When TS is large
we reject the null hypothesis (the simpler model does not suffice to de-
scribe data) and we resort to the full model determining {αk}k=h+1, ..., m
from the likelihood fit. The confidence level at which the full model
M describes data better than the simpler model M0 is

c.l. =
∫ TS

0
ds χ2

m−h(s) (1.14)

being
∫ +∞

TS ds χ2
m−h(s) the chance probability that the test statistics is

larger than the obtained value.
The LRT can be applied as long as the likelihood function met some

regularity conditions and the two alternative models are nested (as de-
tailed in Protassov et al., 2002). The regularity conditions require that
log L ({αk}) is three times differentiable with respect to the αk, that
the derivatives are limited and the Hessian matrix is positive definite
(for technical details see Protassov et al., 2002, Appendix A). Requiring
the two models to be nested means that:

15. Neglecting terms of the order of N −1/2 or higher, where N is the number of
pixels.
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1. given M({αk}k=1, ..., m) it must be possible obtaining M0({αk}k=1, ..., h)
by setting {αk}k=h+1, ..., m to some fixed values (as obvious from
our formulation);

2. the null values of the parameters {αk}k=h+1, ..., m must be in the
interior (not on the boundary) of the set of possible values in the
full model.

The first criterion implies that, e.g., we cannot use the LRT to discrim-
inate among two different spectral models for a source, like a power
law or a black-body spectrum. The second criterion is particularly im-
portant for added model components, e.g. to test if there is significant
signal from a source over the expected backgrounds. To met the sec-
ond criterion when adding the source to the model its flux should not
forced to be > 0, but instead allowed to be negative, so that the null
hypothesis (flux null) is in the interior of the possible values of the
more complex model.

When such conditions are not met the test statistics is not guaranteed
to follow the reference distribution and so it is not possible to calculate
the false positive rate for a detection. For example Mattox et al. (1996)
recognized such a problem in the analysis of EGRET point sources and
subsequently re-calibrated their test statistics through MC simulations.

1.3.2 The LAT high-level analysis environment

The LAT collaboration developed a high-level analysis suite for study-
ing LAT data, called the Science Tools, publicly available through the
FSSC 16. The Science Tools include tools to rapidly simulate LAT obser-
vations, to perform temporal analysis of pulsars, to select and explore
LAT data, to perform the likelihood analysis described in § 1.3.1. We
will concentrate on the latter two items, which are those relevant for
our purpose.

Data selection

Beyond the event classification described in § 1.1.2 a further selec-
tion can be performed. Events can be selected in a specific region of
the sky, energy range or temporal window (e.g. when a source is in a
particular state), on the basis of the event class level or according to the
conversion point in the detector (in the front or back section). Events
can also be selected on the basis of the corresponding observing time
intervals: good time intervals are, e.g., those when the LAT was taking
data in the configurations suitable for scientific analysis (runs where
the detector is specifically configured for calibration purposes are pe-
riodically taken) and the quality of the data was judged to be “good”
by the monitoring scientists.

Dedicated selection criteria are required to limit the contamination
by γ-rays produced in CR interactions with the Earth atmosphere.
The Earth atmospheric emission is very bright for the LAT due to its
proximity and largely anisotropic due to the pointing strategy. At-
mospheric γ-rays are real γ-rays entering the LAT, which cannot be
rejected using detector information apart from the arrival direction.
The selection is therefore usually performed selecting events within a
maximum zenith angle for the infalling direction, which is chosen on

16. http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/
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the basis of the LAT orbital characteristics and the region of the sky to
be studied; for more details see Appendix A.

Likelihood analysis

The likelihood analysis is implemented through a series of subse-
quent steps. At first the livetimes are summed for each position on
the sky as a function of inclination angle with respect to the detector
axis. In this procedure good time intervals are chosen accordingly to
the event selection criteria previously specified.

The cumulative livetimes are then used to precompute the expo-
sures with procedures which differ according to the analysis strat-
egy, binned or unbinned. Calculating the exposures always involves,
roughly speaking, the integration of the effective area over the FoV
weighted by the livetimes over a position-energy grid. This precom-
puted quantity is then used to calculate the convolution in Eq. 1.3.

Exposure maps are also a useful way to see how uniform is the
survey performed by the LAT. As an example we show in Fig. 1.8 the
exposure map corresponding to the first three months of sky survey
(Abdo et al., 2009k). The coverage of the sky was uniform within 30%

Figure 1.8: Exposure map at 1 GeV over the whole sky (Galactic coordinates
in Aitoff projection) for the first three months of LAT observations
(the data sample is described in Abdo et al., 2009k). The map is
rescaled by the on-axis effective area, so that the scale gives the
equivalent on-axis observing time for each point in the sky. The
color scale is in units of Ms.

after only three months of survey, with a clear deficit around the south
celestial pole due to the SAA.

In the convolution with the IRFs (Eq. 1.3) the energy dispersion is
usually neglected to limit the computing time, since its impact is less
important. This can be a source of systematic effects, especially if there
is a strong dependence of the effective area on energy, notably at low
energies.

After the convolution with the response functions the last step is the
actual likelihood fitting. It is based on numerical minimization codes,
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very often on Minuit 17. The likelihood routines return as output the
best-fit values of the model parameters and their statistical uncertain-
ties derived from the likelihood profile (Eq. 1.9), as well as the maxi-
mum likelihood logarithm values associated to each model to perform
the LRT (§ 1.3.1).

The analysis of LAT data as sketched in this Chapter has been lead-
ing to a wealth of new results in γ-ray astrophysics. Some of them, re-
garding diffuse emission are summarized in Chapter 3 (after a general
introduction on the interstellar environment in the Galaxy in Chap-
ter 2). The methods and analysis tools I introduced were used in par-
ticular to obtain the results presented in Part ii.

17. http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html

http://seal.web.cern.ch/seal/MathLibs/Minuit2/html/index.html

http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html
 http://seal.web.cern.ch/seal/MathLibs/Minuit2/html/index.html


2T H E I N T E R S T E L L A R E N V I R O N M E N T I N T H E
G A L A X Y

Stars do not reside in empty space, but in a rich interstellar environ-
ment which is populated by extremely rarefied ordinary matter (the in-
terstellar medium; ISM), by relativistic particles (the cosmic rays; CR)
and by electromagnetic fields.

These basic constituents are, as we will see in the chapter, intimately
bound together, with comparable energy densities and pressures. Fur-
thermore they play a key role in the Galactic ecosystems, one of the
most interesting aspects being probably the interplay between the in-
terstellar environment and stars. New stars form out of the reservoir
of matter given by the ISM, in its densest and coldest regions. During
their life stars emit electromagnetic radiation in the interstellar space
and enrich the matter locked in their interior in heavy elements. Part
of this matter eventually returns to the ISM via powerful stellar winds
or violent supernova explosions. The latter process is thought to power
as well the injection of CRs in the interstellar space.

This chapter introduces the main constituents of the interstellar en-
vironment of the Milky Way. I will present the standard multiphase
picture of the ISM, with particular emphasis on the tracers that allow
us to determine its distribution. I will then give an overview on Galac-
tic CRs, in particular on the direct measurements performed near the
Earth and the theoretical and observational knowledge about their ac-
celeration, propagation and interactions in the Galaxy. I will conclude
with a brief description of the Galactic magnetic field and of the elec-
tromagnetic radiation with emphasis on that produced by CR during
their propagation in the interstellar space.

The chapter has been inspired by the concept of interstellar environ-
ment as a part of the Galactic ecosystem proposed by Ferrière (2001).

2.1 the interstellar medium

To a terrestrial observer the Milky Way on clear nights appears as a
faint luminous band across the sky. In the late 18

th century Herschel
noticed that some regions along this band seemed devoid of stars. It
was realized in the following century that these “holes” were due to
the presence of discrete “clouds” of obscuring matter.

A breakthrough event was the discovery by Hartmann (1904) of sta-
tionary narrow absorption lines of ionized calcium (Ca II) in the spec-
trum of the binary δ Orionis, indicating the presence of cold (T <
1000 K) material located between the binary and the observer. The
subsequent detection of absorption lines with multiple narrow peaks
showing a sine-wave pattern compatible with the rotation of Galactic
stars (this aspect is explained in detail in Appendix B), convinced the
astronomers of the existence of a diffuse ISM.

To the current knowledge, the ISM accounts for 10%− 15% of the
visible mass of the Galaxy and it has a highly inhomogeneous dis-
tribution. Roughly half of the ISM mass is located in discrete clouds
occupying only a small fraction of the Galactic volume. These interstel-
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28 the interstellar environment in the galaxy

lar clouds are made of very cold (T = 10− 20 K) molecular gas and
cold (T = 30− 100 K) atomic gas. The rest of the interstellar matter
spreads out between the clouds, under the form of warm atomic gas,
warm ionized gas and hot ionized gas. The most relevant properties
of these five “thermal phases” of the ISM are described in Table 2.1.

T (K) n (cm−3) mass (%) filling (%)

molecular 10− 20 > 103 20 20

cold atomic 30− 100 50 30 20

warm atomic 8000 0.5 45 25

warm ionized 6000− 12000 0.1 < 10 25

hot ionized > 106 < 0.003 < 1 20

Table 2.1: Some approximate characteristics of the thermal phases of inter-
stellar gas: temperature, number density, approximate mass frac-
tion, volume filling factor. Adapted from Ferrière (2001); Schlick-
eiser (2002); mass fractions for the neutral phases are deduced from
Wolfire et al. (2003) assuming for atomic gas a cold fraction of 40%
(Heiles and Troland, 2003); filling factors are taken from de Avillez
and Breitschwerdt (2004) for the Galactic supernova rate.

The chemical composition of the ISM is similar to that of the solar
system (Asplund et al., 2006): ∼ 92.5% by number (74% by mass) of
hydrogen, ∼ 7.5% (25%) of helium and ∼ 0.12% (1.2%) of heavier
elements, called in the jargon of the astrophysical community “metals”.
More than 50% of the metals are locked in solid dust grains (making
from 0.5% to 1% of the total mass in the ISM). The dust is responsible
for the obscuration and reddening of starlight.

In the following subsections, after providing an overall picture of the
Galaxy, I will introduce the three chemical phases of the interstellar
gas, atomic, molecular and ionized, with their main tracers. The last
subsection is dedicated to interstellar dust.

2.1.1 Overall picture of the Galaxy

I anticipate here an overall picture of the Milky Way, illustrated also
in Fig. 2.1. It is derived from a wide range of observations, including
neutral hydrogen (see below 2.1.2), carbon monoxide (2.1.3), massive
stars, globular clusters.

Galactic stars reside in four different systems (Robin et al., 2003): a
thin and a thick disk, plus a inner bulge (or, according to recent pro-
posals, a bar, see e.g. Churchwell and the Glimpse team 2005) and a
spherical halo. The Milky Way extends over more than 60 kpc from its
center (e.g. Kalberla and Dedes, 2008). The solar system resides in the
disk at a radius of approximately 1 R� = 8.5 kpc (Kerr and Lynden-
Bell, 1986). The stars belonging to the disk rotate around the Galactic
center in nearly circular orbits. The angular velocity at the Sun’s or-
bit (the “solar circle”) is approximately V� = 220 km s−1 (Kerr and
Lynden-Bell, 1986); the velocity is almost constant beyond the solar cir-
cle and slightly increases in the inner Galaxy (McClure-Griffiths and

1. We adopt the values of R� and V� recommended by the International Astronomi-
cal Union (IAU).
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Figure 2.1: Artist’s view of the Milky Way. The grid corresponds to polar co-
ordinates in a reference frame centered at the Sun position, giving
the radial distance in light years and the azimuthal angle w.r.t. the
direction of the Galactic center, i.e. the Galactic longitude l. Names
of the Galactic arms are also provided. Courtesy: NASA/JPL-
Caltech/R. Hurt (SSC-Caltech).

Dickey, 2007). The neutral hydrogen line (see below § 2.1.2 and Ap-
pendix B) indicates the presence of a spiral structure, similar to that
seen optically in external galaxies.

Spiral arms are named after the constellation where their direction is
tangent to the line of sight for an observer on the Earth (their “tangent
directions”). The Sun is located between the inner Sagittarius arm and
the outer Perseus arm, near the inner edge of a short spur, called the
Orion spur (because it is particularly evident in Orion), but also, due
to its proximity to the Earth, the Local Arm (or Orion-Cygnus arm,
because its tangent is crossing the solar circle in Cygnus; Mihalas and
Binney 1981). Other major spiral arms are the Scutum-Centaurus arm
and the Norma arm (that, in the segment located in the outer Galaxy,
is often called the outer arm).

The solar system is embedded in a local structure, named the Gould
Belt (after the pioneering observations by B. Gould). The Gould Belt
(see e.g. Poppel, 1997; Perrot and Grenier, 2003) includes a flat local
group of young stars and an associated interstellar superstructure of
atomic and molecular gas. The distribution of the stars is tilted at
about 17◦ to the Galactic plane. Current evidences suggest that the
stars and most of the gas are in expansion. The size of the system is of
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several hundred pc in the Galactic plane. The solar system is located
inside an gas cavity, known as the Local Bubble (e.g. Lallement, 2009).

2.1.2 Atomic gas

Neutral atomic hydrogen, denoted H I, is not directly observable
at optical wavelengths. Lines corresponding to electronic transitions
between the ground state and excited states lie in the UV, with the
Lyman α line (Lα, from n = 2 to n = 1) at a wavelength of 1216 Å.

The breakthrough event in the study of the neutral medium was
the discovery by Ewen and Purcell (1951) of the 21 cm line of the H I

atom hyperfine transition. This spin-flip line penetrates deeply into the
ISM, tracing atomic gas throughout the Milky Way, and moreover, as
explained in detail in Appendix B, the contribution from each segment
along the line of sight can be separated thanks to the Doppler redshift
due to the Galactic rotation.

Radially, the H I gas extends to > 60 kpc from the Galactic center. It
lies in a roughly flat layer with a characteristic height of 230 pc. The
thickness of the H I layer drops to . 100 pc within 3.5 kpc from the
Galactic center, and it expands to almost 3 kpc in the outer Galaxy. This
flaring, plausibly due to the steep decrease in the vertical gravitational
field, is accompanied by a warping, such as in the first (0◦ < l < 90◦)
and second (90◦ < l < 180◦) Galactic quadrants the midplane of the
H I disk is above the Galactic plane, with a maximum displacement of
∼ 4 kpc, and below the Galactic plane in the third (−180◦ < l < −90◦)
and fourth (−90◦ < l < 0◦) quadrant, with a maximum displacement
of ∼ 1.5 kpc (Kalberla and Dedes, 2008).

The thermal state of interstellar hydrogen

While 21-cm emission spectra contains both narrow and broader
peaks, absorption spectra observed against bright continuum sources
show only narrow features. The conventional interpretation is that
narrow peaks seen both in absorption and emission are produced by
discrete cold (T ' 30− 100 K) H I clouds, whereas the broader features
are due to widespread warm gas, too warm to produce detectable 21-
cm absorption 2. In the outer Galaxy the average fraction of cold gas is
< 20% (Dickey et al., 2009); it increases in the inner Galaxy to < 40%
(Heiles and Troland, 2003).

The existence of two thermal phases of H I with comparable ther-
mal pressures but different temperatures and particle densities was
predicted theoretically by Field et al. (1969). The thermodynamic of
interstellar gas is regulated by the equilibrium between heating and
cooling. Heating processes (photoelectrons ejected from dust grains
by FUV photons, ionization by low-energy CRs, direct ionization by
FUV photons especially in the proximity of massive O and B stars)
have rates proportional to the number density of the gas n, thus the
heating rate is nΓ, with Γ independent from the temperature of the
gas. Conversely, the main sources of cooling (collisionally excited line
emission, collisional ionization and recombination of atoms and other
minor contributors like thermal Bremsstrahlung) have rates, related to

2. The pure-absorption coefficient is independent from temperature, but the net-
absorption coefficient, corrected for stimulated emission, is roughly inversely propor-
tional to temperature, see below Eq. 2.14.
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collisions, proportional to n2, with a cooling curve depending on the
temperature, so that the cooling rate is n2Λ(T).

The thermal equilibrium of the interstellar gas is thus determined by
the shape of the cooling curve Λ(T). For atomic gas the curve is fairly
flat between a steep rise due to the C II 158-µm line around 100 K and
another steep rise due to the Lα line around 8000 K (see e.g. Fig. 18.4 in
Bowers and Deeming, 1984). This shape leads to two stable equilibria
around 30− 100 K and several thousands K, that correspond for the
neutral medium to the cold and the warm phases. A picture of a static
ISM is only idealized and a large fraction of the mass (up to 50%) can
be in transition between the two phases (see e.g. Wolfire et al., 2003;
Heiles and Troland, 2003; Audit and Hennebelle, 2010).

The radiative transfer of the H I line

The 21-cm line, as we said, allows us to “count” H I atoms through-
out the Milky Way. The measured quantities are the intensity of the
line (often expressed in terms of a “brightness temperature”, as we
will see) and the Doppler shift, which is related to the velocity with
respect to the local standard of rest (LSR). The determination of the
position from the Doppler shift requires some assumptions about the
motion of the Galaxy: some technical details about this procedure are
presented in Appendix B.

The 21-cm line of H I corresponds to the spin-flip transition between
a higher energy state in which the proton and electron spins are aligned,
state 1, and a lower energy state in which they are opposite, the ground
state or state 0. For gas in local thermodynamic equilibrium the rela-
tive level populations follows the Boltzmann equation

n1

n0
=

g1

g0
e−∆E10/kT (2.1)

being T the thermodynamic temperature of the gas and g1 and g0 the
multiplicities of the two states and n1 and n0 the number densities of
the two populations.

The equation of radiative transfer is

dIν

ds
= −κν Iν + ν (2.2)

with Iν specific intensity at the frequency ν (W m−2 sr−1 Hz−1), κν

absorption coefficient (m−1) and ν emission coefficient (W m−3 sr−1

Hz−1). We can introduce the optical depth defined as

dτν ≡ κν ds (2.3)

so that Eq. 2.2 can be re-written as

dIν

dτν
= −Iν +

ν
κν

(2.4)

The source function Sν = ν/κν for an optically thick medium with
temperature T in local thermodynamic equilibrium is given by the
black-body spectrum, i.e. in the Rayleigh-Jeans limit attained in the
radio domain

Sν =
2kν2

c2 T (2.5)
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We define the “brightness temperature” TB (called also “antenna
temperature”) as the equivalent black-body temperature which corre-
sponds to the specific intensity measured by the telescope, i.e. in the
Rayleigh-Jeans limit

Iν =
2kν2

c2 TB(ν) (2.6)

If the gas is not in local thermodynamic equilibrium we can parametrize
the relative level populations as

n1

n0
=

g1

g0
e−∆E10/kTS (2.7)

where we introduced TS, the H I “spin temperature”. Using Eq. 2.5, 2.6
and 2.7, Eq. 2.4 can be written as

dTB
dτν

= −TB(ν) + TS (2.8)

The solutions of Eq. 2.8 have the form

TB(τν) = Tbg e−τν +
∫ τν

0
dτ′ν TS e−(τν−τ′ν) (2.9)

with Tbg background temperature. Simple analytical solutions of Eq. 2.9
are found only under the approximation of a uniform spin temperature

TB(τν) = Tbg e−τν + TS(1− e−τν) (2.10)

Experimentally in fact we can determine

∆TB(τν) = TB(τν)− Tbg = (TS − Tbg)(1− e−τν) (2.11)

In the limit of infinitely high optical depth, Eq. 2.11 yields ∆TB =
(TS − Tbg); in general TB < TS. In the small optical depth limit, on
one hand we can consider the case of a strong background source
(Tbg � TS), where we observe an absorption line

∆TB(τν) = −τνTbg (2.12)

so we can estimate the optical depth τν; on the other hand for a faint
background source (Tbg � TS) 3 we observe an emission line, and
Eq. 2.11 yields

∆TB(τν) = τνTS (2.13)

which, we will see, is related to the column density of hydrogen atoms.
Indeed, the absorption coefficient can be derived from the number

of atoms in the excited and ground state, and, recalling the definition
of spin temperature in Eq. 2.7 can be written as (see e.g. Bowers and
Deeming, 1984, Eq. 18.84)

κν =
c2

8πν2

(
hν

kTS

)
A10 n1 (2.14)

where A10 is Einstein’s coefficient for spontaneous emission. Integrat-
ing Eq. 2.3 along the path to the observer allows us to obtain the optical

3. In the most common case the background is given by the cosmic microwave back-
ground (CMB), with Tbg = 2.66 K at 21 cm.
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depth as a function of the column density of H I atoms along a line of
sight (eventually partitioned into different ranges as explained in Ap-
pendix B). If we express the frequencies as velocities with respect to
the LSR we can obtain from Eq. 2.3 and 2.14

N(H I) ≡
∫

ds n(H I) = C
∫

TS τ(v) dv (2.15)

with C = 1.823× 1018 atoms cm−2 (K km s−1)−1.
The determination of N(H I) requires to know (for each position, i.e.

for each velocity) the spin temperature and the optical depth, whereas
the only quantity measurable from the H I-line observations in emis-
sion is the brightness temperature ∆TB. In the case of a uniform spin
temperature TS considered in Eq. 2.10 we can write

N(H I) = −CTS

∫
ln

(
1− ∆TB(v)

TS − Tbg

)
dv (2.16)

We note that, in the limit TS → ∞, ∆TB(v)dv is the column density of
hydrogen atoms; combining Eq. 2.15 and 2.13 it is evident that TS → ∞
is equivalent to τ → 0, and it provides the lower limit on the column
density of hydrogen atoms.

Fig. 2.2 shows the all-sky N(H I) map integrated over the whole ve-
locity range (in the optically thin approximation) from the Leiden/Ar-
gentine/Bonn (LAB) survey of the H I 21-cm line (Kalberla et al., 2005).

Figure 2.2: All-sky N(H I) map integrated over the whole velocity range
of the LAB survey (Kalberla et al., 2005) in the optically-thin
approximation. Logarithmic scale from 1019 atoms cm−2 to
2 × 1022 atoms cm−2. Aitoff projection in Galactic coordinates.
Credit: Legacy Archive for Microwave Background Data Analysis
(LAMBDA).

The key parameter to estimate the atomic column densities is thus
the spin temperature TS. Its determination is challenging, because it
implies to measure both emission and absorption against bright contin-
uum sources (Eq. 2.13 and 2.12), and the instrumental requirements to
measure absorption spectra are more stringent. Large-scale averages
of TS are related to the mixture of the cold and neutral phase rather
than to the temperature of gas. State-of-the-art measurements for the
outer disk of the Milky Way (Dickey et al., 2009) indicate that the mix-
ture of the cold and warm phases is a robust quantity, independent
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from local properties of the interstellar environment, with 15− 20% of
the atomic gas in cold clouds and the rest warm, corresponding to an
average spin temperature of 250− 400 K. Lower average spin tempera-
tures are observed in the inner Galaxy (Heiles and Troland, 2003).

2.1.3 Molecular gas

Interstellar molecules (CH, CH+, and CN) were discovered in the
late 1930s through their optical absorption lines. In the 1970s UV ob-
servations revealed the most abundant interstellar molecule, H2 (Car-
ruthers, 1970), and the next most abundant molecule, CO (Smith and
Stecher, 1971). Observations of optical and UV absorption lines do
not allow astronomers to probe the interior of dense clouds, because
bright sources beyond them are obscured by the interstellar dust. The
H2 molecule itself cannot be directly observed because it is a homonu-
clear linear molecule with no permanent dipole moment, so that the
low-energy excited levels correspond to quadrupole transitions with
small probabilities and relatively high excitation energies.

Most of what we know comes from observations of the so-called
“tracer” species, primarily 12CO which is observed in its J = 1 → 0
transition at a wavelength of 2.6 mm. In the limit of high densities
the CO-line emission is dominated by collisional excitation and de-
excitation. Early surveys (Scoville and Solomon, 1975; Burton et al.,
1975) showed that most of the molecular gas is located in a ring at ∼
4 kpc from the Galactic center, and they unveiled a strong molecu-
lar concentration in the inner region of the Galaxy, within 0.4 kpc. The
first large-scale survey by Dame et al. (1987) brought to light the spiral-
arm pattern of CO emission. Beyond the solar circle CO emission
drops off rapidly. In the vertical direction CO emission has a charac-
teristic height of ∼ 90 pc.

High-resolution observations indicate that the molecular gas is con-
tained in discrete clouds organized hierarchically from giant complexes
(size of a few tens of pc and mass up to 10

6 M�) down to small cores
(size of a few pc and mass up to 10

3 M�). An approximate power-
law relation holds between cloud velocity dispersion and size (Larson,
1981). Fig. 2.3 shows the large-scale CO survey by Dame et al. (2001).

H2 molecules are believed to form by recombination of hydrogen
atoms on the surface of dust grains (Hollenbach and Salpeter, 1971).
They can survive in vast numbers only in the interior of dark and
translucent clouds, where they self shield from radiative dissociation
by external UV photons, and cold enough to avoid collisional disso-
ciation. The thermal state of molecular clouds results from the bal-
ance between heating by CRs and cooling by molecular line emission
(§ 2.1.2).

The equilibrium of interstellar clouds

The equilibrium of interstellar clouds is a complicate phenomenon,
which can be understood in terms of pressure (or energy) balance:

thermal pressure the associated energy density is uth = 3/2 p
(0.39 eV cm−3 for a typical value of p/k = nT of 3000 cm−3 K)

ram pressure uram = 1/2 ρ〈v2〉 (1.3 eV cm−3 for typical values of
n = 10 cm−3 and a linear velocity dispersion of 5 km s−1);
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Figure 2.3: Large-scale map of WCO (2.6 mm brightness temperature inte-
grated over velocity) from (Dame et al., 2001). Logarithmic scale
from 1.5 K km s−1 to 200 K km s−1. Aitoff projection in Galactic co-
ordinates. Credit: Legacy Archive for Microwave Background Data
Analysis (LAMBDA).

magnetic pressure uB = B2/8π (0.22 eV cm−3 for a typical value
of B = 3 µG);

cr pressure uCR ' 0.8 eV cm−3;

starlight ustars ' 0.5 eV cm−3;

cosmic microwave background pressure uCMB ' 0.26 eV cm−3;

All of these sources of pressure have energy densities comparable
within one order of magnitude, emphasizing the fact that the inter-
stellar environment is a dynamic and complex system.

Molecular clouds are thought to be gravitationally bound on the ba-
sis of comparison between their masses, radii and velocity dispersions
(e.g. Leung et al., 1982). However, their cores are likely to be unstable
and sites of new star formation.

Interstellar molecular densities and molecular cloud masses

If we assume that a cloud is held in equilibrium against gravita-
tional collapse by random turbulent motion (neglecting other sources
of pressure) with a characteristic velocity dispersion σv, we can define
a “virial mass” for the cloud

Mvir ∝ σ2
v

R
G

(2.17)

where R is the radius of the cloud itself and G is Newton’s constant
(the proportionality constant depends on the matter distribution in the
cloud).

A commonly used method to derive cloud masses is using the velocity-
integrated temperature of 12CO

WCO =
∫

TB(v)dv (2.18)

as a mass tracer. Observations show that the CO luminosity

LCO = d2
∫

WCOdΩ (2.19)
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(with d distance to the cloud) is proportional to the virial mass of
the cloud. This is equivalent to say that the H2 column densities are
proportional to WCO. The conversion factor is known as XCO

XCO ≡
N(H2)

WCO
(2.20)

(Lebrun et al., 1983). The precise value of this conversion factor should
depend on the density, temperature and metallicity of the gas.

Other independent techniques have been used to probe WCO as
molecular tracer and calibrate the XCO ratio. One of them uses the
optically thin line of 13CO and correlates it with the visual extinction
through nearby molecular clouds. The extinction measurements are
converted into gas column density through a standard gas-to-dust ra-
tio, to calibrate the conversion between the integrated intensity of 13CO
into N(H2). The average ratio of the integrated brightness temperature
of 13CO and 12CO is then used to calibrate XCO (Dickman, 1975).

More suitable to calibrate the WCO-to-H2-mass ratio over large scales
is the use of total column density tracers like dust (e.g. Dame et al.,
2001) or interstellar γ-ray emission produced by interactions of CRs
with molecular clouds (§ 3.3.2).

All the methods agree within one order of magnitude around XCO ∼
2× 1020 cm−2 (K km s−1)−1. None of them explains why the optically
thick line of 12CO is a good mass tracer. This can be justified if molec-
ular cloud complexes consist of a large number of statistically similar
optically thick clumps (cloudlets) that do not overshadow each other in
the position-velocity space, and therefore WCO is simply proportional
to the number of cloudlets in the beam of the telescope (Morris and
Rickard, 1982).

2.1.4 Ionized gas

Ionized gas in the ISM resides in two distinct thermal phases, warm
and hot, which are thought to originate from different phenomena
(irradiation by massive O and B stars and supernova explosions, re-
spectively) and are traced thanks to different observations (mainly the
hydrogen Hα line, free-free emission and pulsar dispersion measure-
ments for the warm phase, UV lines from oxygen and nitrogen and
the soft X-ray background for the hot phase).

Warm ionized gas

Massive O and B stars emit strong UV radiation, which, above an
energy of 13.6 eV, can ionize hydrogen atoms. These stars are thus sur-
rounded by “H II regions”. The size of these regions is determined by
the balance between photoionization and recombination. The equilib-
rium temperature has a typical value of ∼ 8000 K (Osterbrock, 1989).

In H II regions free electrons are accelerated in the field of ions,
giving rise to radio/microwave continuum emission through thermal
Bremsstrahlung known as free-free emission. Emission lines, found at
optical, infrared and radio wavelengths are primarily due to radiative
recombination of hydrogen and helium. In particular, the Hα Balmer
line at 6563 Å arises from the transition between the electronic energy
level n = 3 and n = 2. Since the rate per unit volume of recombina-
tions into an excited hydrogen atom is proportional to nHne ∝ n2

e , the
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integrated intensity of the Balmer line is proportional to the “emission
measure”

EM =
∫

n2
e ds (2.21)

The presence of warm ionized gas outside well-defined H II region
was first reported by Struve and Elvey (1938), who detected Hα and O II

lines from extended regions in Cygnus and Cepheus. Because of the
obscuration by interstellar dust, optical lines can probe only a limited
region around the solar system. A much better tracer of the warm ion-
ized gas are the signals from pulsars. Electromagnetic waves traveling
through an ionized medium interact with free electrons so that their
group velocity decreases with increasing wavelength. The periodic ra-
dio pulses emitted by pulsars show a spread in arrival time between
low-energy and high-energy emission, which is directly proportional
to the column density of free electrons between the source and the
observer, i.e. the “dispersion measure”

DM =
∫

ne ds (2.22)

The large-scale structure of ionized gas derived from pulsar disper-
sion measurements (Cordes and Lazio, 2002) shows a thin-disk com-
ponent arising from localized H II regions (roughly consistent with the
stellar disk), plus a thick disk associated with the diffuse warm ionized
medium, with a height > 1 kpc (the Reynolds layer). The spiral arm
pattern is visible in the distribution of H II regions.

Hot ionized gas

The existence of a hot interstellar gas was suggested by the observa-
tions of broad UV absorption lines of ions formed only at high tem-
peratures by the Copernicus satellite (Jenkins and Meloy, 1974) and a
soft X-ray background supposed to be the free-free emission from hot
interstellar plasma.

The soft X-ray background (around 0.25 keV) allow us to deduce a
temperature of 106 K for the emitting gas (McCammon and Sanders,
1990). Observations by the ROSAT satellite highlighted a significant
contribution from the Local Bubble, plus an absorbed contribution
from the Galactic halo and an absorbed isotropic contribution possi-
bly of extragalactic origin (Snowden et al., 1998).

Current observations do not allow us to map the large-scale struc-
tures of the hot interstellar gas, especially because of the difficulties in
separating the true interstellar X-ray emission from the contribution by
unresolved sources. It is now widely accepted that the hot interstellar
gas originates from supernova explosions and, to a lesser extent, by
powerful star winds (McKee and Ostriker, 1977).

2.1.5 Dust

The principal manifestation of interstellar dust is the obscuration,
reddening and polarization of starlight. Classically the extinction is
measured by comparing the spectra of pairs of stars with the same
spectral type, one in a “clear” and one in an extinguished direction. It
is conventional at UV to near IR to express the extinction in units of
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magnitudes at given wavelengths, Aλ, normalized in terms of a “color
excess” (or reddening) which expresses the selective extinction, e.g.

E(B−V) = AB −AV (2.23)

Here AB is the absorption in the photometric B band (4300 Å) and AV
in the V band (5500 Å). If the extinction curve has a universal form
then there will be a simple relation between the color excess E(B−V)
and the absolute visual extinction, expressed in terms of extinction at
a fiducial wavelength, usually AV. This relation is often expressed in
terms of a parameter called ratio of total to selective extinction

RV =
AV

E(B−V)
(2.24)

where RV has an average value for the diffuse ISM of 3.10± 0.05 (Weg-
ner, 2003).

Assuming that the extinction is proportional to the total dust col-
umn densities, observations prove that the dust column density is well
correlated with that of hydrogen, providing an indication that dust
tends to follow the inhomogeneous clumpy distribution of the inter-
stellar gas and that the dust-to-gas ratio is almost uniform in the cold
and warm phases of the ISM (Jenkins and Savage, 1974).

The extinction curves, which show the wavelength dependence of
interstellar extinction, contain several spectral features which provide
clues on the nature and size of dust grains. The most prominent fea-
ture at ∼ 2175 Å is attributed to graphite particles. There are then
evidences for the presence of amorphous silicates, polycyclic aromatic
hydrocarbons (PAH) and organic refractory materials. The extinction
curve suggests grain dimensions spanning from 5 nm to 1 µm. For
further details see Draine (2003).

The stellar radiation heats dust grains up to over 20 K and it is
then mostly re-emitted in the IR band. The dust thermal emission is
thus an additional probe of the ISM, which took two major steps with
the the Infrared Astronomy Satellite (IRAS) in the ’80s and the Cosmic
Background Explorer (COBE) at the end of the same decade. Schlegel
et al. (1998) produced a combined all-sky map of dust column densi-
ties (Fig. 2.4) derived from its thermal emission combining the IRAS
spatial resolution (5′) and the COBE quality calibration 4, showing a
good correlation between gas and dust in the ISM.

Although dust represents but ∼ 1% of the ISM mass, it plays a key
role in the chemical and energetic balance of the ISM. Dust grains
serve as catalysts by allowing hydrogen atoms to recombine on their
surfaces (Hollenbach and Salpeter, 1971) and they help to shield the
resulting H2 molecules from photodissociation by UV radiation (Shull
and Beckwith, 1982). Then, dust provides a significant contribution
to the heating of the ISM (ejecting photoelectrons) and to the cool-
ing through collisional de-excitation of gas atoms and/or molecules
(see 2.1.2) and PAH vibrational lines.

2.2 cosmic rays

Highly energetic charged particles hit the Earth from the interstellar
space. Since the first balloon experiments proved their extraterrestrial

4. The temperature correction based on COBE data has an angular resolution of 0.7◦.
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Figure 2.4: Map of dust column densities by Schlegel et al. (1998), expressed as
color excess E(B−V). Magnitudes in logarithmic scale from 0.004
to 6.3. Aitoff projection in Galactic coordinates. Credit: Legacy
Archive for Microwave Background Data Analysis (LAMBDA).

origin (Hess, 1912), they were called cosmic rays (CRs). It took 20 years
to prove, through the dependency of CR fluxes on the magnetic lati-
tude, that they are made predominantly from charged particles (Comp-
ton, 1933).

CRs are detected over several decades in energy either by balloon
and spaceborne experiments, or, at higher energies, by ground-based
instruments. They are also believed to be at the origin of conspic-
uous observable phenomena: synchrotron radiation and interstellar
γ-ray emission produced by CR interactions with the Galactic mag-
netic fields, radiation fields and the matter in the ISM (§ 2.3.2). Those
phenomena are additional probes of CRs, providing information not
only about CRs in the interplanetary space of the solar system but also
about their properties throughout the Milky Way.

One century after their discovery CRs are still an intriguing puzzle.
γ-ray observations of external galaxies indicate that CRs are Galactic
in origin at energies below ∼ 1015 eV (§ 3.4). However, many questions
are still open.

2.2.1 Direct observations

Direct measurements, either by balloon/spaceborne experiments or
ground-based air-shower detectors, provide information on the CR
composition, energy spectra and arrival directions. However, the low-
energy part of the CR spectrum measured at the Earth is strongly
influenced by the presence of the Sun. Extrasolar CRs with rigidity
R . 10 GV have a Larmor radius smaller than the characteristic di-
mensions of magnetic field structures in the solar system interplane-
tary medium, and are swept out along the magnetic field lines. Low-
energy CR densities observed at Earth are therefore lower than those
in the interstellar space. This concept of solar modulation was first de-
veloped by Parker (1965). Solar modulation depends on the phase
of the solar cycle, showing anticorrelation with the solar activity (For-
bush, 1954). The Sun also produces energetic particles known as solar
energetic particles. They are produced by solar flare eruptions, which



40 the interstellar environment in the galaxy

accelerate ions up to energies of several GeV and electrons up to ∼ 100
MeV.

The CR spectrum extends over many decades in energy, with quite
good agreement with a power law over different energy ranges, see
Fig. 2.5. The first break, the knee, occurs at ∼ 3 × 1015 eV (fluxes

Figure 2.5: Spectrum of cosmic rays above 100 MeV at the upper atmosphere
of the Earth. See e.g. Cronin (1999). Credit: S. Swordy, University
of Chicago.

of ∼ 1 particle m−2 year−1) and it is thought to mark the transition
between the Galactic and extragalactic-dominated part of the CR spec-
trum. The second break, the ankle, occurs at ∼ 4× 1018 eV (fluxes of
1 particle km−2 year−1); a cutoff is observed at ∼ 3× 1019 eV, plausi-
bly due to the GZK mechanism (Abraham et al., 2008). Indeed, the
CMB is supposed to suppress the proton fluxes above ∼ 1018 eV for
pair photoproduction [p + γ → p + e+ + e−], nuclei above ∼ 1018 eV
through photonuclear collisions [A + γ → (A − 1) + n] and protons
above ∼ 7× 1019 eV for photopion production [p + γ → p + π0] lead-
ing to a break, named GZK cutoff from the initials of the scientists who
proposed these mechanisms: Greisen (1966); Zatsepin and Kuz’min
(1966).

Charged CRs consist of ∼ 98% of nuclei and ∼ 2% of electrons
and positrons. Around 108 − 1010 eV the hadronic component is given
by ∼ 87% of protons, 12% of He and ∼ 1% of heavier nuclei (e.g.
Schlickeiser, 2002). With respect to typical abundances in the solar sys-
tem, CRs show a different composition. Given as reference the carbon
abundance in CRs, hydrogen and helium are under-abundant, nuclei
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of the Li, Be, B group and sub-Fe group are overabundant by several
orders of magnitude. Other discrepancies in the isotopic composition
are observed, and a minor component made from antiparticles (an-
tiprotons and positrons) is also present. We will see that this peculiar
composition is related either to CR acceleration sites (§ 2.2.2) or to their
propagation in the interstellar space (§ 2.2.3).

High isotropy is a distinctive characteristic of CRs observed at the
Earth. The trajectories of charged particles are tangled by the inter-
stellar magnetic fields that isotropize the angular distribution (§ 2.2.3).
Data give an upper limit on the level of anisotropy in the energy range
1012 − 1014 eV of the order of 10−3 (Ambrosio et al., 2003). At lower
energies the angular distribution is strongly affected by the solar mod-
ulation, whereas the statistics are too low at higher energies, provid-
ing anisotropy levels at most of a few % (Amenomori et al., 2005).
Above a few EeV a possible association with nearby active galactic nu-
clei (AGNs) was recently observed by the Auger observatory (Abraham
et al., 2007).

2.2.2 Cosmic-ray acceleration

The problem of understanding the origin of Galactic CRs is one of
the most tenacious in high-energy Astrophysics. The only theory suf-
ficiently well developed and able to fulfill many observational con-
straints is diffusive acceleration in strong shocks associated with su-
pernova remnants (SNRs). The strongest indication is that the power
required to maintain the Galactic CR population is estimated to be at
most a moderate fraction of the energy input to the Milky Way from
supernovae (SNe) explosions (Ginzburg and Syrovatskii, 1964). Other
plausible sources in the Galaxy are too weak, with the possible ex-
ception of γ-ray bursts (GRBs). The SN explosion itself suffers from
adiabatic energy losses, so the acceleration site must be located in the
subsequent SNR, and collisionless shock acceleration offers a plausible
mechanism for this purpose (see e.g. Drury et al., 2001).

Collisionless shock acceleration

In tenuous astrophysical plasmas particles scatter collisionlessly against
magnetic turbulences rather than against other particles. Sound speeds
are considerably lower than easily obtainable bulk flow velocities, so
shocks are expected to occur. Fermi (1949) proposed that collisionless
shock acceleration is the mechanism most likely to be responsible for
the origin of CRs.

Later in the ’70s a series of independent works showed how a su-
perthermal population of accelerated particles with a power-law mo-
mentum spectrum results from very general properties of a plasma
shock traveling through a medium in which energetic particles are dif-
fusing (Axford et al., 1977; Krymskii, 1977; Bell, 1978a,b; Blandford
and Ostriker, 1978). These works showed that, under very general con-
ditions, the steady-state power-law spectrum resulting from diffusive
shock acceleration (DSA) is independent from the injection spectrum,
the details of the interaction processes and the geometry of the shock.
All these works employed the test particle approach in which the plasma
shock is given and test particles were only allowed to interact with it.
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It immediately became evident that accelerated particles were a dy-
namically important ingredient in the shock process itself (Axford
et al., 1977). Nonlinear processes are expected to occur if accelera-
tion is efficient (Jones and Ellison, 1991): plasma waves generated by
energetic particle upstream, CR pressure on the unshocked material,
CR-driven increase of the acceleration efficiency and compression ra-
tio at the shock, energy losses due to CR escape.

Successes of SNR source models

DSA theories successfully reproduce a large range of observations.
First of all nonlinear DSA naturally explains the CR spectrum up to the
knee (e.g. Blasi et al., 2007). Additional probes of particle acceleration
in SNRs are given by their multiwavelength spectrum.

Non-radiative shocks produce a zone where gas is not efficiently
cooled after being shocked, and optical and UV lines are expected to
be emitted in the layer of ionized gas present behind the shock. For par-
tially neutral gas the most often observed line is Hα, which provides
a measure of the pre-shock and post-shock proton kinetic temperature
(Chevalier et al., 1980). The measured postshock temperature, in com-
bination with the shock velocity, suggests that > 50% of the postshock
pressure is produced by CRs (Helder et al., 2009).

X-ray observations of several SNRs show strong evidence for the
presence of nonthermal emission: e.g. SN 1006 (Koyama et al., 1995),
J1713.7−3946 (Koyama et al., 1997), Cas A (Allen et al., 1997) and
again the observation of X-ray filaments in the remnant J1713.7−3946

(Cassam-Chenaï et al., 2004). The observation of X-ray filaments in
SNR shells with a thickness of ∼ 10−2 pc is consistent with the idea of
synchrotron-limited structure formation in strong magnetic fields (of
the order of 100 µG), which suggests also the acceleration of hadrons
up to PeV energies. The high magnetic fields have been confirmed
by the strong-variability observed in J1713.7-3946 (Uchiyama et al.,
2007). Chandra observations of the precursor upstream of the shock
in SN 1006 show good consistency with the predictions of nonlinear
DSA, indicating amplifications of the magnetic field by a factor of ∼ 10
at the shock (Morlino et al., 2010).

SNRs became an established source class for very high-energy (VHE)
γ-ray astronomy, for a review see, e.g., Funk (2008): whereas the
presence of nonthermal particle populations is obvious, the acceler-
ation of CR hadrons was not unambiguously demonstrated, even if
interactions between freshly accelerated hadrons and nearby molecu-
lar clouds is suggested by some of them (e.g. Aharonian et al., 2008).
The Fermi Large Area Telescope, on orbit since 2008, is detecting high-
energy γ-ray emission from several SNRs, hinting also to a hadronic
origin (see e.g. Abdo et al., 2009f, 2010f,g).

Properties of Galactic SNRs

Given the outstanding role of SNRs in our picture of Galactic CRs I
will overview their main properties in the following paragraphs.

The Galactic frequency of SNe is deduced from observations of exter-
nal galaxies. From the results reported in Cappellaro et al. (1997), Fer-
rière (2001) derived a SN frequency of 1/48 years, in reasonably good
agreement with historical observations (although only 5 SNe were ob-
served during the last millennium, many more are expected to have
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occurred and obscured by interstellar dust) and with the independent
estimate by Tammann et al. (1994), who estimate ∼ 85% of them from
massive progenitors.

The spatial distribution of SNRs is more uncertain. A summary of
some observational results is shown in Figure 2.6. The distribution
can be determined from radio observations of SNRs based on the sur-
face brightness to diameter relation (Case and Bhattacharya, 1998), but
the sparsity of the known SNR sample (36 objects for the estimate
referenced) and observational biases make this determination very un-
certain. PSRs are born in the same SN explosions as SNRs and their
distributions are very well correlated in external Galaxies (Sasaki et al.,
2004). Some derivations of the distribution in the Galaxy are avail-
able in the literature (e.g. Lorimer, 2004; Yusifov and Küçük, 2004),
but even if the observed sample is larger, uncertainties in the disper-
sion measurements (§ 2.1.4) can bias the results. The massive OB stars,
progenitors of SNe, can also be used as surrogate tracers of SNRs, as
well as the H II regions they create in the ISM. In spite of the uncertain-
ties, all these tracers point to a SNR distribution peaking in the inner
Galaxy and with a dramatic drop beyond the solar circle. The same
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Figure 2.6: The distribution of SNRs in the Galaxy as a function of Galactocen-
tric radius (R), as measured directly from the surface brightness to
diameter relation (Case and Bhattacharya, 1998) and as traced indi-
rectly from PSR dispersion measurements (Lorimer, 2004; Yusifov
and Küçük, 2004) and from the IR luminosity of OB stars (Bronf-
man et al., 2000) and the distribution of H II regions (Bania et al.,
2010). The units of the vertical axis are arbitrary, and all the distri-
butions are normalized so that they are equal to 1 at the solar circle
(R� = 8.5 kpc).

conclusion is drawn from observations of the 26Al line, which traces
the injection of explosive nucleosynthesis products into the ISM (Diehl
et al., 2006).
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Superbubbles as Galactic CR sources

SN explosions often show strong spatial and temporal correlations
resulting from the concentration of the vast majority of SN progeni-
tors into associations of massive type O and B stars (OB associations),
formed on a short timescale from the collapse of a giant molecular
cloud core. In these associations of massive stars tens of SN explo-
sions can take place in a few million years. This results in a collective
expansion, powered by both the SN explosions and the strong winds
of Wolf-Rayet stars, which produces a bubble of hot tenuous plasma
known as “superbubble” (SB; Mac Low and McCray 1988). SBs have
been considered as very plausible sites of nonthermal particle accel-
eration (Bykov and Fleishman, 1992; Higdon et al., 1998; Bykov and
Toptygin, 2001; Binns et al., 2007). The energy contained in the SB mag-
netohydrodynamic (MHD) turbulence is thought to be converted into
nuclei nonthermal energy via Fermi second order acceleration with an
efficiency estimated as & 20% (Bykov, 1999).

The first hint came with the observation of coincidences between
COS-B γ-ray sources, SNRs and OB associations, leading to the SNOB
scenario (Montmerle, 1979), where ions are first injected by winds of
massive stars and then accelerated at higher energies by the shocks
of nearby SNRs. Higher-sensitivity/resolution γ-ray observations by
CGRO EGRET, however, found only a few sources spatially associated
with OB associations.

Nowadays the SB scenario is supported mainly by isotopic abun-
dances. The light isotopes 6Li, 9Be and 10B are produced exclusively
by spallation of heavier nuclei, notably C and O. The production by
CR protons accelerated by isolated SNRs interacting with matter in
the ISM of the early Galaxy was too inefficient to explain the observed
abundances (Parizot and Drury, 1999), whereas the acceleration of
particles out of the material inside SBs, enriched by the products of
stellar nucleosynthesis ejected by SNe, can easily fulfill observational
constraints (Parizot, 2001). This suggests that SB were the principal
sources of CRs in the early Galaxy, and so probably nowadays. The ac-
celeration of material enriched by the nucleosynthesis products ejected
by Wolf-Rayet stars would explain also the Ne isotopic problem (the
22Ne/20Ne isotopic ratio in CRs is enhanced with respect to the local
ISM by a factor ∼ 3), as well as other isotopic ratios like 58Fe/56Fe
and 12C/16O (Binns et al., 2007). In addition, acceleration in SBs al-
lows a higher-energy cutoff (Bykov and Toptygin, 2001; Ferrand and
Marcowith, 2010), extending beyond the knee, and the average time
between SN explosions of ∼ 3× 105 years (Binns et al., 2007) is compa-
rable to the decay time of 59Ni (∼ 7.5× 104 years), providing a possible
explanation for its lack in CRs (see later § 2.2.3).

2.2.3 Propagation and interactions

Propagation mechanisms

At present we believe that a diffusion model with the possible inclu-
sion of convection and reacceleration in the ISM provides the most ad-
equate description of CR transport in the Galaxy at energies . 1017 eV.
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The CR propagation for a given particle species can be written in the
general form (Strong et al., 2007)

∂ψ
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where ψ(~r, p, t) is the CR density per unit of total particle momentum
p at the position ~r, ψ(p)dp = 4πp2 f (~p)dp in terms of phase-space
density f (~p) under the assumption of an isotropic momentum field;
q(~r, p, t) is the source term including primaries injected by sources into
the interstellar space and secondaries from spallation or decay; Dxx is
the spatial diffusion coefficient, ~V the convection velocity; reaccelera-
tion is equivalent to diffusion in the momenta space and so described
by the coefficient Dpp; ṗ is the momentum gain or loss rate; τf and τr
are the lifetimes for fragmentation and radioactive decay, respectively.

Diffusion explains why energetic CRs have highly isotropic distribu-
tions and why they are retained in the Galaxy. From the microscopic
point of view the diffusion of CRs results from particle scattering on
random MHD waves and discontinuities. If rg = pc/ZeB is the particle
gyroradius and L (∼ 100 pc) is the scale over which strong fluctuations
of the magnetic fields are expected, in the regime where rg < L the dif-
fusion coefficient can be estimated as Dxx ≈ (δBres/B)−2 vrg/3 (Strong
et al., 2007), where δBres is the amplitude of the random field at the res-
onant wave number kres = r−1

g . The spectral energy density of interstel-
lar turbulence has a power-law form w(k)dk ≈ k−2+δdk, with δ = 1/3
over a wide range of wave numbers 10−20 cm−1 < k < 10−8 cm−1

(Elmegreen and Scalo, 2004). This provides a diffusion coefficient

Dxx = D0 β

(
R
R0

)δ

(2.26)

with R0 rigidity scale and Dxx ≈ 2 × 1027 cm−2 s−1 for CRs with
a rigidity R < 108 GV. The Kolmogorov-like spectrum (δ = 1/3)
may refer only to some part of the MHD turbulence, an exponent
δ = 1/2 typical for the Kraichnan-type turbulence may also apply
to the ISM (Yan and Lazarian, 2004), and would translate into a depen-
dence R1/2. However, there is no general consensus that CR data are
consistent with δ = 1/3 nor δ = 1/2, e.g. Maurin et al. (2010) suggest
δ ' 0.6− 0.8. The kinetic theory thus gives an approximate estimate
of the diffusion coefficient and predicts a power-law dependence of
diffusion on magnetic rigidity. The actual diffusion coefficient must be
determined from CR data themselves.

The existence of galactic winds in many external galaxies may sug-
gest that convective (or advective) transport is also important. Winds
are common in galaxies and can be CR driven (Breitschwerdt and Ko-
mossa, 2000). Possible evidences for winds in our own Galaxy seem
to be confined to the Galactic center region from X (Bland-Hawthorn
and Cohen, 2003) and perhaps γ-ray observations (Su et al., 2010).
Secondary-to-primary ratios and radioactive isotopes (see later) con-
strain the convective transport, but the results are controversial: e.g.
Strong and Moskalenko (1998) derived a wind speed dV/dz < 10 km s−1 kpc−1

(for a model where the wind speed increases linearly with distance
from the plane), whereas Maurin et al. (2002) proposed a constant
speed of V = 15 km s−1.
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The scattering of CR particles on randomly moving MHD waves
leads also to stochastic reacceleration, often described as diffusion in
the momenta space. The momentum diffusion coefficient Dpp is re-
lated to the spatial diffusion coefficient Dxx by the equation (Berezin-
sky, 1990; Schlickeiser, 2002)

Dpp ∝
p2v2

A
Dxx

(2.27)

where the Alfvén velocity vA is the characteristic velocity of weak tur-
bulences propagating in a magnetic field. Let us note that acceleration
distributed in the interstellar space cannot serve as the main mech-
anism of CR acceleration in the energy range 1 − 100 GeV/n, since
high-energy particles would thusly spend a longer time in the Galaxy
producing secondary-to-primary ratios increasing with energy contrar-
ily to observations. That is the reason why this mechanism is usually
referred to as reacceleration, to distinguish it from the primary accel-
eration discussed in 2.2.2.

Interaction processes and their products

Propagating in the interstellar space CRs loose their energy because
of many different interaction processes (for an overview see Strong and
Moskalenko, 1998, Appendix A and C). For CR nucleons energy losses
are mainly due to ionization, Coulomb scattering, fragmentation and
radioactive decay. For CR electrons the important processes are ioniza-
tion, Coulomb scattering, Bremsstrahlung, Compton and synchrotron
losses. Those interaction processes often lead to the production of sec-
ondaries (either CRs or electromagnetic radiation) which are a power-
ful probe to understand the interstellar environment itself.

CR electrons produce synchrotron radiation interacting with mag-
netic fields (§ 2.3.2). Furthermore they produce Bremsstrahlung radi-
ation in the γ-ray domain via interactions with the matter in the ISM.
Another major contributor to the secondary γ-radiation is the inverse
Compton (IC) scattering off CR electrons of photons of the low-energy
interstellar radiation field (ISRF; see below § 2.3.2).

Nucleon-nucleon interactions are of great interest: they lead to the
production of secondaries like nucleons (both stable and unstable),
antinucleons and mesons, with final products like γ-rays, e± and neu-
trinos. Their spectra have been calculated with analytical or semi-
analytical methods (e.g. Stecker, 1970; Badhwar et al., 1977; Dermer,
1986a,b), and nowadays can be derived from state-of-the-art particle
Physics codes (e.g. Kamae et al., 2006). An open issue is the contribu-
tion from particles other than protons in both CRs and the ISM, which
is often expressed as a “nuclear enhancement factor” with respect to
the pure p-p interactions. In the literature values span from 1.45 (Der-
mer, 1986a,b) to 1.68 (Gaisser and Schaefer, 1992), up to 1.8 − 2 as
recently proposed by Mori (2009). These discrepancies should be in-
vestigated in detail in the future.

Constraints from direct CR measurements

Stable secondaries to primary ratios bring information on the num-
ber of interactions which primaries underwent during their propaga-
tion, and so, indirectly on the propagation mechanisms. The reference
ratio is always B/C because boron is entirely of secondary origin, the
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measurements are good up to high energies and the cross sections for
its production from C, N and O are well known. Practically, the B/C
ratio is used to constrain the diffusion coefficient D0 and the power-
law dependence on rigidity (Eq. 2.26). Convection implies an energy
independent escape from the Galaxy and so a decrease in diffusion
at low energies. Reacceleration affects as well the energy dependence
of the B/C ratio and it has been shown (e.g. Strong and Moskalenko,
1998) that it provides a natural way to explain observations without
introducing an ad-hoc break in the power-law index of Equation 2.26

consistently with Kolmogorov-like MHD turbulence (δ = 1/3). The
solution is not unique, see e.g. Maurin et al. (2002) for an alternative
scenario.

Unstable secondaries to primary ratios are a radioactive clock which
provides information about the residence time of CRs in the Galaxy.
10Be is the longest lived and best measured unstable secondary. The
10Be/9Be ratio indicates residence times of the order 107 − 108 years.
In diffusive halo models, together with the B/C ratio, this provides a
height for the propagation halo ∼ 4− 20 kpc (Strong and Moskalenko,
1998). The Local Bubble (§ 2.1.1) can influence this determination,
since secondaries might be underproduced in the gas-depleted region
around the Sun leading to an overestimate of the propagation volume
(Donato et al., 2002).

Three isotopes produced in explosive nucleosynthesis by SNe, 59Ni
(decay time 7.5× 104 years), 57Co (0.74 years) and 56Ni (6 days), de-
cay only by electron capture. If acceleration occurs before they decay,
the decay is then suppressed. 59Ni is not observed. Wiedenbeck et al.
(2000) showed that the delay between synthesis and acceleration is
long compared to 59Ni decay time, ≥ 105 years. This demonstrates that
CRs do not come from SN ejecta during their explosions, but from sub-
sequent acceleration of matter in the SNR expansion and may support
the SB scenario (§ 2.2.2). The implications of electron-capture isotopes
for reacceleration are not clear yet (Strong et al., 2007).

Antiprotons were the subject of active debate since their discovery by
Golden et al. (1979). There is now a consensus that most of them are of
secondary origin (Mitchell et al., 1996), produced by nucleon-nucleon
interactions in the ISM, as recently confirmed by Adriani et al. (2010).
Despite numerous efforts, however, published estimates of expected
p̄ fluxes differ significantly (Orito et al., 2000), due to uncertainties in
cross-sections, propagation and solar modulation.

Positrons in CRs are more problematic. Recent measurements of
the e+/(e+ + e−) ratio (Adriani et al., 2009a) showed a rise above 10

GeV which is difficult to reconcile with a pure secondary origin. Many
different solutions have been proposed, including a contribution from
processes involving dark matter particles, from nearby sources like
SNRs or PSRs, interactions of freshly accelerated CRs with nearby in-
terstellar clouds (see e.g. Grasso et al., 2009, and references therein).

Other powerful probes of CRs in the Galaxy are given by electro-
magnetic radiation produced by interactions with gas in the ISM and
electromagnetic fields, notably the synchrotron radiation produced by
electrons tangled by the magnetic field and the interstellar γ-ray emis-
sion (§ 2.3.2). They offer the unique opportunity to study CR prop-
erties throughout the Galaxy beyond direct measurements performed
near the Earth.
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Propagation codes: GALPROP

CR propagation and interactions have been attacked with many ap-
proaches. Leaky box models use the simple picture of CRs injected
by sources distributed uniformly over some volume with a position-
independent matter and radiation density. More sophisticated two-
zone models make use of a disc, where CRs are injected, and a prop-
agation halo with a lower gas/radiation density. Recent advances in
computing power allowed realistic models of the Galaxy to be used for
the numerical solution of the propagation equation 2.25.

The numerical explicit approach has been exploited by some authors
(e.g. Maurin et al., 2002; Evoli et al., 2008), but the most successful
implementation up to now is given by the Galactic propagation (GAL-
PROP) package 5. It is the only code which simultaneously reproduces
observational data of many kinds related to CR origin and propaga-
tion, including charged species, synchrotron emission and interstellar
γ-radiation. It has therefore been adopted as reference propagation
model by the Fermi LAT collaboration (e.g. Abdo et al., 2009c) and
largely used for the work reported in this thesis. I present here a short
description of GALPROP and I refer the reader to the review by Strong
et al. (2007) for further details.

GALPROP numerically solves the propagation equation 2.25 on a
spatial grid, either in two dimensions assuming cylindrical symmetry
or in full three dimensions. The propagation volume is described by a
radius and a halo height, beyond which free escape is assumed. The
solution is found iteratively until a steady solution is reached, includ-
ing secondaries and tertiaries. The parameters of Eq. 2.25 are given as
input. The distribution of CR sources, parameters of the injection spec-
tra and isotopic composition are also given as input. Cross sections are
based on extensive compilations and parametrizations (see e.g. Mash-
nik et al., 2004). The model uses realistic distributions of the gas in the
ISM based on H I, CO and infrared surveys as well as a detailed model
of the interstellar radiation field (ISRF) based on the calculation by
Porter et al. (2008). Let us note, however, that most of the Galactic lu-
minosity comes from the most luminous massive stars, which are rare;
they could produce a clumpiness in the IC γ-ray emission detectable
by Fermi (Orlando and Strong, 2007).

The main limitation of GALPROP is given by the assumption of
isotropic diffusion: locally the diffusion is strongly anisotropic along
the magnetic fields lines; over scales & 100 pc diffusion becomes isotropic
because of the strong fluctuations of the magnetic field, whose ran-
dom component is several times higher than the average field strength.
Therefore GALPROP models apply only to large scale properties of
Galactic CRs (& 100 pc). As any other models based on the diffusion
approximation, GALPROP is limited below the knee, ≤ 1017 eV, since
above this energy the trajectories of individual particles should be con-
sidered.

2.3 interstellar electromagnetic fields

The interstellar space in our Galaxy is populated by electromagnetic
fields intimately bound with stars, the ISM and CRs. A large-scale
magnetic field is observed through the polarization of starlight, Zee-

5. http://galprop.stanford.edu.

http://galprop.stanford.edu
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man splitting of radio lines and Faraday rotation of polarized radio
signals. The Milky Way shines from radio to γ-rays. Most of this radi-
ation is given by starlight, partially absorbed and reprocessed by dust
grains, but continuum emission at lower and higher energies is domi-
nated by interstellar processes related to CR propagation giving rise to
synchrotron emission observed in the radio domain and diffuse γ-ray
emission.

2.3.1 The Galactic magnetic field

The presence of interstellar magnetic fields in our Galaxy was first
revealed by the linear polarization of starlight (Hall, 1949), later ex-
plained in terms of selective extinction by elongated dust grains par-
tially aligned because of a magnetic field (Davis and Greenstein, 1951).

Stellar polarimetry provides information only on the direction of
the magnetic fields, its strength can be estimated thanks to the Zee-
man splitting of radio lines (mainly the two circularly polarized com-
ponents of the 21-cm line of H I) or Faraday rotation of polarized radio
signals (either from pulsars or extragalactic continuum sources).

Zeeman splitting occurs when the 21-cm radiation travels through
regions with a magnetic field, so that we observe two circularly polar-
ized components with an energy spread

∆E = µBB∆m (2.28)

where µB is the Bohr magneton and ∆m is the difference of magnetic
quantum number between the two states (∆m = 2 since the circularly
polarized components are produced by electrons with m = ±1). In
this case Zeeman-splitting measurements are biased towards regions
with high H I densities and small line widths, so cold H I clouds. The
Zeeman effect has now been observed also for the OH and H2O lines
in molecular clouds (Crutcher et al., 1987; Fiebig and Guesten, 1989),
providing values of 10− 100 µG up to 5× 104 µG in dense cloud cores
(n ' 1010 cm−3).

Faraday rotation occurs when a polarized radio wave passes through
a plasma. Counterclockwise rotation occurs if the magnetic field is ori-
ented toward the observer, clockwise if the field points away from the
observer. The rotation angle ∆χ = λ2RM increases with the wave-
length λ squared and the “rotation measure”

RM =
∫

neB‖ds (2.29)

where ne is the number density of free charges. The rotation mea-
sure can be combined with the dispersion measure (Eq. 2.22), which
provides an estimate of the column density of ionized gas, to extract
the average intensity of the magnetic field in the direction parallel to
the observer. Thus, Faraday-rotation measurements sample regions of
ionized gas.

The strength of the large-scale magnetic field averaged over 1 kpc
around the solar system is ∼ 6 µG from radio synchrotron measure-
ments (see later). Beyond the small-scale features revealed by Fara-
day rotation and radio polarization, the overall field structure in the
Galaxy is still under debate (e.g. Beck, 2009a). In nearby galaxies ran-
dom fields are concentrated in spiral arms, whereas ordered fields
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are stronger in interarm regions and follow the orientation of adjacent
arms.

The interstellar magnetic field is coupled with the matter in the ISM
through its ionized component (and as a whole thanks to ion-neutral
collisions, Spitzer 1958). At large scales the magnetic field helps to
support interstellar gas against gravitational collapse (§ 2.1.3) and it
confines CRs in the Galactic halo. On smaller scales the interstellar
magnetic field affects all kind of turbulent motions in the ISM, like
SNR expansion, and it supports dense molecular clouds against gravi-
tational collapse (2.1.3).

The origin of the interstellar magnetic field is still mysterious. The
most likely scenario is a hydromagnetic dynamo: the motion of a con-
ducting fluid in a magnetic field generate electric currents which am-
plify an original magnetic field, provided perhaps by a pre-existing in-
tergalactic field. Parker (1992) proposed that the dynamo mechanism
might be CR-driven.

2.3.2 Interstellar radiation

The space between stars is also populated by photon fields. The
Galactic interstellar radiation field (ISRF) spanning the window from
IR to UV is the result of emission by stars, and the subsequent scatter-
ing, absorption and reemission by dust in the ISM. The spectrum of
the ISRF can be approximately described by the combination of some
diluted blackbody distributions (graybody distributions), each charac-
terized by a photon energy density and a temperature.

Beyond thermal emission from dust, peaking in the IR domain (§ 2.1.5),
other interstellar processes are also present: lines from atomic or molec-
ular transitions of interstellar gas (§ 2.1) and radioactive decays (see e.g.
Cassé et al., 1999), and continuum emission due to free-free emission
from ionized gas (§ 2.1.4) and CR-related processes. CR propagation
in the Galaxy gives rise to diffuse continuum emission through syn-
chrotron radiation, peaking in the radio domain, and in the γ-ray band
due to interactions with interstellar matter and low-energy interstellar
radiation (§ 2.2.3). The latter phenomena will be overviewed in the
following paragraphs.

Synchrotron radiation

The rapid spiraling motion of CR electrons about magnetic field
lines generate nonthermal radiation, termed synchrotron radiation, over
a broad range of radio frequencies. The synchrotron emissivity de-
pends on both the magnetic field strength and the spectrum of CR
electrons, but unfortunately neither quantity is reliably known.

The only all-sky map available is the well-known compilation by
Haslam et al. (1981) at 408 MHz (Fig. 2.7), combining good angular
resolution and low contamination by thermal emission. On small
scales the map is probably dominated by SNRs. On the large scale
we can see the emission from CR electrons propagating through the
Galaxy as well as large features known as radio loops (Berkhuijsen
et al., 1971), which are thought to be old nearby SNRs.

The synchrotron spectral index at a frequency ν for a population of
electrons with power-law spectrum of index γ is βν = (γ− 1)/2 (e.g.
Rybicki and Lightman, 1986, Eq. 6.22b), so the observed βν ranging
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Figure 2.7: The 408 MHz map by Haslam et al. (1981). Brightness temperature
in logarithmic scale from 10 to 250 K. Aitoff projection in Galactic
coordinates. Credit: Legacy Archive for Microwave Background
Data Analysis (LAMBDA).

from 0.6 − 1 increasing with energy implies γ = 2.4 − 3 increasing
with energy for CR electrons in our Galaxy.

Radio continuum observations of other galaxies provide a comple-
mentary view on CR electrons. The edge-on galaxies, like NGC891

(Allen et al., 1978; Heald et al., 2006; Beck, 2009b), show a nonthermal
halo extending to several kpc, giving credence to the idea of a large
propagation halo also for our Galaxy (§ 2.2.3).

Interstellar gamma-ray emission

Interstellar γ-radiation is produced by interactions of CRs during
their propagation in the interstellar space (§ 2.2.3):

– CR nucleons inelastically collide with nucleons in the ISM, pro-
ducing π0 mesons which then decay into γ-rays;

– CR electrons and positrons interact with the gas in the ISM emit-
ting Bremsstrahlung radiation;

– CR electrons and positrons produce γ-rays upscattering on low
energy photons of the low-energy Galactic ISRF and the cosmic
microwave background (CMB).

Since the Galaxy is transparent to high-energy γ-rays up to hun-
dreds of TeV, the interstellar emission is a tracer of CR densities through-
out the Galaxy and also of the total column densities of the ISM, com-
plementary to gas and dust tracers at other wavelengths (§ 2.1). This
subject will be addressed in next Chapter 3. A wealth of new infor-
mation on this regard has been recently provided by Fermi LAT data
(Chapter 1).
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The sky at GeV energies (Fig. 3.1) is dominated by diffuse emission:
a Galactic component, produced by interactions between high-energy
CRs and interstellar gas and low-energy photons (§ 2.2.3), an isotropic
component, whose origin is still unclear, and a contribution from un-
resolved sources.

Figure 3.1: LAT count map for events in the Diffuse class with energies > 1 GeV
accumulated over two years of normal Science operations. The map
is binned on a grid of 0.1◦, and the colour scales logarithmically
with the number of counts per pixel from 1 to 500. Aitoff projection
in Galactic coordinates. The skymap can be compared with those
at other wavelengths presented in Chapter 2.

Understanding and modeling diffuse emission is fundamental for
interpreting high-energy γ-ray observations. Interstellar emission also
offers a unique probe of the interstellar environment of the Milky Way:
since the Galaxy is transparent to high-energy γ-rays up to hundreds
TeV, diffuse γ-ray emission traces CRs throughout the Milky Way, be-
yond direct measurements performed near the Earth, and it is also a
tracer of the total column densities in the ISM, which usefully comple-
ments gas and dust tracers at other wavelengths.

In this chapter I will give a general introduction about diffuse γ-ray
emission, with emphasis on the Galactic component, and I will also
briefly overview the historical observations of interstellar emission,
from the first detection of high-energy γ-ray emission associated with
the Galactic plane in the ’60s, to the predecessor of the LAT, the EGRET
telescope on board the Compton Gamma-ray Observatory (CGRO). I will
then discuss the legacies of the EGRET era. The most important was
the “GeV excess”, an excess of emission above 1 GeV with respect to ex-
pectations based on locally measured CR spectra. I will overview the
interpretations proposed and how LAT observations at intermediate
Galactic latitudes are inconsistent with EGRET results, suggesting an
instrumental origin for the excess. Other important open issues were
left from the EGRET era and are currently investigated using LAT data.

53
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the distribution of crs in the galaxy Are the CR spectra mea-
sured at Earth representative of the Galactic population? How do
CR densities relate with putative sources?

the calibration of molecular masses , How does γ-ray emis-
sion constrains the XCO ratio? Are there any variations on the
Galactic scale or from cloud to cloud?

the dark gas , How much interstellar gas is missing in our census
mainly based on the H I and CO lines? What is the nature of the
gas not shining at those wavelengths?

My personal contributions to such field are presented in Part ii.
I will also overview the observations of external galaxies (not host-

ing active nuclei): only one, the Large Magellanic Cloud (LMC), was
detected by EGRET, but the LAT has proven to be capable to study
some of them, providing complementary information on CR accelera-
tion, propagation and their interplay with the ISM.

3.1 the diffuse γ-ray sky

3.1.1 Diffuse γ-ray emission

Continuum interstellar γ-ray emission is produced in our Galaxy (as
well as in external galaxies) by interactions involving high-energy CRs
(§ 2.2.3):

– nucleon-nucleon interactions with the gas in the ISM, leading to
γ-ray emission through π0 production and decay;

– electron Bremsstrahlung due to interactions with the gas in the
ISM;

– inverse Compton (IC) emission from CR electrons (and positrons)
interacting with the CMB and the low-energy interstellar radiation
field (ISRF).

We will concentrate on this component along the rest of the chapter.
A weaker component is observed with almost isotropic distribution

over the sky, and thus is thought to be extragalactic in origin and usu-
ally referred to as the extragalactic γ-ray background (EGB). The first
determination of its spectrum based on LAT data is reported in Abdo
et al. (2010j). Its nature is still unclear. A large fraction is attributed to
unresolved sources, ∼ 20% to active galactic nuclei (AGN) according
to Abdo et al. (2010k) and another significant fraction to normal galax-
ies 1. Apart from the contribution by unresolved sources, many pro-
cesses which might produce truly diffuse extragalactic emission have
been proposed (for a review see e.g. Dermer, 2007), for example large-
scale structure formation, interactions of ultra-high-energy CRs with
the extragalactic low-energy background radiation, annihilation or de-
cay of cosmological dark matter. On the other hand, interactions of
CRs with debris at the outer frontier of the solar system might par-
tially contribute to the spectrum of the EGB derived in past studies
(Moskalenko and Porter, 2009).

Unresolved sources are contributing not only to the EGB, but also to
the Galactic diffuse emission, due to the low sensitivity of γ-ray tele-
scopes. Pulsars are the most obvious candidates, being the brightest
sources of the galactic GeV sky and given that less than one hundred

1. The limited number of detections of normal galaxies at GeV energies (see later
§ 3.4) makes the estimate still highly uncertain.
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have been detected in γ-rays (Abdo et al., 2010l) to be compared to the
thousands known in radio. The contribution by unresolved sources to
the low-latitude emission measured by EGRET was evaluated to be of
the order of 10% (Casanova and Dingus, 2006; Strong, 2007).

Exotic processes have also been proposed as sources of Galactic inter-
stellar γ-ray emission, notably the annihilation or decay of dark matter
particles (see 3.2.1 for some examples), but up to now no conclusive
evidence for such an exotic component has been found.

3.1.2 Historical Overview

The first observations of interstellar γ-ray emission date back to the
’60s with the detection of high-energy γ-ray emission associated with
the Galactic plane by OSO 3 (Clark et al., 1968) and SAS-II (Fichtel
et al., 1978). The correlation with Milky Way structures, notably the
tangent points of the spiral arms, suggested that the diffuse emission
was originated by interactions between CRs and the ISM. Early mod-
els developed to interpret those observations assumed a dynamical
balance between CR and ISM densities (Bignami and Fichtel, 1974).

The breakthrough came with the COS-B satellite (1975-1982), whose
observations in the 50 MeV−5 GeV energy range highlighted the corre-
lation between γ-ray emission and ISM tracers and provided the first
informations on the large scale properties of CRs (for a review see
Bloemen, 1989). γ-ray measurements established the use of CO as a
surrogate tracer of H2 and were able to constrain the XCO conversion
factor (§ 2.1.3, see e.g. Lebrun et al. 1983). The gradient of CR densities
on the Galactic scale was shown to be flatter than the distribution of
SNRs or PSRs (Strong et al., 1988).

The Compton Gamma-ray Observatory (CGRO, 1992-1999), fully cov-
ered the energy range 1 MeV−30 GeV thanks to its two instruments
COMPTEL (Imaging Compton Telescope,1 MeV−30 MeV) and EGRET
(Energetic Gamma-ray Experiment Telescope, 20 MeV−30 GeV). CGRO
data led to many in-depth studies, but also left many open questions
about the origin of the interstellar emission, the properties of Galactic
CRs and the census of the ISM that I will overview later in the chapter.

The last years have seen a dramatic extension of the energy window.
The INTEGRAL (International Gamma-Ray Astrophysics Laboratory) ob-
servatory provided a new view below 1 MeV: whereas the soft γ-ray
emission below ∼ 50 keV was finally proven to originate from unre-
solved sources (Lebrun et al., 2004), in the sub-MeV energy range a
diffuse emission of plausible IC origin is observed (Porter et al., 2008).
Ground-based instruments started exploring TeV energies. The HESS
(High-Energy Stereoscopic System) telescope carried out a survey of
the Galactic plane above 200 GeV, detecting γ-ray emission spatially
correlated with a complex of giant molecular clouds in the central
200 pc of the Milky Way (Aharonian et al., 2006). The Milagro ex-
periment detected diffuse emission at TeV energies from the Cygnus
region, possibly associated with the distribution of interstellar matter
(Abdo et al., 2007).

The Fermi Large Area Telescope (LAT; Chapter 1), on orbit since
2008, brought a wealth of new information, partially answering some
open questions of the EGRET era that we will overview in the rest of
the Chapter.
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3.2 the egret gev excess

3.2.1 EGRET observations: The GeV excess

Hunter et al. (1997) reported that the spectrum of diffuse emission
measured by EGRET on the Galactic plane (b ≤ 10◦) above ∼ 1 GeV
was larger by a factor ∼ 60% than expected from locally measured CR
spectra. They compared EGRET data with a model based on the as-
sumption of dynamical balance between CRs and ISM densities and on
realistic distributions of interstellar matter and radiation. The excess
was later confirmed over the whole sky and for explicit propagation
models (§ 2.2.3), see e.g. Strong et al. (2004a). It was noticed also for
single components, notably in the emission from local atomic clouds
(Digel et al., 2001). Many different interpretations were proposed to
explain the “GeV excess”:

– problems in the absolute calibration of the EGRET instrument;
– discrepancies between the locally measured CR spectra and those

present on the Galactic scale or even in the local interstellar space;
– contributions from exotic processes, notably involving dark mat-

ter particles;
– limitations of the theory of π0 production or IC emission (which

are thought to be the dominant processes above 1 GeV);
– contributions from unresolved sources.
The latter hypothesis was unlikely due to the uniformity of the GeV

excess over the whole sky and the quite good agreement between ex-
pectations and EGRET measurements below 1 GeV. The theory of π0

production was largely revisited after the discovery of the EGRET GeV
anomaly, without leading to significant changes in the spectral shape
with respect to previous estimates (e.g. Mori, 1997; Kamae et al., 2006;
Mori, 2009). The IC component was also re-evaluated in the light of
explicit CR propagation models and improved models of the ISRF, but
expectations based on locally measured CR spectra were still deficitary
above ∼ 1 GeV if compared with EGRET data (Strong et al., 2000).

Problems in the absolute calibration of the EGRET instrument (Thomp-
son et al., 1993) were considered a viable possibility. Above ∼ 1 GeV
uncertainties are large due to the effect of self-vetoing caused by the
back-splash of charged particles on the anticoincidence shield after
shower generation in the tracker/calorimeter. Since the relative excess
was observed at the same level over the whole sky independently from
any parameters like the line-of-sight density of gas, Stecker et al. (2008)
concluded that this was the most likely explanation of the GeV excess.

Many authors proposed that CR spectra measured at the Earth may
be not representative of those in the Galactic interstellar space. Some of
them tried to reproduce the GeV excess invoking only a harder nucleon
spectrum (e.g. Mori, 1997; Gralewicz et al., 1997), but this interpreta-
tion is ruled out by the p̄/p spectrum (Moskalenko et al., 1998). Varia-
tions in the electron spectrum are more likely, because of rapid energy
losses via synchrotron emission and IC interactions and the stochastic
nature of sources both in space and time (e.g. Porter and Protheroe,
1997; Pohl and Esposito, 1998; Aharonian and Atoyan, 2000). Strong
et al. (2004a) sought an optimized model based on the GALPROP code
(§ 2.2.3), able to reproduce EGRET data over the whole sky and still
consistent (within the quite large uncertainties) with direct CR mea-
surements. They invoked a steepening of the electron spectrum and
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a renormalization by a factor of about 4 relatively to the locally ob-
served spectrum, justified by the large uncertainties discussed above.
They also scaled the proton spectrum by a factor 1.8 and modified the
low-energy spectral shape (being still consistent with p̄ data). This op-
timized model was not claimed to be a unique solution, but instead to
represent the possibility of a model consistent with EGRET data and
all the other relevant observations related with CR propagation.

Many authors (e.g. Bergström et al., 1998; Bertone et al., 2002; Hooper
and Dingus, 2002) investigated the possibility that the EGRET GeV ex-
cess was due to a signal from dark matter annihilation or decay. As an
example, de Boer et al. (2005) developed a model where the excess was
explained as annihilation signal of non-relativistic weakly interacting
massive particles (WIMPs) with a mass of 50 − 100 GeV distributed
in the Galaxy with a spherical isothermal profile with substructures
in the Galactic plane in the form of toroidal rings at 4 and 14 kpc
from the center, claimed to be also improving the consistency between
expectations and the observed Galactic rotation curve.

3.2.2 LAT observations at intermediate Galactic Latitudes

Once the LAT started scientific operations, the first efforts to solve
the GeV excess puzzle involved the study of diffuse γ-ray emission at
intermediate Galactic latitudes, where most of the emission is thought
to arise from processes involving nearby gaseous complexes. Indeed,
on the Galactic plane we observe the superposition of signals coming
from the local interstellar space and far away regions (either the inner
or the outer Galaxy according to the longitude range). On the other
hand, at high Galactic latitudes, data are dominated by the EGB, the
residual background from misclassified charged CR interactions in the
LAT (§ 1.1.2) and IC emission which is sampling a wider region along
the line of sight, given the small scale-height of interstellar gas (0.2−
1 kpc, § 2.1.2) compared with the CR propagation halo (4 − 20 kpc,
§ 2.2.3) and the uniform target provided by the CMB.

Comparison with a propagation model

LAT measurements for 10◦ ≤ |b| ≤ 20◦ and energy between 100 MeV
and 10 GeV were reported in Abdo et al. (2009c). The γ-ray spectrum
measured by the LAT is compared with that measured by EGRET in
Fig. 3.2. For both telescopes uncertainties are dominated by instru-
mental systematics. The standard 13% systematics are assumed for
EGRET (Esposito et al., 1999). LAT intensities were calculated using
the post-launch IRFs P6_V3 (§ 1.2.2).

Fig. 3.3 compares LAT intensities (as shown in Fig. 3.2) with a GAL-
PROP model for the Galactic diffuse emission (§ 2.2.3), which is an
updated version of the conventional model (i.e. an a priori model not
consistent with the EGRET GeV excess) by Strong et al. (2004a) plus a
source component and an unidentified isotropic background fitted to
the LAT data with the Galactic diffuse model fixed. The source com-
ponent was built taking sources at the positions given in the internal
3-month point-source list for 10◦ ≤ |b| ≤ 20◦ and fitting their inten-
sities independently in 3 energy bins per decade. The unidentified
isotropic background was obtained fitting to LAT data for |b| > 30◦ the
Galactic diffuse emission model described above, point sources in the
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Figure 3.3: LAT intensities at 10◦ ≤ |b| ≤ 20◦ (red points/band) compared
with the model for the Galactic diffuse emission, the contribution
from sources and the unidentified isotropic background; the to-
tal model is represented by the hatched black band (Abdo et al.,
2009c).

internal 3-month point-source list and an isotropic term independently
in 5 energy bins per decade. At this early stage no effort was put into
separating its different components, so the isotropic spectrum shown
in Fig. 3.3 is a mixture of residual background from misclassified CR
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interactions in the LAT (§ 1.1.2), the EGB (later determined from LAT
data, Abdo et al. 2010j) and potentially other foreground components
not modeled. Here, using the high-latitude region (|b| > 30◦) mini-
mizes the contamination by the bright Galactic ridge and therefore the
systematic uncertainties.

The intensity scales of the LAT and EGRET have been found to be
different with the LAT-measured spectra softer (Fig. 3.2). The same
effect is seen in the spectrum of bright point sources like the Vela
pulsar (Abdo et al., 2009e), pointing to an instrumental origin of the
differences between the two telescopes. On the other hand the LAT-
measured spectrum is approximately consistent with the a priori model
of the Galactic diffuse emission. Observations of intermediate Galac-
tic latitudes do not confirm the EGRET GeV excess and show that the
basic processes for the production of diffuse emission are understood.
There are, however, discrepancies between model and data that high-
light limitations of the model susceptible of further improvements.

Local H I emissivity

As mentioned above, the EGRET GeV excess was affecting single
components of the diffuse γ-ray emission, notably that associated with
nearby H I clouds (Digel et al., 2001). If not an instrumental artifact,
this was interpreted as an evidence either of problems in the theory of
π0 production (which dominates emission from gas above a few hun-
dreds MeV) or of discrepancies between directly measured CR spectra
and those in the local interstellar space.

This issue was investigated thanks to the measurement of the H I

emissivity (γ-ray emission rate per hydrogen atom) associated with
atomic clouds at intermediate latitudes in the third Galactic quadrant
(200◦ < l < 260◦ and 22◦ < |b| < 60◦; Abdo et al. 2009g). This
region was chosen because it samples interstellar complexes within
∼ 1 kpc from the Sun (the scale height of the H I layer is ∼ 230 pc
and it starts flaring outside the solar circle, § 2.1.2), and it is also free
from known molecular clouds (therefore the H I 21-cm line traces the
total gas column densities). Let us also note that the IC emission in
this region is expected to be small, ∼ 10% of the total, and the tenu-
ous diffuse clouds have mass column densities well determined from
the 21-cm line intensities, without significant uncertainties due to the
optical depth (§ 2.1.2).

Point sources were masked in 1◦ circular regions around positions
in the internal 6-month point source list, and their spill-over was sub-
tracted from γ-ray intensities as well as the contribution due to IC
emission (as estimated using GALPROP, § 2.2.3). The residual γ-ray
emission was correlated with N(H I) column densities derived from
the LAB survey 2 (Kalberla et al., 2005) convolved with the LAT PSF, in
13 logarithmic bins between 100 MeV and ∼ 10 GeV and over a spatial
grid of order 7 (∼ 0.5◦ × 0.5◦) in HEALPix pixelization (Górski et al.,
2005).

A good linear correlation between γ-ray intensities and N(H I) col-
umn densities was observed. The offset is an estimate of the isotropic
background (see previous paragraph), whereas the slope of the linear
relation provides in each energy bin the H I emissivity.

2. N(H I) column densities were derived for a uniform spin temperature of 125 K,
but, as we explained, this assumption has a negligible impact for the low-density clouds
under study.
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The H I emissivity spectrum is compared in Fig. 3.4 with expecta-

Energy (MeV)
210 310 410

 )
−1

 M
eV

−1
 s

r
−1

 s2
 E

m
is

si
vi

ty
 (

M
eV

× 2
E

−2510

−2410

−2310
Fermi−LAT data

total

nucleon−nucleon

electron bremsstrahlung

=1.84M∈

=1.45M∈

Figure 3.4: Differential γ-ray emissivity of local atomic hydrogen compared
with expectations based on locally measured CR spectra (Abdo
et al., 2009g). The nucleon-nucleon component (and therefore the
total) are shown for different values of the nuclear enhancement
factor εM (§ 2.2.3). LAT data are shown in black: horizontal and
vertical bars represent the energy bin widths and the statistical er-
rors, respectively; the shadowed band represents the systematic un-
certainties in the event selection efficiency (Abdo et al., 2009g).

tions based on the locally measured CR spectra. The electron Bremm-
strahlung component is evaluated using the standard routine imple-
mented in GALPROP (§ 2.2.3); the nucleon-nucleon component is cal-
culated using the p− p emissivities estimated by Kamae et al. (2006)
and the extreme values of the nuclear enhancement factor found in the
literature, 1.45 (Dermer, 1986a,b) and 1.84 (from Mori, 2009, § 2.2.3).
The H I emissivity spectrum is consistent with expectations for CRs in-
teracting with the interstellar gas and it indicates that CR spectra in
the local interstellar space are similar within ∼ 10% to those directly
measured at the Earth. The γ-ray emissivity of local interstellar matter
above 100 MeV is estimated to be (1.63± 0.05)× 10−26 s−1 sr−1.

3.3 egret legacies beyond the gev excess

3.3.1 The cosmic-ray distribution in the Galaxy

Interstellar γ-ray emission is a unique probe of CR densities through-
out the Galaxy and it is therefore a fundamental piece of information
to understand the CR origin and propagation in the interstellar space.

Since the early SAS-II and COS-B years, the diffuse emission from
the Milky Way was taken as evidence of a broad distribution of CRs
through the Galaxy. The association between structures seen in the
interstellar γ-ray emission and those known at other wavelengths, like
the tangent points of the spiral arm, lead to the development of mod-
els based on a dynamical balance between CR and ISM densities (e.g.
Bignami and Fichtel, 1974), tentatively justified by CR trapping by the
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enhanced magnetic fields in interstellar clouds or by the association be-
tween putative CR sources and the placental clouds where they were
born.

Strong et al. (1988) analysed the radial distribution of γ-rays in the fi-
nal COS-B database using H I and CO data covering the entire Galactic
plane (following the studies of selected regions by Bloemen et al. 1984,
1986). Thanks to the kinematic separation of H I and CO lines (Ap-
pendix B), they separated through a maximum likelihood fit (§ 1.3.1)
the γ-ray emission arising from gas complexes in different ranges of
Galactocentric distance (rings). This analysis yielded a maximum vari-
ations of the H I emissivity from the solar circle to the inner Galaxy of
about a factor 2, much shallower than the gradient of SNRs or PSRs.
On the basis of a simple diffusion model Bloemen (1989) concluded
that the gradient problem was an indication either of limitations of the
measured distributions of putative CR sources in the Galaxy or of a
large propagation halo (e.g. Stecker and Jones, 1977). The COS-B re-
sult was later confirmed by Strong and Mattox (1996) repeating the
ring-analysis with the Phase 1 + 2 EGRET survey.

The development of numerical explicit models lead to a new era
in this field. Strong et al. (2004b) sought a GALPROP model able to
approximately reproduce EGRET data (in particular longitude and lat-
itude profiles) using a population of CR sources smoothly distributed
with the radial profile of PSRs (Lorimer, 2004) but assuming a large
variation (by a factor 10) of XCO from the inner to the outer Galaxy (see
later § 3.3.2). Yet, this was not explaining the large gradient found by
Strong and Mattox (1996) for the H I emissivity, which plays a promi-
nent role being H I the only ISM component whose mass column den-
sities are determined directly from radio observations (§ 2.1.2). Later,
Evoli et al. (2008) used their code for CR propagation, DRAGON, to
show that the agreement with EGRET longitude/latitude profiles can
be obtained with a constant XCO ratio (except for the Galactic bulge),
but assuming a non-uniform CR diffusion coefficient as can be ex-
pected for theoretical reasons if energy equipartition holds between
CR densities and magnetic field fluctuations (naturally if the Galactic
magnetic field is generated by a CR-driven dynamo, see § 2.3.1).

A privileged target for gradient studies is given by the outer Galaxy,
since the kinematic distance of gas lines is unambiguously determined
outside the solar circle (Appendix B). The first analysis of COS-B data
(Bloemen et al., 1984) was inconclusive, also due to the lack of CO data
for the outer Galaxy at that time. The ring-analysis of EGRET data was
performed in detail for two regions in the second (Digel et al., 1996)
and third Galactic quadrant (Digel et al., 2001) with good kinematic
separation between the different structures seen along the line of sight,
but the limited statistics did not make possible firm conclusions to be
drawn yet. I investigated the CR gradient in the outer Galaxy with a
more accurate separation technique (not based on rings but instead on
physical structures of the ISM, Appendix B) using LAT data: the re-
sults are reported in Chapter 4 for the second quadrant and Chapter 5

for the third one.
An important limitation of all the ring-analyses mentioned above is

that they assume an axisymmetric distribution of CR densities in the
Galaxy, neglecting Galactic structures like the spiral arms. The same
assumption is often made for numerical explicit models, notably the
bidimensional setup of GALPROP. On the other hand, since the dawn
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of γ-ray astronomy, the association between Galactic structures and
interstellar emission was suggested CR densities to follow the spiral
arms (Bignami and Fichtel, 1974). This issue potentially could be re-
solved thanks to γ-ray observations, e.g., unveiling a contrast in γ-ray
emissivities between spiral arms and the interarm regions. EGRET
data did not lead to firm conclusions on this regard (Digel et al., 2001);
I investigated this issue with LAT data by considering the interarm
region present in the third Galactic quadrant between the local spur
and the Perseus spiral arm (Chapter 5) and the massive interstellar
complex in the Cygnus region (Chapter 6).

3.3.2 The calibration of molecular masses

As anticipated in § 2.1.3, interstellar γ-ray emission can be used to
calibrate the XCO ≡ N(H2)/WCO ratio (Eq. 2.20). Let us assume to
be able to determine from γ-ray observations the emissivity per H I

atom, qH I, and the emissivity per WCO unit, qCO, for the same cloud.
If the same CR fluxes thread the atomic and molecular part of the
cloud, since the molecular binding energy is negligible with respect
to the energetics of the γ-ray production processes we expect that the
emissivity per H2 molecule is twice as the emissivity per H I atom.
Therefore the quantity

Xγ =
qCO

2 qH I
(3.1)

is an estimate of XCO (Lebrun et al., 1983).
Xγ is regarded as a reliable estimate of XCO because it directly

probes masses in the ISM, being the γ-ray flux proportional to column-
densities of target gas 3, and it is independent from the chemical and
thermodynamic status of the gas. On the other hand it is affected by
possible systematics, either due to variations of CR densities over the
same interstellar complex:

– the enhancement of CR densities in molecular clouds due to the
trapping by the enhanced magnetic fields or to the association of
CR sources with clouds (e.g. Gabici et al., 2009);

– the depletion of CR densities in the densest molecular cores due
to an incomplete penetration (e.g. Gabici et al., 2007);

or to resolution problems:
– the presence of unresolved γ-ray sources with distribution similar

to that of molecular gas;
– the IC interstellar γ-ray emission which might mimic the spa-

tial distribution of clouds if high-energy electrons are confined
around their sources associated with clouds;

– the similarity between H I and CO structures, becoming more se-
vere for structures at larger distances from the Earth.

Let us also note that Xγ is, strictly speaking, an estimate of XCO ≡
N(H2)CO/WCO, being N(H2)CO the column density of molecular hy-
drogen associated with CO emission (in fact, directly proportional to
WCO), not of the total molecular masses 4 (see later § 3.3.3).

3. Other methods are more indirect, invoking the proportionality between molecular
masses and extinction (due to dust) or kinetic energy of the turbulent motion (which
neglects non-turbulent –e.g. magnetic– support).

4. Contrarily to other estimates, such as the virial mass which measures the total
gravitationally-bound mass.
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Early models of interstellar γ-ray emission assumed XCO constant
over the whole Galaxy. Strong et al. (1988), from the ring-analysis of
COS-B observations of the entire Galactic plane, obtained an estimate 5

Xγ = (1.9± 0.2)× 1020 cm−2 (K km s−1)−1. Strong and Mattox (1996)
confirmed this result, obtaining from the ring-analysis of EGRET data
the same value (1.9 ± 0.2) × 1020 cm−2 (K km s−1)−1. Using their
model based on the dynamical balance between CR and ISM densities,
Hunter et al. (1997) obtained from EGRET data a comparable value of
Xγ = (1.56± 0.05)× 1020 cm−2 (K km s−1)−1.

However, during the ’90s, several evidences came out that XCO might
vary over the Galaxy. Digel et al. (1990) reported the CO observations
of molecular clouds in the outer arm of the Galaxy, with a XCO ratio
from virial masses 4± 2 times larger than in the inner Galaxy. Sodroski
et al. (1995) derived from COBE DIRBE data a XCO ratio within 400 pc
from the Galactic center a factor 3− 10 lower than in the inner Galaxy.
Combining their findings with the results previously discussed, they
proposed that XCO increases by more than one order of magnitude
from the Galactic center to the outer Galaxy. Israel (1997) estimated
from the far-IR surface brightness of several external galaxies a varying
XCO ratio, depending on both the ambient radiation field intensity and
metallicity. This result was interpreted as the consequence of radiative
photodissociation of CO and the poor self-shielding in low-metallicity
environments. This interpretation would naturally lead for the Milky
Way to a XCO ratio increasing with Galactocentric radius.

The XCO values derived from EGRET data for some selected clouds
or complexes within a few kpc from the Sun seemed to support this
idea (for a synthesis see Digel et al., 1996, 2001). As anticipated in
§ 3.3.1, Strong et al. (2004b) proposed a heuristic model of XCO as a
function of Galactocentric radius, R, designed to approximately repro-
duce the EGRET longitude/latitude profiles with a CR source distri-
bution derived from PSRs thanks to an increase in the WCO-to-N(H2)
conversion factor by an order of magnitude from the inner to the outer
Galaxy. A summary of the situation at the end of the EGRET era is
given in Figure 3.5. The works reported in Part ii allowed us to de-
termine XCO in some selected regions within a few kpc from the solar
system, toward the outer Galaxy, shedding new light on the problem
of the calibration of molecular masses.

3.3.3 Dark gas

For many years the modeling of γ-ray emission from interstellar gas
was based on the 21-cm line of H I and on the 2.6-mm line of 12CO. Yet,
this combination was not guaranteed to provide an exhaustive census
of the ISM. Grenier et al. (2005) showed that EGRET data were pointing
to the presence of some “dark gas”, i.e. neutral gas not properly traced
by the H I and CO lines, in all the nearby clouds of the Gould Belt.

Their method was based on the comparison between a wide collec-
tion of gas tracers: the H I and CO cartographies, γ-ray data by EGRET
and dust tracers (see § 2.1.5), namely thermal emission at 3000 GHz
and 94 GHz and the color excess E(B−V) map by Schlegel et al. (1998).
The thermal emission at 94 GHz (tracing to cold dust at ∼ 10 K) and

5. The original result in Strong et al. (1988), (2.3± 0.3)× 1020 cm−2 (K km s−1)−1,
was rescaled by 1.22 to take into account the calibration correction to be applied to data
by Dame et al. (1987) according to Bronfman et al. (1988).
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Figure 3.5: XCO as a function of Galactocentric radius R. Black horizontal line:
the constant value derived from EGRET observations of the entire
Galactic plane by Strong and Mattox (1996); statistical uncertain-
ties are represented as a shadowed band. Red points: values for
selected clouds or complexes derived from EGRET data as summa-
rized in Digel et al. (1996, 2001). Blue step function: the model
used in Strong et al. (2004b). For reference we also give as a green
dashed line the conversion function by Nakanishi and Sofue (2006),
based mainly on virial masses.

the E(B−V) map both showed extensive coherent regions with large
dust-to-gas excesses bridging the nearby CO clouds and their atomic
envelopes. These excesses were correlated as well with excesses seen in
γ-ray emission, which is a tracer of gas mass independent of its chemi-
cal and thermodynamic state. These excesses were not correlated with
free-free emission regions (ionized gas, § 2.1.4) or structures in the
408 MHz emission (concentrations of CR electrons, § 2.3.2). Given the
negligible contribution expected from IC scattering off CR electrons of
the thermal emission from dust itself, the most likely explanation was
the presence of gas unaccounted for by the H I and CO surveys.

The interstellar γ-ray emission, however, cannot discriminate be-
tween molecular and atomic gas, so the chemical state of the dark gas
is not clear yet. The existence of molecular gas not traced by the 2.6-
mm line is largely accepted, both from observational evidences and
theoretical modeling. Magnani et al. (2003) found in a translucent
cloud a poor correlation between the distribution of CH (methylidyne)
and CO, but, on the other hand, a good correlation between CH and
the E(B−V) color excess, and they suggested the same to hold for the
translucent envelopes of giant molecular clouds. Papadopoulos et al.
(2002) showed how H2 formation likely occurs in metal-poor environ-
ments (like the outer Galaxy or the outer layers of molecular clouds)
where the threshold for CO detection is not reached. Wolfire et al.
(2010) calculated that the fraction of dark molecular gas is expected
to be remarkably constant, ∼ 0.3 for clouds down to AV ' 8, and
insensitive to the incident UV radiation field and the density distribu-
tion in the cloud; they predicted that the dark fraction increases with
decreasing AV.
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On the other hand, our treatment of the radiative transfer of the H I

line is only approximative and very often based on the assumption
of a uniform spin temperature (§ 2.1.2). Studies of interstellar γ-ray
emission were almost always based on the assumption of a uniform
TS = 125 K (e.g. Bloemen et al., 1984), whereas cold atomic clouds
often shows T = 40− 70 K (e.g. Heiles and Troland, 2003). This might
lead to a significant underestimate of N(H I) in the cold atomic en-
velopes of molecular clouds, and therefore a contribution to the dark
gas observed through its gamma-ray emission.

The EGRET era left many open questions also on the dark gas. At
first, the fact that the γ-ray emission and dust correlated excesses were
due to dark gas was based on their spatial distribution and on the lack
of other plausible emission mechanisms. In Chapter 4 we will derive
from LAT data the γ-ray emissivity associated to dust residuals over an
energy range of two decades for the clouds of Cassiopeia and Cepheus,
and we will show that it linearly scales with the emissivity of atomic
gas; the same underlying physical mechanism must originate γ-ray
emission associated with H I and cold dust residuals, which are indeed
a tracer of dark gas. Secondarily, the dark clouds were resolved in the
EGRET era only for nearby complexes away from the Galactic plane.
Resolving the dark clouds in the Galactic disk, with dust temperature
gradients near massive-star forming regions, along crowded lines of
sight is a difficult task. We undertook this challenge in Chapter 6 for
the Cygnus region, also detecting a dust/γ-ray excess with a spectrum
equivalent to that of H I in the 100 MeV-100 GeV energy range.

Our results for the clouds of Cassiopeia and Cepheus were found
to be in remarkable good agreement with their theoretical predictions
by Wolfire et al. (2010), who developed a model of the dark molecular
gas based on the photodissociation of CO in the outer cloud layers by
external UV radiation. Their model predicts that the fraction of dark
molecular gas is rather constant (∼ 0.3) regardless to the strength of
the external UV fields and the mass of the clouds down to average
AV ' 8. The dark fraction then increases with decreasing AV, since
more and more molecular hydrogen resides outside the CO region.

In the mean time the Herschel satellite detected warm molecular gas
through the C II line for 29 clouds in the Milky Way not showing CO
emission (Langer et al., 2010) and through excesses in the far IR emis-
sion from the Large Magellanic Cloud (LMC), situated at the transition
between H I and CO clouds (Roman-Duval et al., 2010). The presence
of dark gas in the nearby clouds was recently confirmed by Planck
data (Ade et al., 2011). Many more results are expected to come as we
accumulate LAT data, as well as data from Herschel and Planck.

3.4 interstellar γ-ray emission from external galaxies

3.4.1 EGRET observations

Observations of external galaxies usefully complement the studies of
interstellar γ-ray emission from the Milky Way. In particular, face-on
galaxies offer the opportunity to map the distribution of CR densities
without ambiguities due to confusion along the line of sight, which
severely limits the understanding of our own Galaxy, observed from
inside. This possibility, however, is often limited by the poor angular
resolution of γ-ray instruments.
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Emission from external galaxies was intensively searched using EGRET
data. Particular consideration was given to the Magellanic clouds due
to their proximity (∼ 50 kpc), their large angular dimension (> 5◦)
and the small viewing angle at the Earth (∼ 30◦). However, the low
fluxes at the Earth made possible just one detection of a normal (not
hosting an active nucleus) galaxy, the Large Magellanic Cloud (LMC;
Sreekumar et al. 1992). At the beginning of the mission the LMC was
detected (as a point source) with an integrated flux of (1.9± 0.4)× 10−7

cm−2 s−1. The flux was recognized to be consistent with the idea of
dynamical coupling between CR with ISM densities.

Further searches for emission from the Small Magellanic Cloud (SMC)
did not lead to the detection of significant signal. Lin et al. (1996) set
an upper limit on the flux above 100 MeV of 0.4× 10−7 cm−2 s−1, well
below the value expected from dynamical balance principles, already
lower than the flux expected for CR densities measured in the Milky
Way. They argued that this was proving the galactic origin for CRs
below several hundreds GeV. Lin et al. (1996) gave also an upper limit
on the flux associated with NGC 253 (one of the nearest galaxies not
belonging to the local group, at 3.4 Mpc from the Earth) of 1.0× 10−7

cm−2 s−1.
The LAT brought a new quality to the subject, resolving the LMC as

an extended source and detecting high-energy γ-ray emission from a
few other galaxies, either from the local group, SMC (which was also
resolved as extended source) and M31, or characterized by starbust
activity, like M82 and NGC 253.

3.4.2 LAT observations of the local group of galaxies

The Milky Way is part of a local group of galaxies, the most massive
members being the Milky Way itself, the Andromeda galaxy (M31)
and the Triangulum galaxy (M33). Including dwarf galaxies, the lo-
cal group is made from more than 30 galaxies. The Milky Way is the
gravitational center of a subgroup including the aforementioned Mag-
ellanic clouds and several dwarfs. Due to their proximity they are a
privileged target of investigation for the LAT.

Let us mention that γ-ray emission from the satellite dwarfs of the
Milky Way was intensively searched because they are objects with a
very high mass to luminosity ratio, low rate of massive-star formation
and consequent lack of plausible conventional sources of γ-rays. They
are therefore ideal targets for the detection of γ-ray signatures of dark
matter particles. No significant emission was found yet (Abdo et al.,
2010h; Scott et al., 2010).

The LMC

The LMC is relatively active, hosting SNRs, superbubbles and mas-
sive star-forming regions, and it was already detected as a high-energy
γ-ray source by EGRET. The LAT was able to spatially resolve the
galaxy enabling the mapping of its CR densities (Abdo et al., 2010i),
and in particular revealing the massive star-forming region of 30 Do-
radus as a bright γ-ray source.

Through the use of geometric templates the γ-ray emission was
shown to be rather extended than the sum of some discrete point
sources. No significant pulsation was detected in γ-rays from the
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known pulsars. These findings suggest that a large part of the γ-ray lu-
minosity is due to interstellar processes as in the Milky Way according
to our picture.

The γ-ray emission from the LMC shows little or no correlation with
tracers of the gas mass, H I and CO. On the other hand a remarkably
good correlation was found with Hα emission. The Hα line is a tracer
of the ionized gas (§ 2.1.4), which represents but a small fraction (1%)
of the ISM in the LMC. However, the distribution of ionized gas can
be thought to indirectly trace the massive-star forming regions, and
therefore putative CR sources. This is analogous to the results obtained
for the Cygnus region in the Galaxy (Chapter 6).

The tight correlation between massive star-forming regions and γ-
ray emission supports the idea that CR acceleration occurs in SNRs
or superbubbles, but also suggest a small propagation length for CR
protons, of the order of ∼ 200 pc, much smaller than the estimates for
the Milky Way.

The flux measured above 100 MeV for the LMC is (2.6± 0.2)× 10−7

cm−2 s−1, slightly higher that the value reported by EGRET, which,
however, derived the flux under the hypothesis of point-like source.
Even assuming that all the γ-ray emission from the LMC is due to inter-
stellar processes the average emissivity is (6.9± 2.4)× 10−27 s−1 sr−1

per H atom, ∼ 2 smaller than the value measured by the LAT for the
local interstellar space (the value might be smaller if part of the emis-
sion is attributed to sources). This implies CR densities around 30% of
those observed in the Milky Way 6.

The map of γ-ray emissivities which can be derived from LAT data
shows a good correlation with Wolf-Rayet stars and supergiant shells,
supporting again the idea that CRs are accelerated in massive star-
forming regions.

The SMC

The LAT detected also γ-ray emission from the SMC with an ex-
tension around 3◦ (Abdo et al., 2010b). Contrarily to the LMC, the
correlation between γ-ray emission and both H I density and Hα emis-
sion is rather good, not showing any remarkable coupling with star
formation activity.

The integrated flux above 100 MeV amounts to (3.7 ± 0.7) × 10−8

cm−2 s−1, which, if entirely attributed to interstellar emission, would
lead to an average emissivity per H atom of (2.5 ± 0.5) × 10−27 s−1

sr−1, a factor of 6− 7 lower than in the vicinities of the solar system
and a factor 2 lower than in the LMC. However, for such a low-mass
galaxy, a large fraction of the signal might be due to the contribution
from sources rather than to interstellar processes (in our Galaxy the
source contribution is thought to be < 10%− 30%), so the emissivity
might be even lower.

Given the star formation activity similar to the LMC, the lower emis-
sivity is more likely due to different properties of CR transport (e.g. a
smaller confinement volume) rather than to a lower injection rate.

6. The value of 30% is calculated through a simple one zone model for the LMC, for
details see Abdo et al. (2010i).
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M31 & M33

The two most massive members of the local group are Andromeda
(M31) and the Triangulum Galaxy (M33). In two years of observations
the LAT detected at 5σ γ-ray emission associated with M31 (Abdo
et al., 2010d), with a flux integrated above 100 MeV of (9.1± 1.9stat±
1.0syst)× 10−9 cm−2 s−1, implying average CR densities 0.35± 0.25 of
those in the Milky Way as estimated by Strong et al. (2010).

No significant emission was found in the direction of M33: the upper
limit on the flux integrated above 100 MeV at 95% confidence level is
5.1× 10−9 cm−2 s−1 (Abdo et al., 2010d).

3.4.3 Beyond the local group

Outside the local group of galaxies, the best candidates for a LAT
detection are starbust galaxies with large star formation rates, and thus
a plausibly large γ-ray luminosity. The first objects studied were M82

and NGC 253. Together with the galaxies of the local group, they
revealed an unexpected correlation between γ-ray luminosity and star
formation rate over a wide dynamical range.

M82 and NGC 253

Steady point-like emission positionally coincident with M82 and
NGC 253 was detected by the LAT after 11 months of observations
(Abdo et al., 2010a). On the other hand, γ-ray emission at energies
> 200 GeV from the same galaxies was reported by The VERITAS
Collaboration (2009) and the HESS collaboration (Acero et al., 2009),
respectively.

The γ-ray luminosities measured by the LAT are 2− 4 times larger
than that of the Milky Way, suggesting a connection between star-
formation rate and enhanced CR densities. The contribution from
sources must be taken into account, however, to draw firm conclusions.

The γ-ray luminosity-star formation rate relation

From the flux Fγ measured for a galaxy we can derive its luminosity
Lγ = 4πd2Fγ (with d distance from the Earth). In Fig. 3.6 the γ-ray
luminosity for all the external galaxies detected by the LAT so far (and
the upper limit for M33) is compared with their star formation rate
(SFR).

There is a correlation between Lγ and SFR which is not clearly un-
derstood yet. The sample is too limited to draw firm conclusions, but
this correlation seems to be analogous to the correlation observed be-
tween radio and far infrared (FIR) luminosities for galaxies (e.g. Mur-
phy et al., 2006). The radio-FIR correlation is thought to express a link
between CRs and star formation, possibly because of electron calorime-
try 7. The hadronic component is dominant in the CR composition of
the Milky Way, but it is unlikely to explain the Lγ-SFR correlation in
terms of hadron calorimetry, since state-of-the-art propagation mod-
els depict our Galaxy as a very inefficient hadron calorimeter (Strong
et al., 2010). The correlation might relate to the leptonic component of
interstellar γ-ray emission, if this accounted for a significant fraction

7. In the astrophysical jargon we say that a galaxy is an electron calorimeter if all the
energy injected in the form of CR electrons is dissipated within the galaxy.
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Figure 3.6: γ-ray luminosity versus star formation rate for the Milky Way and
external galaxies studied so far with LAT data (Abdo et al., 2010d).
The solid line shows the best-fit linear relation, whereas the dotted
line is the best-fit power-law function for the experimental points.

of the observed Lγ (consistently with some models for the Milky Way
in Strong et al., 2010).





Part II

A N A LY S E S A N D R E S U LT S





Then one day I started writing,
not knowing that I had chained myself for life

to a noble but merciless master.
When God hands you a gift, he also hands you a whip;

and the whip is intended solely for self-flagellation.

— Truman Capote, Music for Chameleons





4I N T E R S T E L L A R G A M M A - R AY E M I S S I O N F R O M T H E
O U T E R G A L A X Y: T H E S E C O N D G A L A C T I C
Q U A D R A N T

The outer Galaxy is a privileged target for studying large-scale prop-
erties of interstellar γ-ray emission because the Doppler shift-distance
relation for radio/mm-wave lines of interstellar gas is single valued
(§ B.1). It was therefore studied in detail with data from past telescopes
(§ 3.3.1). Lines of sight in the proximities of the Galactic anticenter are
problematic because of the loss of kinematic resolution (§ B.1), so two
separate regions in the second and third Galactic quadrant are usually
considered, where the velocity gradient is very steep and subsequently
the kinematic separation very good.

I started studying the region of Cassiopeia and Cepheus in the sec-
ond Galactic quadrant (100◦ ≤ l ≤ 145◦), where some conspicuous
nearby clouds of the Gould Belt resides, as well as interstellar com-
plexes at larger distances up to the outer spiral arm. To separate the
different structures seen along the line of sight I developed a novel
kinematic separation procedure, based on the physical structures of
the ISM rather than on rings as in most of previous studies (see § B.2).
The results presented in the paper (§ 4.1) offered the opportunity to
study the gradient of γ-ray emissivities of atomic gas toward the outer
Galaxy and provided also constraints on the census of the ISM: on the
gradient of the XCO ratio from the Gould Belt to the Perseus arm and
on the amount of dark gas in the nearby well-resolved clouds.

In the following study of the third quadrant (Chapter 5) we discov-
ered that the most important source of uncertainties in this analysis
method is due to the H I spin temperature (§ 2.1.2). This does not alter
substantially the results presented in the paper, but I re-evaluate the
uncertainties in § 4.2.

4.1 attachment : the second quadrant paper

I attach here the paper published as Abdo et al. (2010e).
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, Ö. Çelik

19,20,21
, A. Chekhtman

1,22
, C. C. Cheung

1,2
, J. Chiang

3
, S. Ciprini

12
, R. Claus

3
,

J. Cohen-Tanugi
23

, L. R. Cominsky
24

, J. Conrad
25,26,52

, C. D. Dermer
1
, F. de Palma

13,14
, S. W. Digel

3
, E. do Couto e

Silva
3
, P. S. Drell

3
, R. Dubois

3
, D. Dumora

27,28
, C. Farnier

23
, C. Favuzzi

13,14
, S. J. Fegan

15
, W. B. Focke

3
, P. Fortin

15
,

M. Frailis
29

, Y. Fukazawa
30

, S. Funk
3
, P. Fusco

13,14
, F. Gargano

14
, N. Gehrels

19,31,32
, S. Germani

11,12
, G. Giavitto

6,7
,

B. Giebels
15

, N. Giglietto
13,14

, F. Giordano
13,14

, T. Glanzman
3
, G. Godfrey

3
, I. A. Grenier

5
, M.-H. Grondin

27,28
, J.

E. Grove
1
, L. Guillemot

27,28,33
, S. Guiriec

34
, A. K. Harding

19
, M. Hayashida

3
, D. Horan

15
, R. E. Hughes

10
, M.

S. Jackson
26,35
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ABSTRACT

We present the analysis of the interstellar γ -ray emission measured by the Fermi Large Area Telescope toward
a region in the second Galactic quadrant at 100◦ � l � 145◦ and −15◦ � b � +30◦. This region encompasses
the prominent Gould Belt clouds of Cassiopeia, Cepheus, and the Polaris flare, as well as atomic and molecular
complexes at larger distances, like that associated with NGC 7538 in the Perseus arm. The good kinematic sep-
aration in velocity between the local, Perseus, and outer arms, and the presence of massive complexes in each
of them, make this region well suited to probe cosmic rays (CRs) and the interstellar medium beyond the solar
circle. The γ -ray emissivity spectrum of the gas in the Gould Belt is consistent with expectations based on the
locally measured CR spectra. The γ -ray emissivity decreases from the Gould Belt to the Perseus arm, but the
measured gradient is flatter than expectations for CR sources peaking in the inner Galaxy as suggested by pulsars.
The XCO = N (H2)/WCO conversion factor is found to increase from (0.87 ± 0.05) × 1020 cm−2 (K km s−1)−1 in
the Gould Belt to (1.9 ± 0.2) × 1020 cm−2 (K km s−1)−1 in the Perseus arm. We derive masses for the molecular
clouds under study. Dark gas, not properly traced by radio and microwave surveys, is detected in the Gould Belt
through a correlated excess of dust and γ -ray emission: its mass amounts to ∼50% of the CO-traced mass.

Key words: cosmic rays – gamma rays: diffuse background – ISM: clouds

Online-only material: color figures

1. INTRODUCTION

Galactic interstellar γ -ray emission is produced through
the interactions of high-energy cosmic rays (CRs) with the
gas in the interstellar medium (ISM; via pion production and
Bremsstrahlung) and with the interstellar radiation field (via
inverse Compton, IC, scattering). Thus, since early studies with
the COS-B satellite, diffuse γ rays were recognized to be a
tracer of the CR densities and of ISM column densities in the
Galaxy (Lebrun et al. 1983; Strong et al. 1988; Bloemen 1989).

The interpretation of the observed emission is often based on
two radio tracers of the interstellar gas: the 21 cm line of the
hyperfine transition of atomic hydrogen (H i) is used to derive
its column density N (H i); the 2.6 mm line of the rotational
transition J = 1 → 0 of CO is used to trace the molecular
gas. The molecular phase of the ISM is composed mainly of
H2 which cannot be traced directly in its cold phase. It has
long been verified, primarily using virial mass estimates, that
the brightness temperature of CO integrated over velocity, WCO,
roughly scales with the total molecular mass in the emitting
region (see, e.g., Solomon & Barret 1991). The conversion
factor that transforms WCO into H2 column density is known
as XCO = N (H2)/WCO (Lebrun et al. 1983).

The XCO conversion factor has often been assumed to be
uniform across the Galaxy. We now have evidence, however, that
it should increase in the outer Galaxy: from virial masses (Digel
et al. 1990), from COBE/DIRBE studies (Sodroski et al. 1995,
1997), and from the measurement of the Galactic metallicity
gradient (Israel 1997, 2000). A precise estimate of the XCO

52 Royal Swedish Academy of Sciences Research Fellow, funded by a grant
from the K. A. Wallenberg Foundation.

gradient is necessary to measure the masses of distant H2 clouds,
but it also impacts the derivation of the distribution of CR
sources from γ -ray observations (Strong et al. 2004b).

For many years, supernova remnants (SNRs) have been
considered the best candidates as CR sources. We have recently
detected possible signatures of hadron acceleration in SNRs
thanks to γ -ray observations in the TeV (Albert et al. 2007;
Aharonian et al. 2008; Acciari et al. 2009) and GeV domain
(Abdo et al. 2009d). However, the origin of Galactic CRs is
still mysterious and, on the other hand, the distribution of SNRs
in the Galaxy is very poorly determined (Case & Bhattacharya
1998), leading to large uncertainties in the models of diffuse γ -
ray emission. The γ -ray emissivity gradient of the diffuse H i gas
can provide useful constraints on the CR-density distribution.

Since the Doppler shift of the radio lines allows kinematic
separation of different structures along a line of sight, it is pos-
sible to constrain the γ -ray emissivities and the subsequent XCO
ratios in specific Galactic regions. The performance of the pre-
vious γ -ray telescopes did not allow very precise measurements
beyond the solar circle (Digel et al. 1996, 2001). The situation
has recently been improved with the successful launch of the
Fermi Gamma-ray Space Telescope on 2008 June 11. The Large
Area Telescope (LAT) on board the Fermi mission (Atwood et al.
2009) has a sensitivity more than an order of magnitude greater
than the previous instrument EGRET on board the Compton
Gamma-ray Observatory and a superior angular resolution.

We present here the analysis of the interstellar γ radiation
measured by the Fermi LAT in a selected region of the second
Galactic quadrant, at 100◦ � l � 145◦, −15◦ � b � +30◦,
during the first 11 months of the science phase of the mission.
The region was chosen because here the velocity gradient
with Galactocentric distance is very steep, resulting in good
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kinematic separation which allows four different regions to
be defined along each line of sight: the nearby Gould Belt,
the main part of the local arm, and the more distant Perseus
and outer spiral arms. Among the most conspicuous clouds,
one finds Cassiopeia, the Cepheus, and Polaris flares in the
Gould Belt (Perrot & Grenier 2003; Heithausen & Thaddeus
1990; Grenier et al. 1989), the most massive molecular complex
in the Perseus arm associated with NGC 7538 and Cas A
(Ungerechts et al. 2000), and the off-plane molecular cloud
in the Perseus arm associated with NGC 281 (Sato et al. 2007).
These prominent cloud complexes are well suited to probe CRs
and the ISM. The motivations of this work are both to provide
improved constraints for diffuse emission models to be used in
the detection and analysis of LAT sources and to reach a better
comprehension of the physical phenomena related with diffuse
γ -ray emission in the outer Galaxy.

2. INTERSTELLAR GAS

Here, we describe the preparation of the maps tracing the
column densities of the different components of the ISM, used
in the following section to analyze LAT data.

2.1. Radio and Microwave Data

2.1.1. H i

Column densities N (H i) of atomic hydrogen have been
derived using the LAB H i survey by Kalberla et al. (2005).
The LSR velocity53 coverage spans from −450 km s−1 to
+400 km s−1 with a resolution of 1.3 km s−1. The survey angular
resolution is about 0.◦6. Owing to the strong absorption against
the radio continuum emission of the Cas A SNR, the H i column
densities within 0.◦5 from its position were determined by linear
interpolation of the adjacent lines.

The column densities have been derived by applying an
optical depth correction for a uniform spin temperature TS =
125 K, in order to directly compare our results with previous
studies (like Digel et al. 1996). There is not general agreement
in the literature about the values of the spin temperature in
the atomic phase of the ISM. From observations of the 21 cm
line of H i seen in absorption, Mohan et al. (2004a, 2004b)
derived for our region values of TS varying from ∼50 K to
� 2000 K, with a mean value ∼125 K. Recently, Dickey et al.
(2009), on the basis of other H i absorption surveys, reported
a mean value in the second Galactic quadrant TS = 250 K,
almost constant with Galactocentric radius. The maximum
difference between the values of N (H i) obtained with TS =
125 K and those obtained in the optically thin approximation
(corresponding to the lower possible amount of gas or to the
limit of very high spin temperature) is 30%–40%, whereas the
maximum difference between TS = 250 K and optically thin
approximation is 10%–15%. The optical depth correction is
nonlinear, so assessing the effects of the approximation is not
trivial: in particular we note that the uncertainties are larger
where the gas density is higher and that assuming lower values
for TS, we obtain structured excesses in modeled diffuse γ -ray
intensities following the shape of the clouds.

The systematic errors are even larger in the Galactic plane
where self absorption phenomena become important, especially
in the Perseus arm where the subsequent uncertainties of derived
N (H i) can reach 30% (Gibson et al. 2005).

53 Local standard of rest velocity, i.e., the velocity in a reference frame
following the motion of the solar system.
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Figure 1. H i longitude–velocity diagram obtained by integrating the brightness
temperature in Kalberla et al. (2005) for |b| < 10◦. The color scale is logarithmic
in units of deg K. The three curves bound the preliminary Galactocentric rings
used for analysis. At R = 8.8 kpc, R = 10 kpc, and R = 14 kpc (from top
to bottom) they roughly separate the Gould Belt, local arm, Perseus, and outer
arm. The separation between the Gould Belt and main part of the local arm is
hard to distinguish in this diagram.

(A color version of this figure is available in the online journal.)

2.1.2. CO

Intensities WCO of the 2.6 mm line of CO have been derived
from the composite survey of Dame et al. (2001), with sampling
every 0.◦125 near the Galactic plane and in the Gould Belt
clouds, supplemented with observations at 0.◦25 sampling for
high-latitude clouds (>5◦), covering in particular the region of
NGC 281.

Lines of sight not surveyed in CO were restored by linear
interpolation of adjacent directions where possible; otherwise
they were assumed to be free of significant CO emission. CO
data have been filtered with the moment-masking technique in
order to reduce the noise while keeping the resolution of the
original data and retaining the edges of the CO clouds (see, e.g.,
Dame et al. 2001, Section 2.3). Preserving the faint CO edges is
important to help decrease the degree of spatial correlation that
naturally exists between the N (H i) and WCO maps of a given
cloud complex because of the ISM multi-phase structure.

2.2. Kinematic Separation of the Galactic Structures

Our aim is to separately determine the γ -ray emission from
the different Galactic structures present along the line of sight
in the second quadrant:

1. the very nearby complexes in the Gould Belt, within
∼300 pc from the solar system;

2. the main part of the local arm, typically ∼1 kpc away;
3. the Perseus arm, 2.5–4 kpc away;
4. the outer arm and beyond.

The separation between the Gould Belt and local-arm compo-
nents is important to probe for a possible change in CR densities
between the quiescent nearby clouds of Cassiopeia and Cepheus
that produce few low-mass stars, and the more active regions
of the local arm which shelter several OB associations (Grenier
et al. 1989).

The good kinematic separation of the interstellar gas in this
part of the sky is illustrated in Figure 1. The separation of the
structures along the line of sight was achieved through a three-
step procedure:
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Figure 2. Example of the separation procedure described in Section 2.2 for the direction l = 133◦, b = 0◦. Each plot shows the brightness temperature TB for H i or
CO as a function of LSR velocity. Vertical lines correspond to the boundaries Gould Belt–local arm, local arm–Perseus arm, Perseus arm–outer arm (from right to
left). The three rows correspond to (1) preliminary ring boundaries (panels (a) & (b)), (2) “physical” boundaries (panels (c) & (d)), and (3) Gaussian fitting of the H i

line (panel (e)).

(A color version of this figure is available in the online journal.)

1. preliminary separation based on Galactocentric rings;
2. transformation of the ring-velocity boundaries into “physi-

cal” boundaries based on the (l, b, v) coherence of clouds,
and production of N (H i) and WCO maps;

3. correction of the N (H i) maps for the spill-over between
adjacent regions.

The three steps are described in detail below. In Figure 2, the
procedure is illustrated for an example direction at l = 133◦,
b = 0◦.

The preparation of the gas maps started from preliminary
velocity boundaries given in terms of Galactocentric rings that
roughly encompass the Gould Belt for R < 8.8 kpc, the main

part of the local arm at 8.8 kpc < R < 10 kpc, the Perseus arm
at 10 kpc < R < 14 kpc, and the outer arm for R > 14 kpc.
Following IAU recommendations, we adopted a flat rotation
curve with R� = 8.5 kpc and a rotation velocity of 220 km s−1 at
the solar circle. The confusion that is apparent in the longitude–
velocity (l, v) diagram of Figure 1 between the Gould Belt
and local-arm components results from the integration over
latitude and is much reduced in the actual (l, b, v) cube which
is used to construct the maps. The presence of two different
components is evident in the example direction of Figure 2: the
first component peaks at v ∼ 0 km s−1 (Gould Belt), the second
one at v ∼ −15 km s−1 (local arm).
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Starting from this preliminary separation, the ring-velocity
boundaries were adjusted for each line of sight to better separate
structures on the basis of their coherence in the (l, b, v) phase
space. For each line of sight, every boundary was moved to
the nearest minimum in the H i spectrum, or, if a minimum
was not found, to the nearest saddle. The shifts are typically
of the order of 1–10 km s−1 (see Figures 2(c) and (d)). The
adjusted boundaries were used to calculate N (H i) and WCO in
each region.

The broad H i clouds can easily spill-over from one velocity
interval into the next. To correct for this cross-contamination
between adjacent intervals, for each line of sight the H i spectrum
has been fitted by a combination of Gaussians (see Figure 2(e)).
The overlap estimated from the fit was used to correct the
column density N (H i) calculated in a specific interval from the
spill-over from the adjacent regions. The correction on N (H i)
is typically of the order of 1%–10%, although it can reach
20%–30% in regions corresponding to the frontier between
clouds in the Gould Belt and in the main part of the local arm.

This separation scheme provides more accurate estimates of
the actual gas mass in a specific region and helps with separating
structures. The resulting maps are shown in Figure 3. They
exhibit a low level of spatial degeneracy between the cloud
complexes found in the four regions along these directions.
Hence, we can model the observed γ -ray flux as a combination
of contributions coming from CR interactions in the different
regions. The correlation between the H i and CO phases in
each region is unavoidable, but not tight enough to hamper
the separation between the γ -ray emission from the two phases.
No significant CO emission is found in the outer-arm region, so
the corresponding map was removed from the analysis.

2.3. Interstellar Reddening

An excess of γ rays (observed by EGRET) correlated with
an excess of dust thermal emission was found over the N (H i)
and WCO column-density maps in all the nearby Gould Belt
clouds by Grenier et al. (2005). Therefore, they reported a
considerable amount of “dark” gas, i.e., neutral gas not properly
traced by H i and CO, at the interface between the two radio-
traced phases. The chemical state of the additional gas has not
been determined yet, leaving room for H2 poorly mixed with
CO or to H i, overlooked, e.g., because of incorrect assumptions
about the spin temperature for optical depth corrections or H i

self absorption (see Section 2.1.1).
Following the method proposed by Grenier et al. (2005), we

have prepared a map to account for the additional gas. The map
is derived from the E(B − V ) reddening map of Schlegel et al.
(1998), which provides an estimate of the total dust column
densities across the sky. Point sources (corresponding to IRAS
point sources) were removed and the corresponding pixels were
set to the average value of the adjacent directions. In order
to subtract the dust components correlated with N (H i) and
WCO, the reddening map was fitted with a linear combination
of the same set of N (H i) and WCO maps for the Gould Belt
and local, Perseus, and outer-arm regions described above. A
detailed discussion of the results of the fit goes beyond the
scope of the present work, so it is deferred to another paper
(A. A. Abdo et al. 2010, in preparation), which will address the
results over several interstellar complexes in the Gould Belt and
will compare them with γ -ray measurements by the LAT.

The resulting E(B − V )res residual map, obtained by sub-
tracting from the E(B − V ) map the best-fit linear combination
of our set of N (H i) and WCO maps, is shown in Figure 4.

The residuals typically range from −1 to +1 magnitude. Unlike
in Grenier et al. (2005), both positive and negative residuals
have been considered in the analysis of the γ -ray data. Resid-
uals hint at limitations in the gas radio tracers as well as in
the E(B − V ) map. Positive residuals can correspond to a lo-
cal increase in the dust-to-gas ratio and/or to the presence of
additional gas not properly accounted for in the N (H i) and
WCO maps. The latter explanation is supported by the signifi-
cant correlation we will find between the E(B − V )res map and
the LAT γ -ray data (see Section 4.2.2). Figure 4 shows that at
|b| > 5◦ the E(B − V )res map is dominated by positive residu-
als forming structured envelopes around the CO clouds. Small
negative residuals are systematically seen toward the CO cores.
They may be due to a decrease in dust temperature in the denser,
well shielded, parts of the molecular complexes, or to local vari-
ations of the dust-to-gas ratio. Further comparison with dust
extinction tracers is needed to investigate this effect. Positive
and negative residuals appear at low latitude, but, because of the
pile-up of dust clouds with different temperatures along the line
of sight, the temperature correction, applied by Schlegel et al.
(1998) to the thermal emission to produce the E(B − V ) map,
is not as valid near the plane as in well-resolved local clouds
off the plane, in particular toward bright star-forming regions.
These effects may cause the clusters of negative residuals at
|b| < 5◦. We note that the positive residuals along the plane are
not well correlated with the amount of self-absorbed H i found
in the second quadrant (Gibson et al. 2005). The most conspic-
uous self-absorbed H i cloud in fact corresponds to the negative
residuals seen at 130◦ < l < 140◦.

By construction, the E(B − V )res map compensates for
the limitations of the radio tracers, both by revealing non-
emitting gas and by correcting the approximations applied to
handle the radiative transfer of the radio lines. In particular
the E(B − V )res map depends on the optical depth correction
applied to the N (H i) maps. We note that different choices of the
H i spin temperature, from the optically thin case down to 250
and 125 K, change the E(B − V ) residuals by up to 0.2–0.3 mag
on the plane and 0.1 mag at |b| > 5◦. Off the plane, the shape of
the large structures of positive residuals around the Gould Belt
clouds hardly changes.

The strong correlation between E(B − V ) residuals and
γ -ray data, which will be shown in Section 4.2.2, proves that
the interstellar reddening is in many directions a better tracer
of the total gas column densities than the combination of H i

and CO. Therefore, we will use the E(B − V )res map to correct
the standard radio and microwave tracers, very suitable for the
aims of this work since, unlike reddening, they carry distance
information.

3. GAMMA-RAY ANALYSIS

3.1. LAT Data

The Fermi LAT is a pair-tracking telescope (Atwood et al.
2009), detecting photons from ∼20 MeV to more than 300 GeV.
The tracker has 18 (x, y) layers of silicon microstrip detectors
interleaved with tungsten foils to promote the conversion of
γ rays into electron–positron pairs (12 thin foils of 0.03
radiation lengths in the front section plus 4 thick foils of 0.18
radiation lengths in the back section; the last two layers have no
conversion foils). The tracker is followed by a segmented CsI
calorimeter to determine the γ -ray energy. The whole system is
surrounded by a scintillator shield to discriminate the charged
CR background. The instrument design and the analysis result
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1. W(CO)
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2. N(H I)
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2. W(CO)

Figure 3. Maps of N (H i) (units of 1020 atoms cm−2) and WCO (units of K km s−1). Regions: (1) Gould Belt, (2) local arm, (3) Perseus arm, and (4) outer arm. The
maps have been smoothed for display with a Gaussian with σ = 1◦. Data sources are described in the text.

(A color version of this figure is available in the online journal.)

in a peak effective area of ∼8000 cm2 (∼6 times greater than
EGRET), a field of view of ∼2.4 sr (∼5 times greater than
EGRET), and a superior single photon angular resolution (for
front converting photons, the 68% containment angle at 1 GeV
reaches ∼0.◦6 with respect to ∼1.◦7 for EGRET).

Data were obtained during the period 2008 August 4–2009
July 4. The Fermi observatory was operated in scanning sky
survey mode, rocking 35◦ north and south of the zenith on alter-
nate orbits, apart from calibration runs that are excluded from
the analysis. We used the data set prepared for the construction
of the First Year Catalog of LAT sources (A. A. Abdo et al. 2010,
in preparation), excluding brief time intervals corresponding to
bright γ -ray bursts. It uses the Diffuse event selection, which
has the least residual CR background contamination (Atwood
et al. 2009). We also selected events on the basis of the measured
zenith angle to limit the contamination from interactions of CRs
with the upper atmosphere of the Earth. Owing to these interac-
tions, the limb of the Earth is a very bright γ -ray source, seen

at a zenith angle of ∼113◦ at the 565 km nearly circular orbit
of Fermi. Since our region is close to the north celestial pole
it is often observed at large rocking angles. In order to reduce
the Earth albedo contamination, we accept for analysis here
only events seen at a zenith angle <100◦. The exposure is only
marginally affected (because the detection efficiency dramati-
cally decreases at large inclination angles), but the background
rate is significantly reduced.

3.2. Model for Analysis

The analysis scheme used since the COS-B era (Lebrun et al.
1983; Strong et al. 1988; Digel et al. 1996) is based on a very
simple transport model. Assuming that the ISM is transparent
to γ rays, that the characteristic diffusion lengths for CR elec-
trons and protons exceed the dimensions of cloud complexes,
and that CRs penetrate clouds uniformly to their cores, the
γ -ray intensity I (cm−2 s−1 sr−1) in a direction (l, b) can be
modeled to first order as a linear combination of contributions
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3. N(H I)
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3. W(CO)
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4. N(H I)

Figure 3. (Continued)

coming from CR interactions with the different gas phases in
the various regions along the line of sight. We add the contri-
bution from point-like sources and an isotropic intensity term.
Several processes are expected to contribute to the latter, no-
tably the extragalactic γ -ray background and the residual instru-
mental background from misclassified interactions of charged
CRs in the LAT. The IC emission is also expected to be rather
uniform across this small region of the sky. We used the cur-
rent best models of IC emission to verify that it is statisti-
cally not distinguishable from an isotropic background over the
small region of interest, at large angular distance from the in-
ner Galaxy (see Section 3.4). The present analysis does not
aim to provide meaningful results for the extragalactic back-
ground and the IC emission which will be addressed in forth-
coming publications (Abdo et al. 2010, A. A. Abdo et al. 2010,
in preparation).

In the absence of suitable tracers for the diffuse ionized
gas (primarily H ii), the derived γ -ray emissivities for neutral
gas will be slightly overestimated. However, the ionized gas is
contributing to ∼10% of the total mass and, because of its large

scale height of ∼1 kpc above the plane (Cordes & Lazio 2002),
part of its γ -ray emission will be overtaken by the isotropic
term in the fit to the LAT data. So, the bias on the neutral gas
emissivities should be small.

Therefore, the γ -ray intensity I, integrated in a given energy
band, is modeled by Equation (1).

I (l, b) =
4∑

ı=1

[
qH I, ı · N (H i)(l, b)ı + qCO, ı · WCO(l, b)ı

]

+ qEBV · E(B − V )res(l, b) + Iiso

+
∑

j

Sj · δ(2)(l − lj , b − bj ). (1)

The sum over ı represents the combination of the four Galactic
regions. The free parameters are the emissivities of H i gas,
qH I, ı (s−1 sr−1), per unit of WCO intensity, qCO, ı (cm−2 s−1 sr−1

(K km s−1)−1), and per unit of E(B − V ) residuals, qEBV
(cm−2 s−1 sr−1 mag−1). Iiso (cm−2 s−1 sr−1) is the isotropic
background intensity. The contribution from point sources is
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Figure 4. E(B − V )res map: map of the reddening residuals obtained after
subtraction of the parts linearly correlated with the combination of N (H i)
column densities and WCO intensities found in the four regions along the line
of sight (Gould Belt, local, Perseus, and outer arms). The positive residuals
surrounding CO clouds off the plane outline the potential dark-gas envelopes of
the Gould Belt clouds. The map has been smoothed for display with a Gaussian
with σ = 1◦.

(A color version of this figure is available in the online journal.)

represented by the sum over j , where Sj is the integrated flux
(cm−2 s−1) of the source lying at the position (lj , bj ).

3.3. Analysis Procedure

3.3.1. Method

We used the standard LAT analysis environment provided by
the Fermi Science Tools.54 The γ -ray statistics are large enough
to model the spectral shape of each component as a power law in
relatively narrow energy bands. This assumption, together with
the iterative procedure described below in Section 3.3.2, allows
the exposures and the convolution with the energy-dependent
point-spread function (PSF) to be computed without forcing
an a priori spectral index. The Science Tools provide a full
convolution of the maps with the energy-dependent PSF. The
Science Tools are also very flexible in the description of point
sources (number, location, spectra). We used the P6_V3 post
launch instrument response functions (IRFs), which take into
account the loss of detection efficiency due to pile-up and
accidental coincidence effects in the LAT (Rando et al. 2009).

LAT data have been analyzed using a binned maximum-
likelihood procedure with Poisson statistics, on a spatial grid
with 0.◦5 spacing in Cartesian projection. The higher energy
range we have investigated starts at a few GeV, where the 68%
containment angle is ∼0.◦5 for events converting in the front
section of the tracker (about a factor 2 larger for back converting
events), so we cannot resolve details smaller than this in the
γ -ray maps. This resolution is commensurate with that of the
H i and E(B − V ) maps.

The analysis was performed for five contiguous energy
bands: 200 MeV–400 MeV, 400 MeV–600 MeV, 600 MeV–
1 GeV, 1 GeV–2 GeV, and 2 GeV–10 GeV. The energy bands
were chosen wide enough to obtain stable results for the fit
parameters, because large statistical fluctuations might hamper

54 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

the separation of the different maps. Below 200 MeV the broad
PSF does not allow an effective separation of the different maps.
We are confident that between 0.2 and 10 GeV the interstellar
γ -ray emission from the gas dominates over the instrumental
foregrounds. The count maps in the five energy bands are shown
in Figure 5.

3.3.2. Point Sources

The inclusion of sources in the analysis model is a non-trivial
task because the likelihood maximization procedure (based on
the optimization engine Minuit255) is stable up to a few tens
of free parameters. The sources have thus been added following
an iterative procedure.

The sources were taken from the 11 month source list, which
will be the basis for the First Year Catalog of LAT sources
in preparation (A. A. Abdo et al. 2010, in preparation). The
sources were added following the detection significance (TS) in
the 11 month source list.56 The sources were added as point-like
sources keeping their positions at those given in the list while
letting their power-law spectra to vary independently in each
energy band. No further attempts were made in this analysis
to improve the spectral modeling or to account for possible
extension.

The inclusion of the sources went through the following steps,
where the parameters of the diffuse emission model were always
let free.

1. We started with no point sources in the model.
2. We added nine sources detected with TS > 600 (hereafter

bright sources). They were added to the sky model 3 at a
time in order of decreasing TS, freezing at each step the pre-
vious source spectra and fitting the last three, while the dif-
fuse parameters were always let free. Among bright sources,
for the six sources lying in the region under study, we
let their fluxes and spectral indexes free; for three sources
lying just outside (<5◦) the region boundaries, we fixed
their parameters at the values determined in the 11 month
source list. These bright sources were already reported in
the LAT Bright Source List (Abdo et al. 2009b): two of
them are firmly identified as pulsars (0FGL J0007.4+7303
or LAT PSR J0007+7303, and 0FGL J2229.0+6114 or
PSR J2229+6114), one as a γ -ray binary (0FGL
J0240.3+6113 or LSI+61 303), and the others are asso-
ciated with blazars.

3. We then added 52 more sources in the 11 month source
list within the region boundaries with TS between 600 and
� 25 (out of them 22 where detected with TS > 100); they
were added in several groups of six or five sources, with a
procedure analogous to that used to handle bright sources,
but only their integrated fluxes were allowed to be free,
whereas the spectral indexes were fixed at the values in the
source list.

4. Finally, the analysis was repeated with all the sources,
letting free only the parameters of the diffuse model and of
the bright sources.

The iterative procedure allows verification that only the bright
sources can affect the diffuse parameters: the latter do not
significantly change when less significant sources (TS < 600)
are added to the model. This does not apply to Iiso and qH I, 4: we

55 http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html
56 The test statistic, TS, is defined as TS = 2(ln L − ln L0), where L and
L0 are the maximum-likelihood values reached with and without the source,
respectively.
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(e)

Figure 5. Gamma-ray count maps in the five energy bands: (a) 200–400 MeV, (b) 400–600 MeV, (c) 600 MeV–1 GeV, (d) 1–2 GeV, and (e) 2–10 GeV.

(A color version of this figure is available in the online journal.)
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note that their values keep decreasing as we add new sources
down to TS ∼ 25. We argue that the isotropic intensity generally
absorbs point sources off the plane that are not included in the
analysis; as said before we are not trying to give a physical
interpretation of Iiso. On the other hand, given the low linear
resolution in distant clouds of the outer arm and the subsequent
lack of pronounced features in the map (see Figure 3), point
sources at very low latitude (|b| � 3◦) can strongly bias the
value of the corresponding H i emissivity, qH I, 4, as separating
them from the clumpy ISM emission near the plane in 0.◦5 maps
is difficult. Therefore, we consider this parameter only as an
upper limit to the real gas emissivity in the outer arm.

3.4. Fit Results

The quality of the final fits is illustrated in the residual
maps of Figure 6. The residuals, i.e., observed counts minus
model-predicted counts, are expressed in standard deviation
units (square root of model-predicted counts). The maps show
no excesses below −4σ or above +7σ .

The best-fit parameters obtained in the five energy bands
are given in Table 1, where the uncertainties correspond only
to statistical errors. We have also evaluated the systematic
errors due to the uncertainties on the event selection efficiency.
From the comparison between Monte Carlo simulations and
real observations of the Vela pulsar, they are evaluated to be
10% at 100 MeV, 5% at 500 MeV, and 20% at 10 GeV, scaling
linearly with the logarithm of energy between these values.
These uncertainties were parameterized into two sets of IRFs
encompassing the most extreme scenarios. The last step of
the analysis has been repeated using these two IRF sets and
the results are assumed to bracket the systematic errors due
to the event selection efficiency (shown as shaded gray areas
in the following figures). Only the last step was considered,
because we previously verified that only bright sources impact
the parameters of the diffuse emission model.

We also verified the impact of the isotropic approximation for
the IC emission, repeating the last step of the analysis including
a recent model based on the GALPROP CR propagation code
(see, e.g., Strong & Moskalenko 1998; Strong et al. 2004a;
Porter et al. 2008). The values obtained for the parameters of
the diffuse emission model were compatible with the previous
results, except for the isotropic intensity.

Other systematic uncertainties will be addressed in the
discussion section.

4. DISCUSSION

4.1. Emissivity Per H i Atom and Cosmic-ray Spectra

4.1.1. Consistency with Other Measurements

In Figure 7, we report the emissivity spectra per H i atom
measured in the Gould Belt, the main part of the local arm and
the Perseus arm. The inclusion of the E(B − V )res map in the fit
does not have a strong impact on the emissivities of the broadly
distributed H i gas, which decrease by less than 10% considering
the interstellar reddening in analysis.

The results we obtained in the Gould Belt and local-arm
regions are consistent below 1 GeV with the measurement
by Digel et al. (1996), obtained from EGRET observations
of the region of Cepheus and Polaris. Above 1 GeV LAT
measurements are ∼40% lower than those by EGRET. We will
see below in Section 4.1.3 that LAT measurements are consistent
with the a priori expectations for the local H i emissivity:

this result confirms that, as was already deduced from LAT
observations of broader regions of the sky (Abdo et al. 2009e),
LAT measurements are not consistent with the GeV excess seen
by EGRET, which was noticed also as an excess above 1 GeV
in the emissivity of nearby H i complexes, as discussed in Digel
et al. (2001).

Our spectra of the emissivity per H i atom are consistent with
the results of an independent analysis carried out on LAT data to
determine the local H i emissivity in a midlatitude region of the
third Galactic quadrant (Abdo et al. 2009c). The latter analysis
investigated a different region of the sky, but encompassing H i

complexes at �1 kpc from the solar system, mostly located in
a segment of the local arm. If we compare the present results in
the main part of the local arm with those by Abdo et al. (2009c)
we have excellent agreement. Therefore, we have verified that
CR proton densities smoothly vary on a few kpc scale around
the solar system.

4.1.2. Physical Model

We further compare our results with the predictions by
GALPROP, a physical model of CR propagation in the Galaxy
(see, e.g., Strong & Moskalenko 1998; Strong et al. 2004a,
2007). GALPROP solves the propagation equation for all CR
species, given a CR source distribution and boundary conditions.
Current GALPROP models assume a Galactocentric source
distribution derived from that of pulsars (Strong et al. 2004b).
The distribution used by the model adopted for this work, called
54_71Xvarh7S, is given by Equation (2),

f (R) ∝
(

R

R�

)α

exp

[
−β

(
R − R�

R�

)]
, (2)

with α = 1.25, β = 3.56, and R� = 8.5 kpc. A truncation
is applied at R = 15 kpc because we do not expect many CR
sources in the outermost Galaxy. This choice of parameters
results in a slightly flatter radial profile of CR densities than
with the pulsar distribution.

The GALPROP model 54_71Xvarh7S is tuned to reproduce
the in situ measurements of CR spectra at the solar circle.
The proton spectrum is derived from a compilation of direct
measurements (Alcaraz et al. 2000; Sanuki et al. 2000; Shikaze
et al. 2007). The model includes the CR electron spectrum
recently measured by the LAT (Abdo et al. 2009a).

Once the propagation equation is solved, GALPROP com-
putes the emissivity for stable secondaries, in particular γ rays.
The electron Bremmstrahlung component is evaluated using the
formalism by Koch & Motz (1959) as explained in Strong et al.
(2000). The emissivity due to p–p interactions is evaluated using
the inclusive cross sections as parameterized by Kamae et al.
(2006). Following the method by Dermer (1986a, 1986b), the
p–p emissivity is increased to account for interactions involving
CR α particles and interstellar He nuclei. This method provides
an effective enhancement with respect to pure p–p emissivi-
ties, often named the nuclear enhancement factor, of εN � 1.45.
More recent calculations by Mori (2009), however, report values
as large as εN � 1.75–2 due to different CR spectral formulae
(Honda et al. 2004), different ISM abundances and the inclusion
of heavier nuclei both in CRs and in the ISM. Further theoreti-
cal developments are required to better constrain εN, extending
the predictions from γ rays to other relevant messengers like
antiprotons (Adriani et al. 2009).
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Figure 6. Gamma-ray residual maps in the same energy bands as in Figure 5. The residuals, i.e., observed counts minus model-predicted counts, are in units of the
square root of the model-predicted counts (truncated between −4 and +4 for display).

(A color version of this figure is available in the online journal.)
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Figure 7. Emissivity spectra per H i atom as measured in the Gould Belt (1), local arm (2), and Perseus arm (3) clouds. Horizontal bars mark the energy bands, vertical
bars show the statistical uncertainties on the measurement. The shaded areas represent the systematic errors due to the uncertainties on the event selection efficiency.

Table 1
Parameters of the Diffuse Emission Model Obtained from the Fit to LAT Data

Parameter a,b 0.2–0.4 GeV 0.4–0.6 GeV 0.6–1 GeV 1–2 GeV 2–10 GeV

qH i, 1 0.584 ± 0.011 0.224 ± 0.008 0.168 ± 0.004 0.110 ± 0.003 0.048 ± 0.002
qCO, 1 1.09 ± 0.04 0.367 ± 0.017 0.318 ± 0.013 0.198 ± 0.008 0.102 ± 0.005
qH i, 2 0.536 ± 0.018 0.200 ± 0.007 0.157 ± 0.005 101 ± 0.004 0.054 ± 0.002
qCO, 2 1.67 ± 0.17 0.47 ± 0.06 0.44 ± 0.04 0.26 ± 0.03 0.087 ± 0.014
qH i, 3 0.349 ± 0.011 0.128 ± 0.004 0.108 ± 0.003 0.072 ± 0.002 0.0397 ± 0.0014
qCO, 3 1.17 ± 0.15 0.52 ± 0.06 0.37 ± 0.04 0.24 ± 0.03 0.115 ± 0.016
qH i, 4 0.33 ± 0.04 0.101 ± 0.017 0.114 ± 0.013 0.103 ± 0.009 0.032 ± 0.005
qEBV 16.7 ± 1.0 6.0 ± 0.4 3.49 ± 0.27 2.28 ± 0.18 0.80 ± 0.11
Iiso 4.67 ± 0.10 1.19 ± 0.04 0.92 ± 0.03 0.63 ± 0.02 0.371 ± 0.0017

Notes.
a Units: qH I, ı (10−26 s−1 sr−1), qCO, ı (10−6 cm−2 s−1 sr−1 (K km s−1)−1), qEBV (10−6 cm−2 s−1 sr−1 mag−1), Iiso (10−6 cm−2 s−1 sr−1).
b The subscripts refer to the different regions under analysis: (1) Gould Belt, (2) local arm, (3) Perseus arm, and (4) outer arm and beyond.

4.1.3. Emissivity in the Gould Belt

In Figure 8, we compare the emissivity spectrum per H i

atom we measured in the Gould Belt with the GALPROP
predictions. We find the latter to be �50% lower at all energies.
As we have just discussed, a large part of this excess (∼30%)
can be explained by the uncertainties in the contribution from
interactions involving CR and ISM nuclei other than protons.
The remaining ∼20% excess can be explained by systematic
uncertainties in the CR proton spectra at the Earth (∼20%),
the N (H i) column-density derivation, and the kinematical
separation of emission from the outer Galaxy.

The H i emissivity in the Gould Belt clouds (within 300 pc
from the solar system) is thus consistent with the hypothesis that
the gas is interacting with CRs with the same spectra measured
at Earth. Figure 8 shows the GALPROP model scaled by +50%
to highlight that the spectral shape is in good agreement with
our results.

The H i spin temperature of 125 K (chosen to have a
straightforward comparison with earlier analyses) is among the

lowest values reported in the literature. A higher temperature
would imply a higher emissivity, therefore a larger discrepancy
with the GALPROP model (e.g., qH I, 1 increases by another 5%–
10% if we take TS = 250 K as recently suggested by Dickey
et al. 2009).

4.1.4. H i Emissivity Gradient

It is evident from Figure 7 that the H i emissivity decreases
from the Gould Belt to the Perseus arm, as expected from
the declining distribution of candidate CR sources in the outer
Galaxy. Figure 9 shows the emissivity ratios between the more
distant regions and the Gould Belt. Systematic errors due to
the event selection efficiency are not relevant for these ratios,
because the emissivity spectra are similar.

The emissivity spectrum in the local arm is 10% lower than in
the Gould Belt. The GALPROP model predicts such a decrease
because of the change in Galactocentric radius from the solar
circle to the main part of local arm, located in this direction at
∼9.5 kpc.
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(A color version of this figure is available in the online journal.)
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Figure 9. Emissivities measured in the Perseus arm—black—and in the local
arm—light (red)—relative to those in the Gould Belt. Horizontal bars mark
the energy ranges, vertical bars show statistical uncertainties. The dashed lines
represent the GALPROP predictions.

(A color version of this figure is available in the online journal.)

A further decline in qH I is expected between the local and
Perseus arms, but Figure 9 shows that the measured qH I gra-
dient is significantly shallower than the GALPROP prediction.
In Figure 10, we compare the H i emissivity integrated above
200 MeV predicted by GALPROP as a function of Galacto-
centric radius with the values we measured in the four regions
defined for analysis, drawing the same conclusion. In this fig-
ure, we report the emissivity found in the outer arm, though
considered only as an upper limit because its determination is
probably affected by faint sources (see Section 3.3.2).

The discrepancies between the measured and predicted gra-
dients may be due to the large uncertainty in the CR source
distribution. The SNR radial distribution across the Galaxy is
very poorly determined because of the small sample available
and large selection effects (Case & Bhattacharya 1998). Dis-
tance and interstellar dispersion uncertainties also bias the pul-
sar distribution, in spite of the larger sample available (Lorimer
2004). On the other hand, the CR diffusion parameters, de-
rived from local isotopic abundances in CRs, may not apply
to the whole Galaxy, as suggested by Taillet & Maurin (2003).
Self-absorption can also lead to a significant underestimate of
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Figure 10. Radial profile with Galactocentric radius of the H i emissivity
integrated between 200 MeV and 10 GeV. Black dots/horizontal bars mark
the ranges in kinematic distance encompassing the Gould Belt, the main part
of the local arm, the Perseus and outer arms (from left to right). Statistical
uncertainties on qH I are smaller than the dot dimensions. The gray shaded area
shows the systematic uncertainties on the event selection efficiency. The (blue)
dashed line is the GALPROP prediction scaled up by 50%.

(A color version of this figure is available in the online journal.)

N (H i) in the Perseus arm (Gibson et al. 2005), and thus to an
overestimate of its γ -ray emissivity. Therefore, further investi-
gation is needed to better understand the radial profile of the H i

emissivity.
In Figure 7, the H i emissivity spectrum in the Perseus arm

appears harder than expectations, thus suggesting that primary
CR spectra vary across the Galaxy. We cannot, however, rule out
energy-dependent systematic effects due to the separation power
provided by the LAT PSF which strongly varies with energy,
or a hardening due to contamination by hard unresolved point
sources, like pulsars, clustering in the Perseus-arm structures.

4.2. Cloud Masses

4.2.1. CO

Because the γ -ray emission from molecular clouds is primar-
ily due to H2 and the molecular binding energy is negligible
with respect to the energy scale of the γ radiation processes, the
emissivity per H2 molecule is twice the emissivity per H i atom.
Under the hypothesis that the same CR flux penetrates the H i and
CO phases of a cloud, we can assume that qCO, ı = 2 XCO, ı ·qH I, ı

in each region to derive the CO-to-H2 conversion factor, XCO.
We have performed a maximum-likelihood linear fit qCO, ı =

XCO, ı · 2qH I, ı + qı between the qCO, ı and qH I, ı values found in
the various energy bands for each region. We have taken into
account the errors and covariances obtained from the γ -ray fits
for both qH I and qCO. Systematic errors due to the event selection
efficiency do not affect the derivation of the XCO slope because
the H i and CO emissivities have similar spectra. The results
are shown in Figure 11, and the best-fit parameters are reported
in Table 2. We observe a good linear correlation between qH I

and qCO that lends support to the assumption that CRs penetrate
molecular clouds uniformly to their cores (still under debate;
see, e.g., Gabici et al. 2007).

Figure 12 shows the XCO variation with Galactocentric radius.
Our measurements are consistent with previous γ -ray estimates
in this region of the sky (Digel et al. 1996), but they are
more precise, especially in the outer Galaxy. For the segment
of the Perseus arm near NGC 7538, we have lowered the
statistical uncertainty from ∼40% to 10%. The results suggest
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Figure 11. Correlation between the H i and CO emissivities obtained in the five energy bands for each region under analysis: (1) Gould Belt, (2) local arm, and
(3) Perseus arm. Error bars show the statistical uncertainties on qH I, ı and qCO, ı . The (red) lines give the best linear fits.

(A color version of this figure is available in the online journal.)

Table 2
Results of the Linear Fits between the H i and CO Emissivities in the Different

Regions (1: Gould Belt, 2: local arm, 3: Perseus arm):
qCO, ı = XCOı · 2qH I, ı + qı

Region XCO
a qb

1 0.87 ± 0.05 0.015 ± 0.012
2 1.59 ± 0.17 −0.08 ± 0.03
3 1.9 ± 0.2 −0.03 ± 0.03

Notes.
a Units: 1020 cm−2 (K km s−1)−1).
b Units: 10−6 cm−2 s−1 sr−1 (K km s−1)−1.

an increase of XCO in the outer Galaxy, as expected from the
metallicity gradient (see, e.g., Rolleston et al. 2000). The XCO
measurements in external galaxies indeed show a metallicity
dependence possibly caused by CO photodissociation and poor
self-shielding in low-metallicity environments (Israel 1997,
2000).

Contamination from unresolved point sources with a spatial
distribution closely related to that of the clouds is expected in
star-forming regions which can produce young pulsars, SNRs,
and massive binaries. This effect is unlikely in the Gould Belt
clouds (Cassiopeia, Cepheus, and Polaris), first because they
form few high-mass stars, second because of the good linear
resolution of the γ -ray maps of these nearby clouds. Their
proximity (�300 pc) and the ∼0.◦5 angular resolution of the
LAT in the higher energy band imply a linear resolution �3 pc,

which allows an efficient separation between diffuse emission
and point sources. The contamination by point sources is limited
for similar reasons in the nearby local arm, �1 kpc away, but
it cannot be clearly ruled out in the Perseus-arm clouds which
are known to form massive star clusters (see, e.g., Sandell &
Sievers 2004).

We cannot exclude separation problems between the γ -ray
emission from the CO cores and their surrounding H i envelopes.
The separation, based on the spatial distribution of the different
phases, becomes less efficient with increasing distance due to
the lower linear resolution. Moreover, we have verified that
the presence of γ rays associated with the dark-gas envelopes
around the CO cores affects the determination of the CO-to-H2
factor in more distant, not so well-resolved, clouds (whereas
the impact is negligible in the closer clouds). Excluding the
E(B − V )res map from the model yields a ∼30% increase of
XCO in the Perseus arm. Unfortunately, the E(B − V )res map is
not reliable near the plane because of the confusion along the line
of sight that prevents an adequate temperature correction and the
removal of clusters of IR point sources, so this difference has to
be considered as a systematic error on XCO in the Perseus arm.

Whether the present XCO gradient can be fully attributed to the
metallicity gradient, or partially to unresolved sources, H i and
CO separation problems, or gas not traced by H i and CO, needs
further investigation, primarily at higher resolution when more
high-energy LAT data become available to profit from the better
angular resolution. For the moment, the fact that the present
XCO determination does not depend on energy (see Figure 11)
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assumed for our analysis). The dashed (gray) points show the previous EGRET
measurements in the region of Cepheus and Polaris (Digel et al. 1996).

(A color version of this figure is available in the online journal.)

suggests that unresolved sources and separation of the different
gas phases do not significantly influence the result. The results
shown in Figure 12 indicate significantly smaller XCO values
in the outer Galaxy than those used by Strong et al. (2004b) in
GALPROP and systematically smaller values than the XCO(R)
relation determined by Arimoto et al. (1996) and Nakanishi &
Sofue (2006) using CO data and virial masses.

The XCO values shown in Table 2 have been used to estimate
cloud masses using Equation (3),

M = 2 μ mH d2 XCO

∫
WCO(l, b) dΩ, (3)

where d is the distance of the cloud, mH is the H atom mass,
and μ = 1.36 is the mean atomic weight per H atom in the
ISM. We did not use the kinematic distances inferred from CO
surveys, but we adopted more precise estimates available in the
literature. The results are given in Table 3. The errors include
only the statistical uncertainties on XCO.

To investigate the discrepancies found between the different
determinations of XCO, we calculated the virial masses for well-

resolved clouds off the plane. The virial masses have been
obtained from the CO velocity dispersion for a spherical mass
distribution with density profile ∝ 1/r , following Equation (4),

M = 3

2

r

G
σ 2

v , (4)

where r is the cloud radius, σv is the velocity dispersion, and G is
Newton’s constant. The velocity dispersion has been measured
for each line of sight and the average value in the sample has
been taken as the characteristic σv in the cloud. This method
limits the impact of the obvious velocity gradients in these
clouds. Because the virial mass heavily depends on the estimate
of the characteristic radius and on the cutoff applied in its
evaluation, we considered both the effective radius rA = √

A/π
(where A is the geometrical area of the cloud) and the intensity-
weighted radius 〈r〉 = (∑

ı WCOı rı

)
/
(∑

ı WCOı

)
(where rı is

the distance of pixel ı to the peak WCO pixel). We truncated
the calculation at 1% of the WCO peak in both cases. We
find that the virial masses are systematically larger than the
XCO derived masses by a factor 1.5–3. This discrepancy in
the nearby clouds is comparable to that shown in Figure 12
between the γ -ray estimates of XCO and the XCO(R) function by
Nakanishi & Sofue (2006) which relies on virial masses. The γ -
ray estimates are independent from the chemical, dynamical, and
thermodynamical state of the clouds, but they can suffer from
the limited resolution of γ -ray surveys and the non-uniform
penetration of CRs into the dense CO cores. Conversely, the
assumption of a spherical cloud in virial equilibrium against
turbulent motions is rather crude. Intrinsic velocity gradients
and magnetic pressure can easily bias the virial mass results.

4.2.2. Dark Gas

In order to quantify the significance of the correlation between
the γ -ray intensities and the E(B − V )res map, we have repeated
the last step of Section 3.3.2 without including it in the analysis.
The corresponding test statistics, TS = 2Δ(ln L), obtained in
the five energy bands are given in Table 4. With the addition
of two free parameters (qEBV and a spectral index), in the
null hypothesis that there is no γ -ray emission associated with
the E(B − V )res map TS should follow a χ2 distribution with
two degrees of freedom. Therefore, the correlation between γ
rays and E(B − V ) residuals is verified at a confidence level
> 99.9% in all energy bands.

The magnitudes of the dust masses and dust IR emission are
too low to explain this correlation by CR interactions with dust

Table 3
Masses for Specific Clouds, Complexes or Regions Obtained from CO Intensities and the XCO Values in Table 2

Region l b d (kpc) MCO Mvir(rA) Mvir(〈r〉) Mdark

Cepheus [100, 117] [6, 22] 0.3a 0.37 ± 0.02 0.687 0.903 0.160 ± 0.011
Polaris [117, 129] [18, 30] 0.25b 0.052 ± 0.003 0.208 0.159 0.031 ± 0.002
Cassiopeia [117, 145] [2, 18] 0.3a 0.61 ± 0.03 0.893 1.062 0.34 ± 0.02
Gould Belt [100, 145] [−15, 30] 0.3 1.47 ± 0.08
NGC 7538 [107, 115] [−5, 5] 2.65c 20 ± 2
NGC 281 [120, 125] [−9,−5] 3.0d 0.79 ± 0.08 1.205 1.047
Perseus arm [100, 145] [−10, 10] 3.0 57 ± 6

Notes. For selected clouds, we also report virial masses and, in the Gould Belt, the dark-gas mass obtained from the XEBV conversion factor determined in
Section 4.2.2. All masses are in units of 105 M� and the errors include only the statistical uncertainties on XCO or XEBV.
a Grenier et al. (1989).
b Heithausen & Thaddeus (1990).
c Moscadelli et al. (2009).
d Sato et al. (2007).
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Figure 13. Correlation in the Gould Belt between the H i emissivities and
the emissivities per unit of E(B − V )res. Error bars show the statistical errors
obtained on both emissivities in the five energy bands. The (red) line shows the
best linear fit.

(A color version of this figure is available in the online journal.)

Table 4
TS = 2Δ(ln L) for the Inclusion of the E(B − V )res Map in the Fit in the

Different Energy Bands

Energy Range (GeV) TS

0.2–0.4 53.8
0.4–0.6 124
0.6–1 74.6
1–2 91.8
2–10 38.2

grains or their thermal radiation. However, the correlation can be
explained by CR interactions in normal gas that is not accounted
for in the N (H i) and WCO maps.

In Section 4.2.1, we have used the γ -ray emissivities per
H i atom and WCO unit to calibrate the CO-to-H2 conversion
factor, following a well-established method. We can use a similar
procedure to correlate the γ -ray emissivities per H i atom and
per E(B − V )res unit in the well-resolved Gould Belt clouds
(see Figure 4) where the spatial association between the H i,
CO, and E(B − V )res maps allows locating the dark gas in the
absence of kinematical information.

The qH I, 1 and qEBV emissivities found in the five energy
bands exhibit a tight correlation (Figure 13). As we did for CO,
we fitted a linear relation, qEBV = XEBV · qH I, 1 + q, using a
maximum-likelihood method taking into account the errors and
covariances of the emissivities. The results are XEBV = (28 ±
2) × 1020 cm−2 mag−1 and q = (−0.6 ± 0.2) × 10−6 cm−2 s−1

sr−1 mag−1. The good linear correlation implies similar spectra
for the γ -ray emission from gas seen in the H i emission line and
that associated with the excess reddening, thus confirming the
need for normal additional gas to explain the correlated excess
of both γ rays and dust at the interface between the H i and CO
emitting phases of the Gould Belt clouds.

Using the XEBV factor in these clouds, we can calculate the
additional gas mass and compare it to the molecular mass seen
in CO. We restrict the comparison to the CO mass, because
the more diffuse H i clouds are difficult to separate from the
background H i disc extending to intermediate latitudes. To
estimate the dark mass, we use only the positive residuals in
the E(B − V )res map. As discussed in Section 2.3, the small
negative residuals associated with the CO cores are likely related

with local variations in the dust temperature or dust-to-gas ratio.
The results are given in Table 3. The errors include only the
statistical uncertainties on XEBV. The additional mass in the
Gould Belt clouds appears to be 40% to 60% of the CO-bright
mass. We note that the sum of the dark and CO mass is closer
to the virial one. We also note that FIRAS and SIMBA dust
spectra in the Cepheus flare led to an independent estimate
of its total mass, M = (0.43 ± 0.18) × 105 M� (Bot et al.
2007), which relates well with the total (CO plus dark) mass
M = (0.53 ± 0.02) × 105 M� we have obtained in γ rays.

5. SUMMARY

We have analyzed the interstellar γ -ray emission observed
by the Fermi LAT in the region of Cassiopeia and Cepheus,
successfully modeling the γ -ray data as a linear combination of
contributions arising from different gas complexes toward the
outer Galaxy.

The separation has allowed us to verify that the γ -ray
emissivity of local atomic gas is consistent with production by
interactions with CRs with the same spectra as those measured
near the Earth, but confirms the higher pion-decay contribution
relative to some of the estimates in the literature, as found
in Abdo et al. (2009c). This can be plausibly attributed to
uncertainties in the local CR spectra, either in the measurement
or from differences between the direct measurements and local
interstellar space.

Thanks to the correlation between an excess of dust and of
γ -ray emission, with a spectrum equivalent to that found for the
atomic and molecular gas, we have verified the presence of an
excess of gas not properly traced by the standard N (H i) and
WCO maps. In the nearby Gould Belt clouds, the dark gas forms
a layer between the H i and CO phases and it represents about
50% of the mass traced in the CO-bright molecular cores.

The CR-density gradient in the outer Galaxy appears to be
flatter than expectations based on the assumption that CRs are
accelerated by SNRs as traced by pulsars. It is also possible
that the CR spectrum in the Perseus arm is harder than in
the local arm. This hardening, which needs confirmation at
high resolution with more LAT data to limit the potential
contamination by hard unresolved point sources, could be linked
to CR diffusion not far from their sources.

We have measured XCO in several regions from the Gould
Belt to the Perseus arm. The γ -ray estimates are independent
of the chemical and thermodynamical state of the gas and
also from assumptions on the virial equilibrium of the clouds.
They correspond to a significant but moderate increase of
XCO with Galactocentric radius outside the solar circle, from
(0.87 ± 0.05) × 1020 cm−2 (K km s−1)−1 in the Gould Belt to
(1.9 ± 0.2) × 1020 cm−2 (K km s−1)−1 in the Perseus arm.
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4.2 the systematic uncertainties due to the H I spin tem-
perature

H I and CR densities

Provided that N (H I) densities are accurately measured from ob-
servations of the 21-cm line, the H I emissivity, qH I, is proportional
to the average CR densities. Variations of the H I spin temperature,
TS (§ 2.1.2), which lead to substantial uncertainties on N (H I), are an
important source of systematic errors in this regard, since γ-ray inten-
sities constrain only the product of H I and CR densities.

The interpretation of γ-ray observations often relied on the assump-
tion of a uniform TS = 125 K (e.g. Bloemen et al., 1984; Strong et al.,
1988; Digel et al., 1996, 2001; Hunter et al., 1997; Strong et al., 2004a,b;
Grenier et al., 2005) . However, TS is not uniform and for the outer
disk of the Milky Way absorption measurements indicate larger aver-
age values in the range 250 − 400 K (Dickey et al., 2009, 250 K is
the average TS suggested for the second quadrant considered in this
chapter).

In the subsequent study of the third quadrant (Chapter 5) these sys-
tematics, often overlooked by past studies, were recognized to be cur-
rently the dominant source of uncertainties for the interpretation of
γ-ray observations in terms of CR densities.

I tried to evaluate their impact on our results repeating the analysis
for some discrete values of TS . The spin temperature TS must be
larger than the observed brightness temperature TB (Eq. 2.10); since we
observe in the regions studied many lines of sight with TB > 100 K,
I adopted as lower bound in the uniform approximation TS = 100 K.
I then explored, beyond the historical value TS = 125 K, the values
TS = 250 K and 400 K suggested by Dickey et al. (2009). The limit of
infinitely high spin temperature, equivalent to the limit of small optical
depth, provides the lower bound on the N (H I) densities (Eq. 2.10).
We show in Fig. 4.1 the likelihood profile as a function of TS . γ-
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Figure 4.1: Log-likelihood profile as a function of H I spin temperature, TS,
assumed for the optical depth correction in the uniform approxi-
mation.

ray data support the results by Dickey et al. (2009) of average spin
temperatures in the range of a few hundreds K, corresponding to a
blend of . 20% H I in the cold phase and the rest warm (§ 2.1.2).
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The impact on analysis results

Variations in TS affect the estimate of the emissivities not only be-
cause of the change in overall atomic masses, but also because changes
in the structures of the gas impact the component separation proce-
dure.

In Fig. 4.3 I show the integral emissivity as a function of Galacto-
centric radius. Compared with Fig. 10 of the paper the uncertainties,
taking into account the problem of the H I spin temperature, are sig-
nificantly larger. As explained in the paper, the emissivity of the out-
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Figure 4.2: qH I integrated above 200 MeV as a function of Galactocentric radius
(bow-tie plot), compared with the prediction by a GALPROP model
based on the distribution observed for SNRs/pulsars. See Fig. 10

of the paper.

ermost region is highly uncertain because of possible contamination
from point sources not accounted for in the analysis 1. It is represented
by a dashed line in Fig. 4.3.

The γ-ray estimate of XCO, Xγ = qCO/(2 qH I), is affected by the
choice of the spin temperature, because both qH I and qCO changes,
due to the combined effect of different atomic masses and different
structures driving the component separation. In Fig. 4.3 I show XCO
as a function of Galactocentric radius. The uncertainties due to the
H I spin temperature are moderate for the nearby well-resolved clouds
in the Gould Belt, and they become larger with increasing distance.

4.3 summary of the results

In spite of the larger uncertainties due to the H I spin temperatures
the main conclusions are confirmed.

– The local H I emissivity is compatible with expectations based on
CR spectra measured near the Earth.

– The gradient of H I emissivities toward the outer Galaxy is flatter
than expected from the distribution of putative CR sources.

1. However, we note that the value is consistent with the measurement obtained from
the analysis of Chapter 5, where the massive gas complexes of the Perseus arm at larger
Galactocentric distances make the result perhaps less dubious.
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Figure 4.3: XCO as a function of Galactocentric radius. Black points are the es-
timates in the second quadrant (for TS = 250 K), where horizontal
bars mark the ranges of distance considered in the analysis, vertical
bars with end-caps indicate the statistical errors and plain vertical
bars indicate the total errors including systematic uncertainties due
to the H I spin temperature. Grey dashed points are the estimates
from the analysis of EGRET data for a similar region in the second
quadrant by Digel et al. (1996). The blue step function represents
the model by Strong et al. (2004b) and the green line the model by
Nakanishi and Sofue (2006). See Fig. 12 of the paper.

– The XCO ratio for the clouds of Cassiopeia and Cepheus is a factor
. 2 lower than for clouds in the local/Perseus arms.

– The increase by one order of magnitude of XCO in the outer Galaxy
proposed by Strong et al. (2004b) is not supported by LAT mea-
surements.

– γ-ray estimates of XCO are systematically lower than the estimates
from virial masses.

– Gas invisible to radio/mm-wave lines for a total mass comparable
to that traced by CO is detected in γ-rays for clouds in the Gould
Belt.





5I N T E R S T E L L A R G A M M A - R AY E M I S S I O N F R O M T H E
O U T E R G A L A X Y: T H E T H I R D G A L A C T I C
Q U A D R A N T

In the third Galactic quadrant there is a longitude window (210◦ <
l < 250◦) looking toward the outer Galaxy and with a very steep veloc-
ity gradient, complementary to the region of Cassiopeia and Cepheus
in the second quadrant analysed in the previous Chapter 4. In this
portion of the sky we can observe the outer disk of the Milky Way
without bright foreground structures and we find remarkable molecu-
lar clouds at large Galactocentric distance, notably Maddalena’s cloud.
The results we obtained strengthen the conclusions of the work on the
second quadrant regarding the CR gradient problem and the calibra-
tion of XCO.

Additionally, this region is suitable to probe for a possible coupling
between densities of CRs and gas in the ISM. Originally motivated by
the Galactic structures, e.g. tangent points of the spiral arms, shining
in γ-rays, the idea of a dynamical CR-ISM balance was used along the
years to model interstellar emission (see § 3.1.2 and 3.3.1). Notably,
the model adopted by the EGRET collaboration assumed that CR den-
sities were proportional to the gas surface density, smoothed with a
Gaussian kernel whose width is known as “coupling length” (Bertsch
et al., 1993; Hunter et al., 1997). In the third quadrant we observe a
low-density region situated between the Local Spur and the Perseus
spiral arm, therefore, in such models, we expect a contrast in emissiv-
ity with should get lower in the interarm space. Analyses of EGRET
data were not conclusive in this regard (Digel et al., 2001), but LAT
measurements have shown that a contrast, if present, is smaller than
expected from the model by Hunter et al. (1997).

5.1 attachment : the third quadrant paper

I attach here the paper published as Ackermann et al. (2011).
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2
, E. J. Siskind

35
, G. Spandre

2
, P. Spinelli

12,13
, M. S. Strickman

17
, A. W. Strong

27
,

D. J. Suson
36

, H. Takahashi
31

, T. Takahashi
32

, T. Tanaka
1
, J. B. Thayer

1
, D. J. Thompson

22
, L. Tibaldo

3,6,7,44
,

D. F. Torres
15,37

, A. Tramacere
1,38,39

, Y. Uchiyama
1
, T. Uehara

23
, T. L. Usher

1
, J. Vandenbroucke

1
, V. Vasileiou

40,41
,

N. Vilchez
10

, V. Vitale
29,42

, A. E. Vladimirov
1
, A. P. Waite

1
, P. Wang

1
, K. S. Wood

17
,

Z. Yang
20,21

, and M. Ziegler
34

1 W. W. Hansen Experimental Physics Laboratory, Kavli Institute for Particle Astrophysics and Cosmology, Department of Physics and
SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94305, USA

2 Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, I-56127 Pisa, Italy
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ABSTRACT

We report an analysis of the interstellar γ -ray emission in the third Galactic quadrant measured by the Fermi Large
Area Telescope. The window encompassing the Galactic plane from longitude 210◦ to 250◦ has kinematically
well-defined segments of the Local and the Perseus arms, suitable to study the cosmic-ray (CR) densities across the
outer Galaxy. We measure no large gradient with Galactocentric distance of the γ -ray emissivities per interstellar
H atom over the regions sampled in this study. The gradient depends, however, on the optical depth correction
applied to derive the H i column densities. No significant variations are found in the interstellar spectra in the outer
Galaxy, indicating similar shapes of the CR spectrum up to the Perseus arm for particles with GeV to tens of GeV
energies. The emissivity as a function of Galactocentric radius does not show a large enhancement in the spiral
arms with respect to the interarm region. The measured emissivity gradient is flatter than expectations based on a
CR propagation model using the radial distribution of supernova remnants and uniform diffusion properties. In this
context, observations require a larger halo size and/or a flatter CR source distribution than usually assumed. The
molecular mass calibrating ratio, XCO = N (H2)/WCO, is found to be (2.08±0.11)×1020 cm−2(K km s−1)−1 in the
Local arm clouds and is not significantly sensitive to the choice of H i spin temperature. No significant variations
are found for clouds in the interarm region.

Key words: cosmic rays – gamma rays: ISM – ISM: general

Online-only material: color figures

1. INTRODUCTION

Knowledge of the distribution of cosmic-ray (CR) densities
within our Galaxy is a key to understanding their origin and
propagation. High-energy CRs interact with the gas in the
interstellar medium (ISM) or the interstellar radiation field,
and produce γ -rays via nucleon–nucleon interactions, electron
Bremsstrahlung, and inverse Compton (IC) scattering. Since
the ISM is transparent to these γ -rays, we can probe CRs in the
local ISM, beyond direct measurements performed in the solar
system, as well as in remote locations of the Galaxy. Although
much effort has been made since the COS-B era (e.g., Strong
et al. 1988; Strong & Mattox 1996; Bloemen et al. 1996), the
results have been limited by the angular resolution, effective
area, and energy coverage of the instruments. The advent of
the Fermi Gamma-ray Space Telescope enables studying the
spectral and spatial distribution of diffuse γ -rays and CRs with
unprecedented sensitivity.

Here, we report an analysis of diffuse γ -ray emission ob-
served in the third Galactic quadrant. The window with Galac-
tic longitude 210◦ � l � 250◦ and latitude −15◦ � b � +20◦
hosts kinematically well-defined segments of the Local and the
Perseus spiral arms and is one of the best regions to study the
CR density distribution across the outer Galaxy. The region has
already been studied by Digel et al. (2001) using EGRET data.
The improved sensitivity and angular resolution of the Fermi
LAT (Large Area Telescope; Atwood et al. 2009) and recent de-
velopments in the study of the ISM allow us to examine the CR
spectra and density distribution with better accuracy. We exclude
from the analysis the region of the Monoceros R2 giant molec-
ular cloud and the Southern Filament of the Orion–Monoceros
complex (e.g., Wilson et al. 2005), in l � 222◦ and b � −6◦,
because (1) star-forming activity and possible high magnetic
fields suggested by the filamentary structure (e.g., Morris et al.
1980; Maddalena et al. 1986) could indicate a special CR en-
vironment, and (2) an OB association in Monoceros R2 may
hamper the determination of ISM densities from dust tracers
(see Section 2.1.2 for details).

43 Royal Swedish Academy of Sciences Research Fellow, funded by a grant
from the K. A. Wallenberg Foundation.
44 Partially supported by the International Doctorate on Astroparticle Physics
(IDAPP) program.

Study of the XCO conversion factor which transforms the
integrated intensity of the 2.6 mm line of carbon monoxide,
WCO, into the molecular hydrogen column density, N (H2), is
also possible since the region contains well-known molecular
complexes. In the Local arm, we find the molecular clouds
associated with Canis Major OB 1, NGC 2348, and NGC 2632
(Mel’nik & Efremov 1995; Kaltcheva & Hilditch 2000). At a
few kpc from the solar system, in the interarm, lower-density
region located between the Local and Perseus arms, we find
Maddalena’s cloud (Maddalena & Thaddeus 1985), a giant
molecular cloud remarkable for its lack of star formation, and the
cloud associated with Canis Major OB 2 (Kaltcheva & Hilditch
2000).

This study complements the Fermi LAT study of the Cas-
siopeia and Cepheus region in the second quadrant reported
by Abdo et al. (2010a). The paper is organized as follows. We
describe the model preparation in Section 2 and the γ -ray obser-
vations, data selection, and the analysis procedure in Section 3.
The results are presented in Section 4, where we also discuss the
emissivity profile measured for the atomic gas and we compare
it with predictions by a CR propagation model. A summary of
the study is given in Section 5.

2. MODELING THE GAMMA-RAY EMISSION

2.1. Interstellar Gas

2.1.1. H i and CO

In order to derive the γ -ray emissivities associated with the
different components of the ISM we need to determine the
interstellar gas column densities separately for each region and
gas phase. For atomic hydrogen we used the Leiden/Argentine/
Bonn Galactic H i survey by Kalberla et al. (2005). In order
to turn the H i line intensities into N(H i) column densities, a
uniform spin temperature TS = 125 K has often been adopted
in previous studies. We will consider this option to directly
compare our results with the former EGRET analysis of the
same region (Digel et al. 2001) and other studies of the Galactic
diffuse emission by the LAT (Abdo et al. 2009a, 2010a). Recent
H i absorption studies (Dickey et al. 2009), however, point to
larger average spin temperatures in the outer Galaxy, so we have
tried different choices of TS to evaluate how the optical depth
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Figure 1. Longitude–velocity diagram of the average intensity of the 21 cm
line (in unit of K) for −15◦ � b � 20◦. Preliminary boundaries between the
four Galactocentric annuli are also presented (see Section 2.1.1 for details). The
lowest contour corresponds to 2 K and the contour interval is 3 K.

correction affects the results. We will find that the emissivity per
H i atom and the inferred CR density is affected by up to ∼50%
in the Perseus arm, and will take this uncertainty into account
in the discussion.

The integrated intensities of the 2.6 mm line of CO, WCO, have
been derived from the composite survey by Dame et al. (2001).
The data have been filtered with the moment-masking technique
in order to reduce the noise while keeping the resolution of the
original data.

Figure 1 shows the velocity–longitude profile of H i emission
in our region of interest (ROI). The preparation of maps
accounting for the different Galactic structures present along
the line of sight is similar to that described in detail in Abdo
et al. (2010a) and based on a sequence of three steps:

1. preliminary separation within Galactocentric rings;
2. adjustment of the boundaries based on the velocity struc-

tures of the interstellar complexes;
3. correction for the spillover due to the velocity dispersion of

the broad H i lines between adjacent regions.

Four regions were defined in Galactocentric distance, namely,
the Local arm (Galactocentric radius R � 10 kpc), the interarm
region (R = 10–12.5 kpc), the Perseus arm (R = 12.5–16 kpc),
and the region beyond the Perseus arm (which hosts a faint
segment of the outer arm; R � 16 kpc). The boundaries
separating these regions under the assumption of a flat rotation
curve (Clemens 1985) for the case of R0 = 8.5 kpc and
θ0 = 220 km s−1 (where R0 and θ0 are the Galactocentric radius
and the orbital velocity of the local group of stars, respectively)
are overlaid in Figure 1.

The preparation of the H i and CO gas maps started from these
preliminary velocity boundaries, which were then adjusted for
each line of sight to the closest minimum in the H i spectrum.45

Then, the spillover from one velocity interval to the next ones
due to the velocity dispersion for the broad H i lines was
corrected by fitting each H i spectrum with a combination of
Gaussian profiles. We believe that this separation procedure
provides more accurate estimates of the ISM column densities of
each Galactic region than a simple slicing based on the rotation
curve.

In particular, effort was put into separating the outer arm
structures from the more massive Perseus arm component,

45 The minima are unlikely to be due to self absorption, because the
velocity-distance relation is single valued in the outer Galaxy.

especially at l � 235◦ where the H i lines from the two regions
merge into a single broad component. For directions where a
minimum in the H i brightness temperature profile was not found
near the R = 16 kpc velocity boundary, we integrated the profiles
on both sides of the R = 16 kpc velocity boundary to estimate the
Perseus and outer arm contributions. Then, we inserted a line
in the Gaussian fitting at the outer-arm velocity extrapolated
from the l − v trend observed at l � 235◦ to correct for the
spillover due to the velocity dispersion. Given these difficulties
we expect large systematic uncertainties in the outer-arm N(H i)
column densities and the corresponding γ -ray emissivities will
not be considered for the scientific interpretation. We note that
the impact on the emissivities associated with the inner regions
is small, �10% as described in Section 4.3.

The resulting maps are shown in Figures 2 and 3. They exhibit
a low level of spatial degeneracy, and thus allow us to separate
the γ -radiation arising from the interaction with CRs in each
component.

2.1.2. Interstellar Reddening

It has been long debated whether the combination of H i and
CO surveys traces total column densities of neutral interstellar
matter. By comparing gas line surveys, the γ -ray observations
by EGRET and dust thermal emission, Grenier et al. (2005)
reported a considerable amount of neutral gas at the interface
between the two H i and CO emitting phases, associated with
cold dust but not properly traced by H i and CO observations.
Their finding was then confirmed by LAT data for the Gould
Belt in the second quadrant (Abdo et al. 2010a).

In order to complement the H i and CO maps, we have
prepared a map derived from the E(B − V ) reddening map
by Schlegel et al. (1998). The residual point sources at low
latitudes were masked by setting to zero regions of 0.◦2 radius
centered on the positions of potential IRAS point sources46 if the
E(B − V ) magnitude exceeded by �20% that in surrounding
pixels. The masked regions were then restored through an
inpainting technique (Elad et al. 2005). In the course of the
work, various source masking techniques have been used with
negligible impact on the H i and CO emissivity results.

The resulting map was fitted with a linear combination of
the set of N(H i) and WCO maps described in Section 2.1.1.
The operation was repeated for different choices of H i spin
temperature. The fit was performed over the same region as
for the γ -ray analysis, excluding a 3◦ × 3◦ region centered
around Canis Major OB 1 (Mel’nik & Efremov 1995) where
the temperature correction applied by Schlegel et al. (1998) to
construct the E(B − V ) map from the dust thermal emission is
highly uncertain. A preliminary fit had led to extremely negative
residuals (� − 1 mag) around l = 224◦, b = −3◦. Therefore,
the residual E(B − V ) map was calculated masking this region
in the fit. We are aware that the temperature corrections used
by Schlegel et al. (1998) are less reliable with decreasing
latitude, but the improvement we find in the γ -ray fit by adding
the dust residual map supports the use of their map at low
latitude.

The residual E(B − V )res map, after subtracting the linear
combination of N(H i) and WCO maps, is shown in Figure 4 (left
panel). The residuals typically range from −0.5 to +0.5 mag.
Large regions of positive residuals are found along the Galactic
plane, in association with molecular/atomic clouds. They are
expected to trace gas not correctly traced by H i and CO

46 http://cdsarc.u-strasbg.fr/viz-bin/Cat?II/274. See Beichman et al. (1988).
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Figure 2. Maps of N(H i) (in unit of 1020 atoms cm−2) for the Local arm (top left), interarm (top right), Perseus arm (bottom left), and outer arm (bottom right) regions
obtained for a spin temperature TS = 125 K. The outlined area in the bottom right corner is not used in the analysis (see Section 1). The maps have been smoothed
with a Gaussian with σ = 1◦ for display.

(A color version of this figure is available in the online journal.)

surveys. A remarkable region of positive residuals is detected at
intermediate latitudes around l = 245◦, b = +17◦, in a region
not covered by CO surveys. It corresponds to positive residuals
also in γ -rays (Section 3.2) and may be due to a missing,
but possibly CO-bright molecular cloud (already suggested by
Dame et al. 2001 discussing the completeness of their survey,
see Figure 8 of their paper). The negative residuals are generally
small and may result from limitations in the gas column density
derivation and/or dust spectral variations. The dust residual map
compares well with the γ -ray residual map obtained when using
only H i and CO to model the γ -ray emission (Figure 4, right
panel). The correlation between the spatial distributions of the
dust and γ -ray residuals is statistically confirmed in Section 3.2.
Dust and γ -rays are consistent with the presence of missing gas
in the positive residual clumps. The faint “glow” of negative
residuals on both sides of the Galactic plane is driven by the
nearby N(H i) maps and it remains even when using the smallest
possible column densities derived in the optically thin case. It
may suggest a small change in average spin temperature from

the massive, compact clouds sampled in the plane to the more
diffuse envelopes sampled off the plane, or it may be due to the
presence of more missing gas in the plane than our templates can
provide for in the fit. The dust-to-gas ratio as well as the γ -ray
emissivity in the H i components would then be driven to higher
values by the low latitude data and would slightly overpredict
the data off the plane.

The interpretation of the E(B − V )res map in this region
of the sky is complicated by the lack of distance information
for the dust emission. It is not possible to unambiguously assign
the residuals to any of the regions under study. Since we aim at
separating different regions along the lines of sight to investigate
the CR density gradient in the outer Galaxy, using the H i and CO
lines is essential. We have therefore used the E(B − V )res map
to correct for the total gas column densities. This approach is
supported by the correlation we find between the dust and γ -ray
data (Section 3.2). We also note that, since the dust contribution
linearly correlated with the H i and CO maps has been removed
in the E(B − V )res map, this procedure allows us to extract the
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Figure 3. Maps of WCO (in unit of K km s−1) for the Local arm (top left), interarm (top right), and the Perseus arm (bottom left) regions. The small box in the bottom
right corner indicates the area not considered in the analysis. The maps have been smoothed with a Gaussian of σ = 0.◦25 for display.

(A color version of this figure is available in the online journal.)

γ -ray emissivities that are actually correlated with the H i and
CO components.

2.2. IC and Point Sources

To model γ -ray emission not related with interstellar gas, we
referred to the GALPROP code (e.g., Strong & Moskalenko
1998; Strong et al. 2007) for γ -rays produced through IC
scattering and to the first Fermi LAT catalog (1FGL) for point
sources (Abdo et al. 2010b).

GALPROP47 (Strong & Moskalenko 1998; Strong et al. 2007)
is a numerical code which solves the CR transport equation
within the Galaxy and predicts the γ -ray emission produced via
interactions of CRs with interstellar matter (nucleon–nucleon in-
teraction and electron Bremsstrahlung) and low-energy photons
(IC scattering). IC emission is calculated from the distribution
of (propagated) electrons and the interstellar radiation fields de-
veloped by Porter et al. (2008). Here we adopt the IC model map
produced in the GALPROP run 54_77Xvarh7S in which the CR

47 http://galprop.stanford.edu

electron spectrum is adjusted to agree with that measured by the
LAT (Abdo et al. 2009b). This GALPROP model has been used
in publications by the LAT collaboration such as Abdo et al.
(2010c).

The 1FGL Catalog is based on the first 11 months of the
science phase of the mission and contains 1451 sources detected
at a significance �4σ (the threshold is 25 in term of test statistic,
TS48 ). For our analysis we considered 21 point sources in the
ROI with TS larger than 50.

48 The test statistic is defined as

TS = 2(ln L − ln L0),

where L and L0 is the maximum likelihood with and without including the
source in the model, respectively. L is conventionally calculated as
ln(L) = Σini ln(θi ) − Σi θi , where ni and θi are the data and the
model-predicted counts in each pixel denoted by the subscript i, respectively
(see, e.g., Mattox et al. 1996). TS is expected to be distributed as a χ2 with
n − n0 degrees of freedom if the numbers of free parameters in the model are
respectively n and n0 (4 for sources in the 1FGL Catalog).
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Figure 4. Left: residual E(B − V ) map in unit of magnitudes, obtained by subtracting the parts linearly correlated with the combination of N(H i) and WCO maps. The
small box in the bottom right corner shows the area not considered in the analysis. The map has been smoothed with a Gaussian of σ = 0.◦25 for display. Right: γ -ray
residual (data minus model) map obtained by the fit without the E(B −V )res map (only H i and CO maps) in unit of standard deviations (square root of model-predicted
counts, saturated between −3σ and +3σ ). The map has been smoothed with a Gaussian of σ = 0.◦5.

2.3. Gamma-Ray Analysis Model

Following a well-established approach that dates back to the
COS-B era (e.g., Lebrun et al. 1983), we modeled the γ -ray
emission as a linear combination of maps tracing the column
density of the ISM. This approach is based on a simple, but very
plausible assumption: γ -rays are generated through interactions
of CRs and the interstellar gas, and the ISM itself is transparent
to γ -rays. Then, assuming that CR densities do not significantly
vary over the scale of the interstellar complexes under study
and that CRs penetrate clouds uniformly to their cores we can
model the γ -ray intensities to first order as a linear combination
of contributions from CR interactions with the different gas
phases in the various regions along each line of sight.

We also added the IC model map by GALPROP and models
for point sources taken from the 1FGL Catalog as described
in Section 2.2. To represent the extragalactic diffuse emission
and the residual instrumental background from misclassified
CR interactions in the LAT detector, we also added an isotropic
component. CR interactions with ionized gas are not explicitly
included in the model. The mass column densities of ionized
gas are poorly known, but their contribution is generally lower
(�10%) than that of the neutral gas and its scale height is much
larger (∼1 kpc compared with ∼0.2 kpc; Cordes & Lazio 2002).
We therefore expect the diffuse γ -ray emission originating from
ionized gas to be largely accommodated in the fit by other
components with large angular scales, such as the isotropic
and IC ones, and to minimally impact the determination of the
neutral gas emissivities.

Therefore, the γ -ray intensities Iγ (l, b) (s−1 cm−2 sr−1

MeV−1) can be modeled as

Iγ (l, b) =
4∑

i=1

qH i,i · N (H I)(l, b)i +
3∑

i=1

qCO,i · WCO(l, b)i

+ qEBV · E(B-V)res(l, b) + IIC(l, b) + Iiso +
∑

j

PSj , (1)

where sum over i represents the combination of the Galactic re-
gions, qH i,i (s−1 sr−1 MeV−1) and qCO,i (s−1 cm−2 sr−1 MeV−1

(K km s−1)−1) are the emissivities per H i atom and per WCO
unit, respectively. qEBV (s−1 cm−2 sr−1 MeV−1 mag−1) is the
emissivity per unit of the E(B − V )res map (for which inde-
pendent normalizations are allowed between the positive and
negative residuals; see Section 3.2). IIC and Iiso are the IC model
and isotropic background intensities (s−1 cm−2 sr−1 MeV−1), re-
spectively, and PSj represents the point-source contributions.
Compared to the EGRET study by Digel et al. (2001), we use
two additional maps to better trace the ISM: the CO map in the
Perseus arm and the E(B − V )res map.

3. DATA ANALYSIS

3.1. Observations and Data Selection

The LAT on board the Fermi Gamma-ray Space Telescope,
launched on 2008 June 11, is a pair-tracking telescope, detecting
photons from ∼20 MeV to more than 300 GeV. Details on the
LAT instrument and pre-launch expectations of the performance
can be found in Atwood et al. (2009), and the on-orbit calibration
is described in Abdo et al. (2009c).

Routine science operations with the LAT started on 2008
August 4. We have accumulated events from 2008 August 4 to
2010 February 4 to study diffuse γ -rays in our ROI. During
this time interval the LAT was operated in sky survey mode
nearly all of the time, obtaining complete sky coverage every
two orbits and relatively uniform exposures over time. We used
the standard LAT analysis software, the Science Tools, and
selected events satisfying the standard low-background event
selection (the so-called Diffuse class; Atwood et al. 2009).49

We also required the reconstructed zenith angles of the arrival
direction of photons to be less than 105◦ and the center of the
LAT field of view to be within 52◦ from the zenith, in order
to reduce the contamination of photons from the Earth limb. In
addition, we excluded the period of time during which the LAT
detected bright GRBs, i.e., GRB080916C (Abdo et al. 2009d),

49 Data and software are publicly available from the Fermi Science Support
Center (http://fermi.gsfc.nasa.gov/ssc/). For this analysis we used the P6
Diffuse selection and the Science Tools version v9r16p0.
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Table 1
A Summary of Fit Parameters with 1σ Statistical Errors, Under the Assumption of TS = 125 K

Energy E2 · qH i,1 E2 · qH i,2 E2 · qH i,3 E2 · qH i,4 E2 · qCO,1 E2 · qCO,2 E2 · qCO,3
a E2 · qEBVpos E2 · qEBVneg E2 · qiso

(GeV)

0.10–0.14 1.19 ± 0.15 1.01 ± 0.18 0.88 ± 0.22 1.1 ± 1.1 0.0 ± 0.1 7 ± 6 6 ± 24 0.00 ± 0.08 1.04 ± 0.45 1.73 ± 0.14
0.14–0.20 1.43 ± 0.11 1.23 ± 0.13 1.14 ± 0.14 0.7 ± 0.8 4.3 ± 1.8 5.0 ± 2.9 0 ± 1 0.77 ± 0.36 0.35 ± 0.34 2.01 ± 0.09
0.20–0.28 1.60 ± 0.08 1.36 ± 0.10 1.25 ± 0.11 1.5 ± 0.6 5.0 ± 1.3 2.7 ± 2.0 0 ± 1 1.13 ± 0.26 0.32 ± 0.24 1.94 ± 0.07
0.28–0.40 1.79 ± 0.07 1.57 ± 0.08 1.25 ± 0.10 1.7 ± 0.5 8.6 ± 1.2 5.2 ± 1.6 11 ± 7 1.28 ± 0.21 0.45 ± 0.20 1.90 ± 0.06
0.40–0.56 1.81 ± 0.07 1.63 ± 0.08 1.61 ± 0.10 1.6 ± 0.5 7.5 ± 1.1 4.9 ± 1.4 8 ± 6 1.30 ± 0.17 0.87 ± 0.18 1.74 ± 0.06
0.56–0.80 1.91 ± 0.07 1.62 ± 0.07 1.50 ± 0.09 2.0 ± 0.5 6.7 ± 1.0 4.7 ± 1.3 3 ± 5 1.43 ± 0.17 0.88 ± 0.17 1.49 ± 0.06
0.80–1.13 1.75 ± 0.07 1.54 ± 0.07 1.48 ± 0.09 2.3 ± 0.5 8.7 ± 1.0 4.6 ± 1.3 16 ± 5 1.07 ± 0.16 0.88 ± 0.16 1.48 ± 0.06
1.13–1.60 1.64 ± 0.07 1.45 ± 0.08 1.42 ± 0.09 1.4 ± 0.5 6.0 ± 1.0 3.7 ± 1.3 11 ± 5 1.13 ± 0.16 0.76 ± 0.16 1.28 ± 0.06
1.60–2.26 1.60 ± 0.08 1.24 ± 0.08 1.07 ± 0.09 1.9 ± 0.5 6.0 ± 1.0 4.1 ± 1.3 7 ± 4 0.97 ± 0.16 0.53 ± 0.16 0.91 ± 0.07
2.26–3.20 1.26 ± 0.08 1.02 ± 0.08 0.94 ± 0.09 1.3 ± 0.5 3.2 ± 1.0 3.1 ± 1.3 3 ± 4 0.82 ± 0.16 0.58 ± 0.16 0.85 ± 0.07
3.20–4.53 0.80 ± 0.09 0.76 ± 0.08 0.75 ± 0.09 0.4 ± 0.5 5.7 ± 1.0 3.5 ± 1.3 11 ± 4 0.74 ± 0.16 0.42 ± 0.16 0.93 ± 0.08
4.53–6.40 0.59 ± 0.09 0.41 ± 0.08 0.57 ± 0.09 0.6 ± 0.5 2.9 ± 1.0 3.6 ± 1.3 0 ± 0 0.74 ± 0.16 0.02 ± 0.17 0.86 ± 0.08
6.40–9.05 0.51 ± 0.09 0.31 ± 0.08 0.28 ± 0.09 0.9 ± 0.5 2.2 ± 1.0 1.0 ± 1.1 2 ± 3 0.52 ± 0.15 0.07 ± 0.16 0.62 ± 0.08
9.05–25.6 0.34 ± 0.05 0.22 ± 0.05 0.09 ± 0.05 0.7 ± 0.3 2.2 ± 0.6 1.4 ± 0.7 3 ± 2 0.07 ± 0.06 0.06 ± 0.08 0.49 ± 0.05

Notes. Units: E2 · qH i,i(10−24 MeV2 s−1 sr−1 MeV−1), E2 · qCO,i(10−4 MeV2 s−1 cm−2 sr−1 MeV−1(K km s−1)−1), E2 · qEBV(10−2 MeV2 s−1

cm−2 sr−1 MeV−1 mag−1), E2 · qiso(10−3 MeV2 s−1 cm−2 sr−1 MeV−1). The subscripts refer to four regions defined to perform the analysis: (1) Local arm,
(2) interarm region, (3) Perseus arm, and (4) beyond the Perseus arm.
a Some parameters are not well determined and their best-fit value is consistent with 0. We present them for completeness.

GRB090510 (Abdo et al. 2009e), GRB090902B (Abdo et al.
2009f), and GRB090926A (Abdo et al. 2010e).

3.2. Analysis Procedure

The model described by Equation (1) was fitted to the data
using the Science Tools, which take into account the energy-
dependent instrument point-spread function and effective area.
We have analyzed the LAT data from 100 MeV to 25.6 GeV
using 13 logarithmically spaced energy bands from 100 MeV to
9.05 GeV, and a single band above 9.05 GeV. We then have
compared the model and data in each energy band using a
binned maximum-likelihood method with Poisson statistics (in
0.◦25 × 0.◦25 bins); we thus did not assume an a priori spectral
shape of each model component except for the IC emission.
For the other components the convolution with the instrument
response functions was performed assuming an E−2 spectrum,
and the integrated intensities were allowed to vary in each
narrow energy bin. Changing the fixed spectral shape index
over the range from −1.5 to −3.0 has a negligible effect on the
obtained spectrum. In the highest energy band, we have set both
the normalization and the spectral index free to accommodate
the wider bin width. We used a post-launch response function,
P6_V3_DIFFUSE, developed to account for the γ -ray detection
inefficiencies due to pile-up and accidental coincidence in the
LAT (Rando et al. 2009). We stopped at 25.6 GeV since the
photon statistics do not allow us to reliably separate different
gas components above this energy.

We started with point sources detected with high significance
(T S � 100) in the 1FGL Catalog; we have 14 sources in our ROI
for which the normalizations are set free. We also included eight
sources lying just outside (� 5◦) of the region boundaries, with
all the spectral parameters fixed to those in the 1FGL Catalog.
As a starting point we used H i maps prepared for TS = 125 K.
We added model components step by step as described below.

We first fitted the LAT data using Equation (1) without the
E(B − V )res map and the CO map in the Perseus arm, and
then included the CO map and confirmed that the fit improved
significantly; the TS summed over 14 bands with separate fits
in each band (i.e., 14 more free parameters) is 187.6. The γ -ray

emission associated to the gas traced by CO in the Perseus arm
is thus significantly detected by the LAT.

Next, we included the E(B − V )res map in the analysis. We
allowed the independent normalizations between the positive
part and the negative part of the E(B−V )res map, and found that
the normalizations differ with each other. We thus will use the
independent normalizations hereafter. We chose this model to
better represent the LAT data and constrain the CR distributions,
and leave a detailed discussion about the use of dust as ISM
tracer to a dedicated paper. The improvement of the fit is very
significant: T S = 1119.6 for 28 more free parameters. The
correlation between the E(B −V )res map and the γ -ray residual
map obtained by the fit without the E(B − V )res map, shown in
Figure 4, further supports the use of E(B − V )res map in our
analysis.

We also tried a fit without the IC component to assess the
systematics. The effects on the derived emissivities are typically
2%–3% and ∼5% for qH i and qCO, respectively. They are much
smaller than the statistical errors and systematic uncertainties
(see below), although the inclusion of the IC map improves
the fit to the LAT data. Therefore, the uncertainties on the IC
model have no significant impact on our analysis due to its
rather flat distribution across the ROI while the gas in the ISM
is highly structured. On the other hand, lowering the threshold
for point sources down to T S = 50 yields an about twice smaller
emissivity for the WCO map in the Perseus arm. The emissivities
of other components are unchanged within the statistical errors.
This is plausibly due to the very clumpy distribution of the
clouds in the Perseus arm as seen by a terrestrial observer,
see Figure 3, which makes it difficult to separate from that of
some discrete sources. We thus use Equation (1) with point
sources detected at T S � 50 in the 1FGL Catalog50 as our
baseline model, but we do not consider the highly uncertain
CO emissivities in the Perseus arm for the discussion.

We summarize the results in Tables 1 and 2 for TS = 125 K
and 250 K, respectively, and the number of counts in each energy
bin in Table 3. The differential emissivities are multiplied by E2

50 Spectral parameters of point sources of T S = 50–100 are fixed to those
given in the 1 FGL Catalog in the highest energy bin. (9.05–25.6 GeV).
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Table 2
A Summary of Fit Parameters with 1σ Statistical Errors, Under the Assumption of TS = 250 K

Energy E2 · qH i,1 E2 · qH i,2 E2 · qH i,3 E2 · qH i,4 E2 · qCO,1 E2 · qCO,2 E2 · qCO,3
a E2 · qEBVpos E2 · qEBVneg E2 · qiso

(GeV)

0.10–0.14 1.35 ± 0.07 1.09 ± 0.11 1.20 ± 0.11 1.0 ± 0.7 0.1 ± 0.7 9 ± 6 7 ± 66 0.00 ± 0.03 0.96 ± 0.18 1.68 ± 0.07
0.14–0.20 1.56 ± 0.13 1.33 ± 0.15 1.55 ± 0.17 0.5 ± 0.8 5.2 ± 1.8 7.1 ± 3.0 0 ± 1 0.79 ± 0.33 0.44 ± 0.29 1.97 ± 0.10
0.20–0.28 1.82 ± 0.10 1.37 ± 0.11 1.66 ± 0.13 1.2 ± 0.6 6.2 ± 1.3 6.1 ± 2.0 0 ± 1 1.11 ± 0.23 0.24 ± 0.20 1.83 ± 0.07
0.28–0.40 2.00 ± 0.09 1.70 ± 0.09 1.69 ± 0.12 1.7 ± 0.6 9.7 ± 1.2 7.5 ± 1.6 13 ± 8 1.19 ± 0.19 0.55 ± 0.17 1.83 ± 0.06
0.40–0.56 1.95 ± 0.08 1.76 ± 0.09 2.11 ± 0.11 1.5 ± 0.5 8.4 ± 1.1 7.0 ± 1.4 9 ± 6 1.33 ± 0.14 0.83 ± 0.14 1.68 ± 0.06
0.56–0.80 2.10 ± 0.08 1.76 ± 0.08 2.01 ± 0.11 2.1 ± 0.5 7.6 ± 1.0 6.4 ± 1.3 4 ± 5 1.33 ± 0.15 0.92 ± 0.14 1.42 ± 0.06
0.80–1.13 1.90 ± 0.08 1.70 ± 0.08 1.95 ± 0.10 2.4 ± 0.5 9.6 ± 1.0 6.1 ± 1.3 17 ± 5 1.03 ± 0.14 0.88 ± 0.14 1.41 ± 0.06
1.13–1.60 1.79 ± 0.09 1.59 ± 0.09 1.90 ± 0.10 1.4 ± 0.5 6.7 ± 1.0 5.0 ± 1.3 11 ± 5 1.05 ± 0.14 0.79 ± 0.14 1.23 ± 0.07
1.60–2.26 1.74 ± 0.09 1.36 ± 0.09 1.45 ± 0.11 2.0 ± 0.5 6.6 ± 1.0 5.0 ± 1.3 7 ± 4 0.98 ± 0.15 0.57 ± 0.14 0.85 ± 0.07
2.26–3.20 1.37 ± 0.10 1.13 ± 0.09 1.25 ± 0.11 1.5 ± 0.5 3.7 ± 1.0 3.8 ± 1.3 3 ± 4 0.80 ± 0.14 0.57 ± 0.14 0.79 ± 0.08
3.20–4.53 0.84 ± 0.10 0.85 ± 0.09 0.99 ± 0.11 0.4 ± 0.5 6.1 ± 1.0 4.0 ± 1.3 11 ± 4 0.71 ± 0.14 0.43 ± 0.14 0.91 ± 0.08
4.53–6.40 0.65 ± 0.10 0.48 ± 0.09 0.74 ± 0.11 0.7 ± 0.5 3.2 ± 1.0 3.9 ± 1.3 0 ± 0 0.65 ± 0.15 0.13 ± 0.15 0.84 ± 0.09
6.40–9.05 0.54 ± 0.10 0.34 ± 0.09 0.37 ± 0.10 0.9 ± 0.5 2.5 ± 1.0 1.1 ± 1.1 2 ± 3 0.55 ± 0.14 0.06 ± 0.15 0.59 ± 0.09
9.05–25.6 0.38 ± 0.08 0.23 ± 0.13 0.13 ± 0.10 0.7 ± 0.4 2.3 ± 0.6 1.5 ± 0.7 3 ± 2 0.1 ± 0.3 4 ± 1 0.45 ± 0.14

Notes. Units: E2 · qH i,i(10−24 MeV2 s−1 sr−1 MeV−1), E2 · qCO,i(10−4 MeV2 s−1 cm−2 sr−1 MeV−1(K km s−1)−1), E2 · qEBV(10−2 MeV2 s−1

cm−2 sr−1 MeV−1 mag−1), E2 · qiso(10−3 MeV2 s−1 cm−2 sr−1 MeV−1). The subscripts refer to four regions defined to perform the analysis: (1) Local arm,
(2) interarm region, (3) Perseus arm, (4) beyond the Perseus arm.
a Some parameters are consistent with 0 and thus are not well determined. We present them for reference.

Table 3
Number of Counts in Each Energy Bin

Energy (GeV) Counts

0.10–0.14 26673
0.14–0.20 71637
0.20–0.28 91336
0.28–0.40 93286
0.40–0.56 78330
0.56–0.80 61337
0.80–1.13 45386
1.13–1.60 30713
1.60–2.26 19351
2.26–3.20 11301
3.20–4.53 6426
4.53–6.40 3761
6.40–9.05 2095
9.05–25.6 2333

where E is the center of each energy bin in logarithmic scale.
They are given for each model component. We note that our
isotropic term (Iiso) includes the contribution of the instrumental
background and might partially account also for ionized gas (see
Section 2.3), thus it is significantly larger than the extragalactic
diffuse emission reported by Abdo et al. (2010d).

To illustrate the fit quality, we give the data and model
count maps and the residual map in Figure 5 (for TS =
125 K), in which residuals (data minus model) are expressed
in approximate standard deviation units (square root of model-
predicted counts). Although some structures (clustering of
positive or negative residuals) are observed, the map shows
no excesses below −4σ and above 6σ . Over 99% of the pixels
are within ±3σ . We thus conclude that our model reasonably
reproduces the data.

Figure 6 presents the fitted spectra for each component. The
emission from the H i gas dominates the γ -ray flux. Although
the emission from the gas in the CO-bright phase and that traced
by E(B −V )res is fainter than the IC and isotropic components,
their characteristic spatial structures (see Figures 2 and 3) allow
their spectra to be reliably constrained.

To examine the effect of the optical depth correction applied
to derive the H i maps, as anticipated above we tried several
choices of a uniform TS. We stress that the true TS is likely to
vary within clouds, but we stick to this simple approximation
exploring the following values: 100 K (which is a reasonable
lower limit in the uniform approximation),51 250 K and 400 K
(which are the two values indicated by absorption measurements
in the outer Galaxy by Dickey et al. 2009),52 and the optically
thin approximation (which yields the lower limit allowed on
the atomic column densities). The results on the maximum log-
likelihood values are summarized in Table 4 together with the
integrated H i emissivities obtained above 100 MeV in each
region. The evolution of ln(L) with TS is plotted in Figure 7.
The H i emissivity varies by +15%/−10% for the Local arm,
+10%/− 0% for the interarm region, and +50%/− 25% for
the Perseus arm with respect to the TS = 125 K case. We
observe an increase of ln(L) with increasing spin temperature.
Considering the fact that TS = 250 K is a typical value in
the second quadrant of the outer Galaxy according to a recent
study by Dickey et al. (2009) and because ln(L) saturates at
TS � 250 K, we regard 250 K as a plausible estimate of the
average TS in our ROI. Unfortunately, the estimates by Dickey
et al. (2009) have a rather large uncertainty (about ±50 K) in
each Galactocentric radius bin, and they do not cover the region
in the third quadrant we are investigating (see Figure 5 of Dickey
et al. 2009). In the following sections, we will concentrate on
TS = 125 K for comparison with previous γ -ray measurements
and on TS = 250 K which agrees well with H i absorption and
the LAT data.

4. RESULTS AND DISCUSSIONS

4.1. Emissivity Spectra of Atomic Gas

In Figures 8 and 9 (left panels), we report the emissivity
spectra found per H atom in the Local arm, interarm, Perseus arm

51 A truncation at 95 K was applied for channels where the brightness
temperature was larger.
52 Note that, however, the data used by Dickey et al. (2009) do not cover the
third Galactic quadrant.
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Figure 5. Data count map (top left), model count map (top right), and the residual (data minus model) map in units of standard deviations (bottom left, saturated
between −3σ and +3σ ) above 100 MeV obtained by our analysis. Point sources with T S � 50 in the 1FGL included in the fit are shown by crosses in the model map.
Data/model count maps are in 0.◦25 × 0.◦25 pixels, and the residual map has been smoothed with a Gaussian of σ = 0.◦5.

Table 4
Log-likelihood and Emissivities for Several Choices of TS

TS ln(L) qH i,1(E � 100 MeV) qH i,2(E � 100 MeV) qH i,3(E � 100 MeV)

100 K 114407.6 1.32 ± 0.04 1.27 ± 0.05 0.86 ± 0.06
125 K 114480.1 1.47 ± 0.05 1.26 ± 0.06 1.14 ± 0.08
250 K 114533.8 1.62 ± 0.04 1.35 ± 0.05 1.53 ± 0.06
400 K 114544.5 1.67 ± 0.07 1.39 ± 0.08 1.64 ± 0.09
Optically thin 114552.8 1.70 ± 0.07 1.39 ± 0.07 1.77 ± 0.09

Notes.
a Units: qH i,i(10−26 photons s−1 sr−1 H-atom−1).
b The subscripts refer to the regions defined to perform the analysis: (1) Local arm, (2) interarm region, (3) Perseus arm.

and outermost regions for TS = 125 and 250 K, respectively. For
comparison with the local interstellar spectrum (LIS) we also
plot the model spectrum used in Abdo et al. (2009a) which
agrees well with LAT data in a mid-to-high-latitude region
(22◦ � |b| � 60◦) of the third quadrant (assuming TS = 125 K).
We see that the spectral shape of the Local arm emissivity
agrees well with the model for the LIS and does not depend
on the choice of spin temperature. The integral emissivity of

the Local arm is 10% lower than that reported by Abdo et al.
(2009a) for the same spin temperature. This difference is not
significant given the uncertainties in the kinematic separation of
the gas components. The present result is also consistent with
the measurement in the second quadrant (Abdo et al. 2010a).
Together they show that the CR density along the Local arm is
rather uniform within 1 kpc around the Sun, both in the second
and third quadrants.
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The comparison of the data with the model emissivity
expected for the Local arm region based on locally measured
CRs (Figures 8 and 9) indicates a better fit for higher TS;
TS = 125 K gives emissivities 15%–20% lower than the model,

whereas TS = 250 K shows better agreement by about 10%.
Although the theoretical emissivity has uncertainties due to
imperfect knowledge of the CR spectrum (see Abdo et al.
2009a), the fact that a high TS value yields a better match both
to the local absolute emissivity and to the spatial distribution
of the diffuse emission (Figure 7) leads to larger TS than a
value conventionally used in γ -ray astrophysics (125 K). This
is in accord with independent estimates of TS as discussed in
Section 3.2.

We also observe that the emissivity spectra do not vary
significantly with Galactocentric distances in the outer Galaxy.
To examine the spectral shape more quantitatively, we present
the emissivity ratios of the interarm and Perseus regions relative
to the Local arm in the right panels of Figures 8 and 9. The
spectral shape in the interarm region is found to be consistent
with that in the Local arm; a fit to the data for TS = 125 K
with a constant ratio gives χ2 = 7.3 for 13 degrees of freedom.
Although the fit is not fully acceptable for the Perseus arm
(χ2 = 24.3), the large χ2 is driven solely by the last bin. We note
a possible interplay between the Perseus arm and the adjacent
outer-arm emissivities in the highest energy bins (see left panels
of Figures 8 and 9). It can be due to a small but non-negligible
spatial difference between the modeled templates and data and/
or to the presence of unresolved point sources (generally harder
than diffuse emission). Photon fluctuations from the structured
gas components can also lead the fit to a slightly different
solution in the spatial separation of the components. One
would expect these possible systematic uncertainties to become
important at high energy given the limited counts in the overall
map. It is difficult to quantitatively test these effects without
knowledge of the true model distributions, but we can note that
the small deviations seen at 400–560 MeV and 1.6–2.2 GeV
from a constant ratio are not confirmed by the general trend
of the other points. They indicate that there are systematic
uncertainties not fully accounted for by the statistical errors
in the fit. We thus do not claim nor deny the spectral softening
of the Perseus arm at high energy. A test using TS = 250 K for
the N(H i) maps gives the same conclusion on the spectral shape.
We thus conclude that the spectral shapes are consistent with the
LIS in the 0.1–6 GeV energy band, independent of the assumed
TS. Considering that these γ -rays trace CR nuclei of energies
from a few GeV to about 100 GeV (see, e.g., Figure 11 of Mori
1997), LAT data indicate that the energy distribution of the main
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component of Galactic CRs does not vary significantly in the
outer Galaxy in the third quadrant. We note that Abdo et al.
(2010a) reported a possible spectral hardening in the Perseus
arm in the second quadrant. This might be due to the presence
of the very active star-forming region of NGC 7538 and of CRs
having not diffused far from their sources, or to contamination
by hard unresolved point sources. In fact, Abdo et al. (2010a) did
not rule out the possibility that their result is due to systematic
effects.

4.2. Calibration of Molecular Masses

High-energy γ -rays are a powerful probe to determine the
CO-to-H2 calibration ratio, XCO, if the CR flux is comparable in
the different gas phases inside a cloud. Since the γ -ray emission
from the molecular gas is primarily due to CR interactions with
H2, and since the molecular binding energy is negligible in
processes leading to γ -ray production, the emissivity per H2
molecule is expected to be twice the emissivity per H i atom.
Then, under the hypothesis that the same CR flux penetrates the
H i- and CO-bright phases of an interstellar complex, we can
calculate XCO as qCO = 2XCO · qH i.

We show qCO as a function of qH i for the Local arm and
the interarm region in Figure 10. We do not consider the
correlation in the Perseus arm, because qCO from this region

is affected by large systematic uncertainties (see Section 3.2).
Since the emissivity associated with the CO-bright gas is not
well determined in the lowest energy range (see Tables 1 and 2)
because of the poor angular resolution of the LAT, and the fit at
very high energy is affected by larger uncertainties (Section 4.1),
we have plotted only data in the 200 MeV–9.05 GeV range.
The linear correlation supports the assumption that Galactic
CRs penetrate molecular clouds uniformly to their cores. It also
suggests that contamination from point sources and CR spectral
variations within the clouds are small.

We have derived the maximum-likelihood estimates of the
slope and intercept of the linear relation between qCO and qH i

taking into account that qCO and qH i are both measured (not true)
values with known uncertainties. The resulting intercepts are
compatible with zero. The XCO values we have obtained for TS =
250 K are (2.08 ± 0.11) × 1020 cm−2(K km s−1)−1 for the Local
arm (R � 10 kpc) and (1.93 ± 0.16) × 1020cm−2(K km s−1)−1

for the interarm regions (R = 10–12.5 kpc). Decreasing the spin
temperature to 125 K does not affect the XCO derivation in the
well resolved, not too massive, clouds of the Local arm where
we find XCO = (2.03 ± 0.11) × 1020 cm−2(K km s−1)−1. On the
other hand, the separation in the γ -ray fit between the dense H i

peaks and clumpy CO cores becomes more difficult for more
distant, less resolved clouds where H i and CO tend to peak
in the same directions. A change in the largest N(H i) column
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densities from the optical depth correction can impact the XCO
determination in two ways: first by changing the qH i emissivity
and second by modifying the N(H i) contrast within the cloud,
hence the H i and CO separation. The global impact is mild since
we find XCO = (1.56 ± 0.17) × 1020 cm−2(K km s−1)−1 in the
interarm region for TS = 125 K.

Abdo et al. (2010a) reported comparable values of XCO
in the second quadrant for TS = 125 K: they obtained
(1.59 ± 0.17) × 1020 cm−2(K km s−1)−1 and (1.9 ± 0.2) ×
1020 cm−2(K km s−1)−1 for the Local arm (R � 10 kpc) and
the Perseus arm. Given the systematic uncertainty in XCO,
roughly of the order of 0.3 × 1020 cm−2(K km s−1)−1, due
to H i optical depth correction, the results of both studies
point to a rather uniform ratio over several kpc in the outer
Galaxy. Yet, these values are twice larger than found in the
very nearby Gould-Belt clouds of Cassiopeia and Cepheus,
XCO = (0.87 ± 0.05) × 1020 cm−2(K km s−1)−1, TS = 125 K.
However, we confirm that the increase in XCO beyond the solar
circle is significantly lower than the trend adopted in the model
of Strong et al. (2004b). What fraction of the Gould-Belt to
Local arm differences in the average XCO can be attributed to
a difference in the spatial sampling (resolution) of the clouds
remains to be investigated.

Nearly the same region has been analyzed by Digel et al.
(2001) using EGRET data. The main difference from their
analysis is our improved scheme for the kinematical separation
of the ISM components along the lines of sight and the inclusion
of the reddening residual map. The XCO value measured in the
Local arm by EGRET, (1.64 ± 0.31) × 1020 cm−2(K km s−1)−1

(for TS = 125 K), is statistically compatible with ours. The fact
that we excluded the region of Monoceros R2 from the analysis
can also explain in part this difference.

Because of the pile-up of different clouds along a line of sight,
the derivation of individual cloud masses is beyond the scope of
this study. Let us just note that Maddalena’s cloud, with its very
low rate of star formation, seems to share a quite conventional
XCO factor. Further investigation, including higher resolution γ -
ray maps when more high-energy LAT data become available, is
required to fully understand the mass distribution in the clouds.

4.3. The Gradient of CR Densities beyond the Solar Circle

In Figure 11 (left panel) we show the emissivity gradient
found beyond the solar circle for different spin temperatures.

Here we do not include the results for the optically thin
approximation which is equivalent to an infinitely high TS and
gives similar emissivities to TS = 400 K. The typical statistical
errors associated with these measurements are illustrated in the
right panel for the TS = 125 K case. In the right panel, a shaded
area shows the characteristic systematic error due to the LAT
event selection efficiency, evaluated to be ∼10% in the energy
range under study.

In order to evaluate the impact of the delicate separation
of the gas in the outermost region, we have compared two
extreme cases. The first one adopts the kinematic R = 16 kpc
boundary and applies no correction for velocity dispersion and
the second assigns all the outer-arm gas to the Perseus arm.
The emissivity in the Perseus arm differs by about 5% from the
original one, and those in the Local arm and interarm regions
hardly change. Therefore, these effects are significantly smaller
than the uncertainties due to the optical depth correction of the
H i data. We also note that the main effect of the LAT selection
efficiency uncertainty is to rigidly shift the profile without any
significant impact on the gradient.

We thus conclude that the most important source of uncer-
tainty in the CR density gradient derivation is currently that
in the N(H i) determination. This is mainly because the optical
depth correction is larger for dense H i clouds in the Local and
Perseus arms than for diffuse clouds in the interarm region. The
loss in contrast between the dense (low-latitude) and more dif-
fuse (mid-latitude) H i structures resulting from an increase in
spin temperature affects the fit, particularly in the Perseus com-
ponent which is more narrowly concentrated near the plane.
When probing the CR densities as the “ratio” between the ob-
served numbers of γ -rays to H atoms, at the precision provided
by the LAT the uncertainties in the ISM densities are dominant.

4.3.1. Comparison with EGRET and the Arm/interarm Contrast

An interesting finding of the former EGRET analysis (Digel
et al. 2001) was an enhancement of the γ -ray emissivity in the
Perseus arm compared with the interarm region. This possibility
is relevant for models of diffuse γ -ray emissions based on the
assumption that CR and ISM densities are coupled (e.g., Hunter
et al. 1997, and references therein).

The Local arm emissivity obtained by the EGRET study for
TS = 125 K is (1.81±0.17)×10−26 photons s−1 sr−1 H-atom−1,
which is ∼25% larger than our LAT result. However, the two
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studies are based on different H i surveys which yield different
total N(H i) column densities integrated along the lines of sight.
The column density ratios between the surveys varies from 0.6
to 1.0 within the ROI, with an average value of ∼0.8. The
difference is likely due to the improved correction for stray-
radiation in the more recent survey, as discussed in Kalberla et al.
(2005). The EGRET Local arm emissivity scaled by 0.8 is in
good agreement with our result for the same spin temperature. If
we do not include the E(B−V )res map in the fitting, we obtain an
emissivity of (1.68 ± 0.05) × 10−26 photons s−1 sr−1 H-atom−1

which is still consistent with the down-scaled EGRET result
within ∼15%. We thus conclude that our result is consistent
with the previous study but is more reliable because of higher
γ -ray statistics, finer resolution, and an improved H i gas survey.

We can therefore compare the present emissivity gradient
(for consistency in the case TS = 125 K) with that reported by
the EGRET study, as summarized in Figure 11 (right panel in
which the EGRET results multiplied by 0.8 are also shown).
Although we observe good agreement between the two studies
in the Local and the Perseus arms, this is not true for the arm/
interarm contrast. The difference could be due to the simple
partitioning in cloud velocity used for the EGRET study. The
H i mass obtained for clouds in the interarm region with the
simple partitioning is 20%–40% larger (for TS = 125 K) than
with our separation scheme, exaggerating the amount of gas
in the interarm region, and thus lowering the emissivity by the
same amount. Our emissivity profile is thus consistent with the
previous study, but with improved precision (smaller statistical
errors) and accuracy (more reliable region separation method
and better estimation of the point source contributions). We
thus do not confirm a marked drop in the interarm region.

Low spin temperatures yield a smooth decline in H i emis-
sivity to R � 16 kpc in the outer Galaxy, without showing a
significant coupling with ISM column densities. The Perseus-
to-interarm contrast is at most of the order of 15%–20% for high
spin temperatures as shown in the left panel of Figure 11. These
profiles are similar at all energies, in particular at high ener-
gies where the component separation is more reliable thanks to
the better angular resolution. The surface density of H i in the
Perseus arm is on average 30%–40% higher than in the interarm
region. Therefore, even if we adopt TS = 400 K which gives the
largest arm–interarm contrast, the coupling scale (or the cou-
pling length) between the CRs and matter (e.g., Hunter et al.
1997) required to agree with the LAT data would be larger than
those usually assumed for this type of model (∼2 kpc, see e.g.,
Digel et al. 2001, Figure 7). Whether the true emissivity profile
exhibits a small contrast between the arms or smoothly declines
with distance is beyond our measurement capability without
further constraints on the H i column density derivation. New
H i absorption measurements will allow us to investigate this
issue with better accuracy.

4.3.2. Comparison with a Propagation Model:
the CR Gradient Problem

To compare with the second quadrant results (Abdo
et al. 2010a), we have integrated the emissivities above
200 MeV for TS = 125 K. We find values of (0.817 ±
0.016) × 10−26 photons s−1 sr−1 H-atom−1, (0.705 ± 0.018) ×
10−26 photons s−1 sr−1 H-atom−1, and (0.643 ± 0.022) ×
10−26 photons s−1 sr−1 H-atom−1 for the Local arm, interarm,
and Perseus arm regions, respectively. The nearer value is about
20% lower than in the second quadrant (which, however, sam-
ples very nearby clouds in the Gould Belt) and the outer ones
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Figure 12. CR source distribution adopted in our baseline GALPROP model
(solid line), compared with the SNR distribution obtained by the Σ–D relation
(Case & Bhattacharya 1998) and that traced by the pulsar distribution (Lorimer
2004) shown by dotted lines. The thin solid line represents an example of the
modified distributions introduced to reproduce the emissivity gradient by the
LAT.

compare very well with the second quadrant measurement over
the same Galactocentric distance range. Despite the uncertain-
ties due to the optical-depth correction (that might have a dif-
ferent impact in the two quadrants), both LAT studies consis-
tently point to a slowly decreasing emissivity profile beyond
R = 10 kpc.

Let us consider the predictions by a CR propagation model to
see the impact of such a flat profile on the CR source distribution
and propagation parameters. We adopted a GALPROP model,
starting from the configuration used for the run 54_77Xvarh7S
which we used to predict the IC contribution. The CR source
distribution in this model is

f (R) =
(

R

R�

)1.25

exp

(
−3.56 · R − R�

R�

)
, (2)

where R� = 8.5 kpc is the distance of the Sun to the Galactic
center. As shown in Figure 12, this function is intermediate be-
tween the distribution of supernova remnants (SNRs) obtained
from the Σ–D relation (Case & Bhattacharya 1998) and that
traced by pulsars (Lorimer 2004). The boundaries of the propa-
gation region are chosen to be Rh = 30 kpc (maximum Galac-
tocentric radius) and zh = 4 kpc (maximum height from the
Galactic plane), beyond which free escape is assumed. The spa-
tial diffusion coefficient is assumed to be uniform across the
Galaxy and is taken as Dxx = βD0(ρ/4GV)δ , where β ≡ v/c
is the velocity of the particle relative to the speed of light and
ρ is the rigidity. We adopted D0 = 5.8 × 1028 cm2 s−1 and
δ = 0.33 (Kolmogorov spectrum). Reacceleration due to the
interstellar magnetohydrodynamic turbulence, which is thought
to reproduce the observed B/C ratio at low energy, assumes an
Alfvén velocity vA = 30 km s−1. The CR source distribution
and propagation model parameters have been used often in the
literature (see e.g., Strong et al. 2004a). We note that the same
CR source distribution and similar propagation parameters are
adopted in the GALPROP run used by Abdo et al. (2010a).

The left panel of Figure 13 compares the calculated profile
(solid line) with LAT constraints (bow-tie plot bracketing the
profiles obtained for different TS; see the left panel of Figure 11).
The model is normalized to the LAT measurement in the
innermost region. Despite the large uncertainties, LAT data lead
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Figure 13. Comparison of the emissivity gradient obtained by the LAT and model expectations using GALPROP. The left panel shows models with different halo
sizes and diffusion lengths: (zh, D0) = (1 kpc, 1.7 × 1028 cm2 s−1), (2 kpc, 3.2 × 1028 cm2 s−1), (4 kpc, 5.8 × 1028 cm2 s−1), (10 kpc, 12 × 1028 cm2 s−1), and (20 kpc,
18 × 1028 cm2 s−1). The solid line is for zh = 4 kpc. The right panel shows different choices of the break distance beyond which a flat CR source distribution is
assumed: Rbk = 10–14 kpc with 1 kpc steps.

to a significantly flatter profile than predicted by our model;
the LAT results indicate to a factor of two larger emissivity
(CR energy density) in the Perseus arm even if we assume
TS = 100 K. The higher TS makes the discrepancy larger, hence
the conclusion is robust. Not using the E(B − V )res map in the
analysis does not change the conclusion, since the emissivities
in the interarm region and the Perseus arm are almost unaffected
by its presence.

The discrepancy between the γ -ray emissivity gradient in
the Galaxy and the distribution of putative CR sources has
been known as the “gradient problem” since the COS-B era
(e.g., Bloemen 1989). It has led to a number of possible
interpretations, including, for the specific case of the outer
Galaxy, the possibility of a very steep gradient in XCO beyond the
solar circle (Strong et al. 2004b). The emissivities in the outer
Galaxy were more difficult to determine in the COS-B/EGRET
era due to lower statistics and higher backgrounds. Now, thanks
to the high quality of the LAT data and the improved component
separation technique applied to gas line data, we measure a flat
H i emissivity gradient in the outer Galaxy together with a flat
evolution of XCO over several kpc, so the gradient problem
requires another explanation.

The most straightforward possibility is a larger halo size (zh),
as discussed by, e.g., Stecker & Jones (1977), Bloemen (1989),
and Strong & Moskalenko (1998). We therefore tried several
choices of zh and D0 as summarized in the dotted lines in
the same figure. The values of D0 are chosen to reasonably
reproduce the LIS of protons and electrons, B/C ratio and
10Be/9Be ratio at the solar system, and are similar to those given
in Strong & Moskalenko (1998). All models are normalized to
the LAT data in the Local arm. Models with zh = 4 kpc or
smaller are found to give too steep emissivity gradients. A CR
source distribution as in Equation (2) with a very large halo
(zh � 10 kpc) provides a gradient compatible with the γ -ray
data, if we fully take into account the systematic uncertainties.
We note that zh = 10 kpc is still compatible with 10Be/9Be
measurements (e.g., Strong & Moskalenko 1998).

Considering the large statistical and systematic uncertainties
in the SNR distribution, a flatter CR source distribution in the
outer Galaxy also could be possible. We thus tried a modified
CR source distribution, in which the distribution is the same
as Equation (2) below Rbk and constant beyond it (see a thin

solid line of Figure 12 as an example). Figure 13 right shows
the models with several choices of Rbk for zh = 4 kpc and
D0 = 5.8 × 1028 cm2 s−1. We obtained a reasonable fit to the
data using a flat CR source distribution beyond R = 10 kpc.
Such a constant CR source density in the outer Galaxy is in
contrast not only with the (highly uncertain) distribution of
SNRs, but also with other tracers of massive star formation and
SNRs, like, (1) CO lines which trace the interstellar phase where
massive stars form (e.g., Ferrière 2001), (2) OB star counts (e.g.,
Bronfman et al. 2000), and (3) the 26Al line which is related to
the injection of stellar nucleosynthesis products in the ISM by
SNRs (Diehl et al. 2006). However, a very large halo size and/or
a flat CR source distribution just beyond the solar circle seem
to be favored by the LAT data.

The above discussion depends on the propagation parameters
and the solution is not unique. The exploration could be extended
to other regions of the parameter space or to a non-uniform
diffusion coefficient (e.g., Evoli et al. 2008), but examining
propagation models in detail is beyond the scope of our study.
Our bottom line is that the analysis of LAT data presented here
and by Abdo et al. (2010a) consistently show that the CR density
gradient in the outer Galaxy is flatter than expectations by
commonly used propagation models. In the future, the extension
to the inner part and the accurate determination of the gradient
over the whole Galaxy will be key to constraining the CR origin
and transport.

We also note that a spin temperature TS � 250 K, which is
favored by recent studies in the outer Galaxy (e.g., Dickey et al.
2009), gives a small arm/interarm contrast at the 10%–20%
level that is not fully compatible with the propagation models
(including the one we adopted here) which predict a monotonic
CR gradient.

Even though the present analysis includes a dust template
to account for the abundant missing gas present locally at the
interface between the H i and CO-bright phases, an alternative
way to reconcile the flat emissivity profile and a marked
decline in CR density in the outer Galaxy is to invoke an
increase in missing gas mass with Galactocentric distance in
the low metallicity environments of the outer Galaxy (see, e.g.,
Papadopoulos et al. 2002; Wolfire et al. 2010) beyond the local
correction applied here. We note that the large masses of dark
gas in the outer Galaxy suggested by Papadopoulos et al. (2002)
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(outweighing that of H i by a factor of 5–15) might explain our
results, whereas the remarkably constant dark gas fraction of
30% with mild dependence on metallicity suggested by Wolfire
et al. (2010) is not sufficient to explain the large H i emissivities
measured by the LAT beyond the solar circle.

5. SUMMARY AND CONCLUSION

We have studied the diffuse γ -ray emission in the third
Galactic quadrant using the first 18 months of Fermi LAT
science data. Thanks to the excellent performance of the LAT,
we have obtained high-quality emissivity spectra of the atomic
and molecular gas (traced by WCO) in the 100 MeV–25.6 GeV
energy range.

At the level of accuracy allowed by the LAT, the study of
CR densities from γ -ray observations is now mostly limited
by the understanding of the ISM mass tracers, notably by the
uncertainties in the derivation of atomic gas column densities
from H i surveys and by the distribution of gas not accounted
for by radio and microwave line surveys. In spite of those
uncertainties, robust conclusions can be drawn concerning the
ISMs and CRs.

The molecular mass calibration ratio of the Local arm is
found to be ∼2 × 1020 cm−2(K km s−1)−1, significantly larger
than that for the very local Gould-Belt clouds in the second
Galactic quadrant reported by Abdo et al. (2010a). No significant
differences of the ratio are found between the Local arm and the
interarm regions.

No significant variations in the CR spectra are found across
the outer Galaxy in the region studied, and no large contrast
in emissivity is seen in the interarm region between the Local
and Perseus arms (a contrast < 10%–20% is allowed by data).
The measured gradient is much flatter than predictions by a
widely used propagation model assuming that the CR source
distribution largely peaks in the inner Galaxy. A larger halo
size and/or a flatter CR source distribution beyond the solar
circle than those usually assumed are required to reproduce the
LAT data, while other scenarios such as a non-uniform diffusion
coefficient or vast amounts of missing gas in the outer Galaxy are
also possible. Reliable determinations of the amount of atomic
hydrogen in the plane are key to better constraining the property
of CRs in our Galaxy.
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5.2 summary of the results

– The H I opacity correction is recognized for the first time as the
dominant source of uncertainty in the interpretation of γ-ray mea-
surements regarding interstellar emission.

– The XCO ratio in the Local Spur is consistent with that found in
the second quadrant; no significant variations are observed in the
outer disc of the Milky Way.

– Models of CR propagation based on the observed distributions
of CR sources predict a gradient of H I emissivity steeper than
inferred from LAT observations.

– Standard propagation models would require a large halo, with
height & 10 kpc or unexpectedly large densities of CR sources in
the outer Galaxy to match LAT measurements.

– Less conventional propagation scenarios or a systematic bias due
to dark gas in the outer Galaxy are alternative possibilities.





6I N T E R S T E L L A R G A M M A - R AY E M I S S I O N F R O M
M A S S I V E - S TA R F O R M I N G R E G I O N S : C Y G N U S

Galactic CRs are supposed to be accelerated by remnants of the ex-
plosions of massive stars at the end of their life (§ 2.2.2), either indi-
vidual supernova remnants (SNRs) or superbubbles (SBs). LAT obser-
vations unveiled a correlation between γ-ray emission and tracers of
massive-star formation in the LMC and a correlation between global
γ-ray luminosity and star-formation rate for a few external galaxies
(§ 3.4).

In this chapter I present an analysis of LAT measurements in the
region of the Cygnus SB, also known as Cygnus X region due to its
extreme brightness at X-ray wavelengths. This region hosts a super
massive interstellar complex, which is also one of the most active star-
forming sites of the Galaxy, with numerous OB associations and stellar
clusters.

The Cygnus SB is located at ∼ 1.4 kpc from the solar system, in the
tangent direction of the Local Spur. There are no remarkable struc-
tures acting as foregrounds in this direction, and we observe two mod-
est segments of the Perseus and outer spiral arms located beyond the
Cygnus complex in the distant outer Galaxy. The main challenge in
the analysis consisted in the separation of interstellar emission and
the numerous bright individual sources.

6.1 overview

The Cygnus SB, located around l = 80◦ in the tangent direction
of the Local Spur, was identified by its strong X-ray emission (Cash
et al., 1980), and it contains numerous H II regions and OB associations
(Uyanıker et al., 2001). It has been long debated whether it represents
a coherent complex or the alignment of different structures along the
line of sight. Recent high-resolution observations by Schneider et al.
(2006) pointed out that all the interstellar clouds in the Cygnus re-
gion are connected and partly show evidence for interactions with the
massive stellar cluster Cygnus OB2 and other OB associations in the re-
gion (Cyg OB1 and OB9). At a distance of ∼ 1.4 kpc from the Sun (e.g.
Hanson, 2003), the cloud complex would appear as one of the most
massive in the Galaxy. There are thusly both large densities of gas and
intense radiation fields acting as targets for CR interactions. The MI-
LAGRO experiment measured TeV emission from the Cygnus region,
possibly of interstellar origin and pointing to CR densities higher than
in the local ISM (Abdo et al., 2007). With stars of masses > 85M�
still in the main sequence, the Cyg OB2 cluster may be too young
(2 Myr, Hanson, 2003) to supply many active CR sources. The interac-
tions of clouds with other OB associations in the region and the pres-
ence of the γ Cygni SNR, which is at a distance of 1.5 kpc (Ladouceur
and Pineault, 2008) from the Earth and therefore co-located with the
Cygnus complex, suggest that freshly accelerated CRs may pervade
the clouds in addition to the older CR sea.
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I present here a global analysis of the γ-ray emission from the Cygnus
region measured by the LAT in the energy range between 100 MeV and
100 GeV, focusing on the interstellar emission to search for signatures
of CR acceleration and to complement gas and dust observations at
other wavelengths to constrain the census of the ISM. This analysis
also provides an improved interstellar background framework for fu-
ture studies of individual objects.

6.2 data analysis

6.2.1 Gamma-ray data

Observations and data selection

I accumulated data for our region of interest from August 5 2008

(MET 1 239587201) to August 5 2010 (MET 302659202). I selected data
with the tightest available background rejection criteria, correspond-
ing to the Dataclean event class (Abdo et al., 2010j). In order to limit
the contamination from the Earth atmospheric γ-ray emission, I se-
lected events with measured arrival directions within 100◦ from the
local zenith and within 65◦ from the instrument boresight, taken dur-
ing periods when the LAT rocking angle was less than 52◦.

The angular resolution of the LAT strongly depends on the photon
energy, improving as the energy increases (§ 1.2). Confusion at low
energies is an issue since I aim at separating the different components
in the crowded Cygnus region. I therefore accepted below 1 GeV only
photons which produced electron-positron pairs in the thin converter
planes of the front section of the tracker, which provides a superior
angular resolution.

I analysed data at 72◦ ≤ l ≤ 88◦ and −15◦ ≤ b ≤ +15◦. The
longitude window contains the interstellar complexes associated with
the Cygnus SB; the latitude window is large enough to allow a reliable
separation of the large-scale emission from atomic gas and IC emission
and isotropic background. I analysed data in the 100 MeV–100 GeV
energy band. Below 100 MeV the instrumental systematics are large
(Rando et al., 2009) and the angular resolution is poor, whereas above
100 GeV photon statistics are low.

Analysis method

I fit the various models described in the following sections to the
LAT data using a binned maximum-likelihood with Poisson statistics 2.
I used a 0.125◦ × 0.125◦ binning in Cartesian projection, comparable
with the LAT angular resolution at the highest energies. I considered
three energy bands: low (100 MeV–1 GeV), mid (1 GeV–10 GeV) and
high energies (10 GeV–100 GeV). The low and mid-energy bands were
further divided in four logarithmic-spaced energy bins. The higher-
energy band in two because of the limited statistics. A total count-map
is provided for illustration in Fig. 6.1.

The analysis was based on the post-launch Instrument Response
Functions (IRFs) of the P6_V3 series, which take into account efficiency
losses due to pile-up and accidental coincidence effects in the detector
(§ 1.2.2).

1. Fermi Mission Elapsed Time.
2. As implemented in the standard LAT analysis tools 09-18-05.
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Figure 6.1: Total count map in the energy range 100 MeV–100 GeV correspond-
ing to the selection criteria reported in the text (§ 6.2.1) and the
low-emission phase intervals of the three bright pulsars (§ 6.2.1).
Counts saturated between 0 and 45, smoothed for display with a
Gaussian kernel of σ = 0.25◦.

The γ-ray emission in the region of interest results from the combina-
tion of individual sources, both point-like and extended, and interstel-
lar signals. The modeling of the interstellar γ-ray emission is described
in § 6.2.2. Three bright pulsars are the dominant contributors below
a few GeV: the radio pulsar PSR J2021+3651 (Abdo et al., 2009n) and
the two LAT-discovered pulsars PSR J2021+4026 and PSR J2032+4127

(Abdo et al., 2009b). Their signal was largely removed by excluding
photons detected in time intervals corresponding to their emission
peaks (see § 6.2.1). Other sources were modeled and included in the
analysis as described in § 6.2.3.

Bright pulsars

To increase the sensitivity to faint sources and to the spatial struc-
ture of the diffuse emission, I reduced the contribution from the three
bright pulsars by excluding the periodic time intervals when their
pulsed emission peaks. For each pulsar, the photon arrival times
were phase-folded according to their previously published ephemere-
des (Abdo et al., 2010l; Ray et al., 2010) 3. Fig. 6.2 shows the three light
curves and the vertical lines indicate the phase intervals with bright
pulsed emission. The phase boundaries are reported in Table 6.1 to-

3. Evenly-spaced time of arrival (TOA) measurements, with typical spacing of a few
weeks per TOA, were fitted using Tempo2 (Hobbs et al., 2006) to generate a model with
the minimum phase residuals over the data span for use in the following analysis. For
the three pulsars, the RMS of the timing residuals is below 1.1% of their rotational
period.
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PSR on-pulse off-pulse

phase interval %

J2021+3651 0.12− 0.22, 0.59− 0.7 79

J2021+4026 0.94− 0.18, 0.5− 0.62 64

J2032+4127 0.94− 0.14, 0.49− 0.55 74

Table 6.1: Phase boundaries of the on-pulse intervals and off-pulse time frac-
tion for the three bright pulsars.

gether with the fraction of time in the off-pulse interval (suitable for
our study). From Fig. 6.2 it is obvious that there is a considerable level
of unpulsed emission toward PSR J2021+4026 that cannot be removed;
however, given the brightness of the source, the removal of the on-peak
interval is useful for our aims.

Figure 6.2: Light curves and on-pulse phase intervals for the three bright pul-
sars. The light curve is constructed for illustration purposes with
photons recorded in a circular region of radius 0.5◦ around the pul-
sar position and energies > 200 MeV.

To remove the pulsar signal without excessively sacrificing the pho-
ton statistics in other directions, I restricted the timing selection to a
circular region around the pulsar position with an energy-dependent
radius rcut(E) = max [0.25◦, r95(E)] where E is the lower bound of each
energy bin. The minimum radius of 0.25◦ corresponds to 2 bins in the
angular grid. r95 is an approximate representation of the LAT 95%
containment angle as a function of energy

r95(E) = 2 ·
[

0.8◦
(

E
1 GeV

)−0.8
⊕ 0.07◦

]
(6.1)

where the symbol ⊕ indicates addition in quadrature. Let us note that
the accurate parametrization of the LAT Point Spread Function (PSF)
depends on energy, conversion point in the tracker and, to a lower
extent, on the incidence angle. The IRFs are the best representation
of the LAT PSF and must be used for science data analysis (exposure
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calculation, convolution with the PSF). The above acceptance-averaged
approximation for the containment angle is only useful to calculate the
radius rcut, and I verified that the results are insensitive to reasonable
variations of this parameter.

To take into account the cut on pulsar phases, for each pulsar I mul-
tiplied the model maps of the other components (already convolved
with the LAT PSF and multiplied by the exposures) by the fraction
of the corresponding off-pulse time within the radius rcut around the
pulsar position.

The remainder of the pulsar emission was included in the model
using:

– a point source to represent emission in the off-pulse interval;
– a second point source, for which the number of expected counts

is set to null at r < rcut(E) from the pulsar position, to represent
on-pulse γ-rays spilling over at r > rcut(E).

Since the three pulsars have exponential spectral cutoffs near 2 −
3 GeV (Abdo et al., 2010l) this procedure was not applied above 10 GeV
where the level of pulsed emission is low and the good angular reso-
lution leads to a reliable component separation. On the other hand,
given the sufficient statistics but poor angular resolution at low en-
ergies, to stabilize the fitting procedure I simply analysed events in
the low-emission windows at energies 4 < 300 MeV. I verified that the
results do not critically depend on the latter value.

6.2.2 Modeling of interstellar γ-ray emission

Interstellar gas

Since CRs in the relevant energy ranges are expected to have dif-
fusion lengths exceeding the typical dimensions of interstellar clouds
and to penetrate uniformly all the phases of the ISM, the γ-ray emis-
sion produced by CR-gas interactions can be modeled to first order
as a linear combination of the gas column densities summed for the
different phases and different regions along the line of sight.

Neutral atomic hydrogen, H I, is traced by its 21-cm line. Where
available 5 I used data from the Canadian Galactic Plane Survey (CGPS;
Taylor et al., 2003) rebinned onto the 0.125◦ × 0.125◦ grid used for the
γ-ray and CO maps (see below). Elsewhere, I used data from the
Leiden/Argentine/Bonn (LAB; Kalberla et al., 2005) survey, with a
coarser binning of 0.5◦. I checked the consistency of the two survey
calibrations in the overlap region.

Molecular hydrogen cannot be observed directly in its most abun-
dant cold phase. The velocity-integrated brightness temperature of
the 12CO 2.6-mm line, WCO, is often assumed to linearly scale with the
N(H2) column density (§ 2.1.3). I used CO data from the composite
survey by Dame et al. (2001), filtered with the moment-masking tech-
nique in order to reduce the noise while preserving the faint cloud
edges and keeping the resolution of the original data.

The Doppler shift of radio/mm-wave lines can be used to kinemati-
cally separate the Cygnus complex at 1.4 kpc (e.g. Hanson, 2003) from
two faint segments of the Perseus and outer spiral arms seen beyond

4. Given the broad PSF at low energies, more than half of the region of interest would
have been subject to on-pulse event removal

5. The CGPS coverage is almost complete at −3.5◦ ≤ b ≤ +5.5◦ for this longitude
range.
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Cygnus in the same direction. I applied the kinematic separation proce-
dure illustrated in Appendix B, starting from a preliminary boundary
located at a Galactocentric radius R = 9.4 kpc and then adapting the
separation to the cloud structures and correcting for the spill-over due
to the broad velocity dispersion of H I lines. The separation into two
regions is sufficient to model the interstellar γ-ray emission since in
Chapter 4 and 5 no significant gradients of CR densities were found
in the outer region of the Milky Way. I applied such kinematic separa-
tion procedure to prepare maps of the column densities of atomic gas,
N(H I), and of WCO.

Substantial uncertainties in the determination of N(H I) arise from
the choice of spin temperature for the optical depth correction (§ 2.1.2).
I adopted as baseline case a uniform TS = 250 K, which is the average
spin temperature that best reproduces the blending of cold and warm
atomic gas according to observations of emission-absorption pairs in
the region covered by the CGPS (Dickey et al., 2009). Other values
100 K ≤ TS < ∞ will be considered later to evaluate the related sys-
tematic uncertainties affecting the results of our analysis. The maps
are shown in Fig. 6.3 for H I and Fig. 6.4 for CO.
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Figure 6.3: Maps of N(H I) column densities in the Cygnus complex in the
Local Spur (left) and in the outer Galaxy (right), under the assump-
tion of a uniform spin temperature of 250 K. The color scales with
N(H I) in units of 1020 atoms cm−2. The maps were smoothed with
a Gaussian kernel of σ = 0.25◦ for display.

Observational evidences at various wavelengths indicate that the
combination of H I and CO lines does not properly trace the total col-
umn densities of the neutral ISM (§ 3.3.3). Since the work by Gre-
nier et al. (2005), dust tracers have been used in γ-ray analyses to
complement H I and CO lines. In Grenier et al. (2005) and Chapter 4

the E(B−V) color excess map by Schlegel et al. (1998) was adopted
as a tracer of the total column densities, and E(B−V) residuals –i.e.
E(B−V) minus the best-fit linear combination of N(H I) and WCO
maps– were used as a tracer of the dark-gas column densities in nearby
clouds of the Gould Belt.
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Figure 6.4: Maps of WCO intensities in the Cygnus complex in the Local Spur
(left) and in the outer Galaxy (right). The color scales with WCO in
units of K km s−1 above 1.5 K km s−1. The maps were smoothed
with a Gaussian kernel of σ = 0.25◦ for display.

The use of the E(B−V) map is problematic in the Cygnus region
for different reasons.

– numerous infrared point sources contaminate the map;
– the temperature correction used by Schlegel et al. (1998) to derive

the dust column-density map from IRAS/ISSA measurements is
highly uncertain in regions of massive-star formation because of
the enhanced radiation fields;

– it is impossible to separate different structures seen along a line of
sight on the Galactic plane (where most of the Cygnus complex is
located).

I therefore resorted to the visual extinction AV as derived from the
reddening of near-infrared sources in the 2MASS catalog (Skrutskie
et al., 2006). The AV maps produced by Rowles and Froebrich (2009);
Froebrich and Rowles (2010) were used for AV < 5 mag. They exhibit
saturation effects at higher extinction values, so I complemented them
with a AV map obtained from 2MASS data using the method devel-
oped by Schneider et al. (2010). The latter includes an improved pho-
tometric calibration and uses the Besançon stellar population model
(Robin and Creze, 1986; Robin et al., 2003) to filter out the contribution
from the bluest foreground stars. The second AV map was built in a
12◦ region centered on (l, b) = (80◦, 0◦); compared with the first set of
maps, it presented an offset of 0.46 mag at low extinction. The final
AV map was constructed from the direct Rowles and Froebrich (2009);
Froebrich and Rowles (2010) maps below 5 mag and from the second
map, offset by 0.46 mag, at higher extinction.

All the dust maps were binned onto the same 0.125◦ × 0.125◦ grid
in Cartesian projection as for the γ-ray and CO maps. Dust excess
maps were obtained for both the E(B−V) and AV maps by subtracting
the best-fit linear combination of N(H I) and WCO maps previously
described. Only residuals corresponding to input AV > 0.3 mag were
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kept to limit the noise off the plane. The final AV excess map is shown
in Fig. 6.5.
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Figure 6.5: Dust excess map as traced by the optical extinction AV (in mag-
nitude) estimated from 2MASS data. Black pixels correspond to
null or negative dust residuals. The map was smoothed using a
Gaussian kernel of σ = 0.25◦ for display.

Away from H II regions around massive stars and stellar clusters, the
ionized gas constitutes a layer of characteristic height & 1 kpc over the
Galactic plane with little mass compared to the neutral phases (Cordes
and Lazio, 2002), therefore it has often been neglected in previous γ-
ray studies. However, we find in the Cygnus region many conspicuous
H II regions excited by the intense radiation fields of the numerous
massive stars (Uyanıker et al., 2001; Paladini et al., 2003). To probe for
γ-ray emission from ionized gas, following Sodroski et al. (1989, 1997)
the warm ionized gas column densities N(H II) were assumed to be
proportional to the free-free emission intensities

N(H II) = 1.2× 1015 cm−2
(

Te

1 K

)0.35 ( neff

1 cm−3

)−1 ( ν

1 GHz

)0.1 Iff

1 Jy sr−1

(6.2)

where Iff is the free-free emission intensity at the frequency ν, Te is
the electron temperature and neff the effective electron number den-
sity. The free-free emission map used here was derived from the 7-
year WMAP data in the Q band (40 GHz) by Gold et al. (2010) using
the maximum entropy method from the prior template given by the
extinction-corrected Hα map by Finkbeiner (2003). It was rebinned
onto the 0.125◦ × 0.125◦ grid used for the other maps, as shown in
Fig. 6.6. Hot ionized gas, which accounts for masses at least one
order of magnitude lower than the warm ionized phase, is fully negli-
gible in terms of γ-ray emission.
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Figure 6.6: Free-free emission intensities from WMAP data. The color scales
with brightness temperature in mK. The map was smoothed using
a Gaussian kernel of σ = 0.25◦ for display.

To summarize, the γ-ray intensities produced by interactions of CRs
with interstellar gas, Igas (cm−2 s−1 sr−1), integrated in each energy
bin are modeled by Equation 6.3:

Igas(l, b) =
2

∑
ı=1

qH I, ı · N(H I)(l, b)ı +
2

∑
ı=1

qCO, ı ·WCO(l, b)ı +

+ qdust · Idust,res(l, b) + qff · Iff(l, b) (6.3)

The sum over ı represents the combination of the two regions: 1) Cygnus
complex and 2) outer Galaxy. The free parameters are the emissivities
of H I gas, qH I, ı (s−1 sr−1), the emissivities per unit of WCO intensity,
qCO, ı (cm−2 s−1 sr−1 (K km s−1)−1), the emissivity per dust excess unit,
qdust (cm−2 s−1 sr−1 mag−1) and the emissivity per free-free emission
intensity unit, qff (cm−2 s−1 Jy−1).

Inverse Compton emission and isotropic background

Hereinafter in the chapter we will refer to the local CR spectrum,
both for electrons and nuclei, as the volume and energy density of par-
ticles which, corrected for solar modulation, is consistent with direct
measurements performed either at the Earth or in the interplanetary
space in the solar system. The γ-ray emissivity of the H I gas in the
local interstellar space within 1 kpc from the solar system is consistent
with the local CR spectrum (§ 3.2.2). For explicit calculations the lo-
cal CR electron spectrum was derived from measurements by the LAT
(Abdo et al., 2009l; Ackermann et al., 2010) and by AMS-01 (Alcaraz
et al., 2000) at energies < 7 GeV, as parametrized in Abdo et al. (2011).
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The interstellar inverse Compton (IC) emission is produced by in-
teractions of CR electrons and positrons with the low energy ISRF. To
account for large-scale IC emission I adopted a template calculated us-
ing the GALPROP CR propagation code (§ 2.2.3), run 54_87Xexph7S.
The IC emission was calculated on the basis of a propagated CR elec-
tron population consistent at the solar circle with the local spectrum
and the new calculation of the Galactic ISRF by Porter et al. (2008).

Due to the presence of numerous OB associations in the Cygnus re-
gion (Uyanıker et al., 2001), there are strong local radiation fields that
are not accounted for in the Galactic axisymmetric model by Porter
et al. (2008). Pre-launch studies suggested the detectability by Fermi
of the IC emission arising from interactions of CR electrons with the
stellar light in the Cyg OB2 cluster (Orlando and Strong, 2007, 2008),
therefore we tested their model. The model was computed for this
analysis using the local CR electron spectrum and considering radia-
tion from 85 type O and 2489 type B stars. The stars were uniformly
distributed in a region of 2◦ diameter (corresponding to the extension
of the cluster according to Knödlseder, 2000) at a distance of 1.4 kpc
(Hanson, 2003); the model was produced for a square region of 20◦

width centered on Cygnus OB2. Uncertainties in the IC emission with
a given electron spectrum comes mainly from the unknown luminosity
of the stars. In order to evaluate the maximal contribution from an elec-
tron population consistent with the local one, the stars were supposed
to be of luminosity class I, with the parameters described in Martins
et al. (2005): O stars were assumed to have an effective temperature
Teff = 42551 K and radius R = 18.47 R�, and B stars Teff = 15200 K
and R = 4 R�. The IC contribution comes almost exclusively from the
O stars; the contribution of the 6000 F stars in the cluster was estimated
to be fully negligible.

Both the GALPROP template and the model by (Orlando and Strong,
2007) are based on a distribution of CR electrons which smoothly
varies as a function of Galactocentric radius and height above the
Galactic plane. Local electron sources, very plausible in such an ac-
tive region, and the small propagation length of high-energy electrons
could leave unmodeled structures in IC emission. This issue will be
discussed in § 6.3.3.

In each energy bin I added also as a free parameter the intensity
of the isotropic background, Iiso, which combines the residual back-
grounds from misclassified CR interactions in the LAT and the isotropic,
presumably extragalactic, γ-ray emission (§ A.1).

6.2.3 Analysis procedure

1. Input model

The input model included interstellar emission, using as gas tracers
H I and CO only 6, the three bright pulsars, and other sources that were
added as needed in subsequent steps. I first introduced the identified
sources in the region of interest: Cygnus X-3 (Abdo et al., 2009m), PSR
J1957+5033 (Saz Parkinson et al., 2010) and PSR J2030+3641 (Camilo
et al., in preparation). The pulsars included in the LAT pulsar cata-

6. H I and CO correspond to the two major, well-established components of inter-
stellar emission from gas. The contribution from dark neutral gas (dust excesses) and
ionized gas (free-free emission) will be investigated later.



6.2 data analysis 125

log (Abdo et al., 2010l) were modeled with the spectral function de-
scribed therein, letting the flux as a free parameter in each energy bin.
All other sources were modeled using power-law spectra with a free
flux in each energy bin and the spectral index reported in the internal
24 month source list (which is the base for the two-year LAT source
catalog in preparation). A power-law spectrum with index −2.1 was
assumed to convolve the gas templates (and other sources modeled
by geometrical templates hereinafter) with the PSF. The results do not
significantly depend on this value.

I then included 1FGL point sources (Abdo et al., 2010c) coincident
with γ-ray excesses in the residuals, either associated with Active Galac-
tic Nuclei (AGN) or characterized by variability; these were modeled
as point sources with the position and spectral index given in the
24 month source list and with free flux in each energy bin; the sources
were added with decreasing brightness: J2116.1+3338, J2021.1+4351,
J2027.6+3335, J2015.5+2937, J2015.7+3708, J2029.2+4924, J2012.2+4629

and J2128.0+3623. The iterative procedure is useful to stabilize the
likelihood fitting procedure and to assess the significance of sources
added at each step. The residuals after inclusion of all the aforemen-
tioned point sources are shown in Fig. 6.7.

2. The Cygnus Loop region

Several excesses are still evident. A remarkable extended excess is
present below 10 GeV around (l, b) = (74◦,−8.5◦). It coincides with
four point sources of the 1FGL Catalog (Abdo et al., 2010c): J2046.4+3041,
J2049.1+3142, J2055.2+3144, J2057.4+3057, reported to be spatially as-
sociated with the rim of Cygnus Loop. In Fig. 6.8 I compare the γ-ray
residuals of the input model (§ 6.2.3) in the 1− 10 GeV band with X-ray
emission measured by ROSAT (see Aschenbach and Leahy, 1999).

I explored three different models for the Cygnus Loop region:
2.a four point sources at the positions given in the 1FGL Catalog

(Abdo et al., 2010c);
2.b a uniform ellipsoid centered at (l, b) = (74.0◦,−8.5◦) with semi-

axes of 1.9◦ and 1.3◦ (Green, 2009);
2.c a ring centered at (l, b) = (74.21◦,−8.57◦) and with inner and

outer radii of 0.6◦ and 1.7◦, respectively (see below).
The correlation seen between the γ and X-ray emissions (Fig. 6.8)

and the likelihood increase (Table 6.2) obtained for an extended source
over the set of point sources, in spite of the smaller number of free
parameters, strengthens the association between the γ-ray excess and
the Cygnus Loop. A dedicated analysis will be reported in a subse-
quent paper (Fermi LAT collaboration, in preparation). The highest
likelihood model (2.c) derived from that study is used hereinafter so
that the presence of the extended source does not bias the estimates of
quantities related to interstellar emission.

3. Dark gas

To probe for potential neutral gas not properly traced by the H I and
CO maps, I tested two different dust residual maps calculated from:

3.a the E(B−V) map by Schlegel et al. (1998);
3.b the AV map derived from 2MASS observations;

the maps were previously described in § 6.2.2.
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Figure 6.8: Photon residuals corresponding to the input model around the
Cygnus Loop in the 1− 10 GeV energy band; the color scale sat-
urates at ±1.3 counts. The map is smoothed for display with a
Gaussian kernel of σ = 0.5◦. Overlaid X-ray contours from the
ROSAT all sky survey, equally spaced in square-root from 0 to 182
counts.

Likelihood values are reported in Table 6.2. The log-likelihood in-
crease of 250.6 for 10 additional free parameters obtained when adding
the AV residuals is very significative, so I kept the AV residual map in
the model hereinafter. The likelihood response to the E(B−V) resid-
ual map was less pronounced because of the limitations described
above.

4. The region of γ Cygni

In the higher energy band a remarkable excess (Fig. 6.9) is observed
along the rim of the SNR in γ Cygni (alias G78.2+2.1, e.g. Ladouceur
and Pineault, 2008). On the North-East side it coincides also with the
source 1FGL J2020+4049 (Abdo et al., 2010c) and with the moderately
extended TeV source VER 2019+407 (Weinstein et al., 2009).

I tested different models for the excess:
4.a a point source at the position of 1FGL J2020+4049;
4.b an asymmetric Gaussian as reported for VER 2019+407 (Wein-

stein et al., 2009);
4.c a disc centered at (l, b) = (78.2◦,+2.1◦) and a radius of 0.5◦

(G78.2+2.1; Green, 2009);
4.d both Gaussian and disc.
Likelihood values are reported in Table 6.2. Whereas the detection

of a point source at the position of 1FGL J2020+4049 is not signifi-
cant, γ-ray emission is significantly detected in association with both
the remnant and the TeV source. At energies > 10 GeV the latter is
marginally detected also above the disc. I therefore adopt the Gaus-
sian plus disc template in the model hereinafter. A detailed study of
this region should be pursued in the future.
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Figure 6.9: Photon residuals in the 10− 100 GeV band around γ Cygni, from
model 3.b. The colour scale saturates at ±1.3 counts and the map is
smoothed for display with a Gaussian kernel of σ = 0.375◦. Over-
laid contours of continuum radio emission at 1420 MHz from the
CGPS (equally spaced in square-root from 0.1 K to 70 K). The cross
marks the position of PSR J2021+4026, at the center of the remnant,
and the ellipsoid corresponds to the TeV source VER 2019+407 (We-
instein et al., 2009), also coincident with 1FGL J2020+4049.

5. The inner Cygnus complex

Model 4.d leaves a cluster of positive residuals coincident with the
innermost part of the Cygnus complex, displayed above 10 GeV in
Fig. 6.10 Given the LAT angular resolution > 10 GeV (68% contain-
ment radius < 0.2◦), the excess is clearly extended. The positive resid-
uals are associated with a region of enhanced free-free emission inten-
sity (compare with Fig. 6.6) and therefore of ionized gas density. On
the other hand they partially overlap with the massive stellar cluster
Cyg OB2.

I explored different models for the inner Cygnus region, namely:
a the free-free emission map as a tracer of ionized gas (§ 6.2.2);
b the model for IC radiation from Cyg OB2, with a free normaliza-

tion coefficient in each energy bin;
c an alternative geometrical model for Cyg OB2, given by a 2D Gaus-

sian centered on (l, b) = (80.16◦, 0.76◦) with a σ = 1◦ width com-
parable to the cluster size (Knödlseder, 2000).

Likelihood values are reported in Table 6.2. I obtain a significant like-
lihood increase for both the free-free map and Cyg OB2 (the two mod-
els for Cyg OB2 are almost equivalent in terms of likelihood). I con-
sider the combination of the free-free map and the physical model of
Cyg OB2 as model 5.d.

To further probe the nature of the excess in the inner Cyg region, I
added to model 4.d a 2D Gaussian source with free centroid and width.
The best-fit Gaussian is centered on (l, b) = (79.5◦ ± 0.5◦, 1.4◦ ± 0.8◦)
and has a width σ = 2.1◦ ± 0.2◦, as shown in Fig 6.10. I will refer to
this model as model 5.e. The likelihood increase for this model corre-
sponds to a detection at a 9.5σ confidence level 7. It provides a likeli-

7. Assuming that TS = 2∆ is distributed as a χ2 with n degrees of freedom.
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Figure 6.10: Photon residuals in the energy band 10− 100 GeV from model 4.d.
The map was smoothed for display with a Gaussian kernel of
σ = 0.75◦ and saturated between −0.2 and +0.25. The green ellip-
soid represents the 1σ error region for the centroid of the Gaussian
model, and the green circle its 1σ width. The white circle corre-
sponds to the core of the Cyg OB2 stellar cluster (Hanson, 2003).
The magenta crosses correspond to the position of the three point
sources of model 4.f.

hood increase larger than the combination of the free-free map and the
model of Cyg OB2 in spite of the smaller number of free parameters.

The radial profile of the excess emission is displayed in Fig. 6.11.
The profile strongly suggests a truly diffuse excess over a combination
of point sources. To test the latter possibility, I iteratively added to
model 4.d a few point sources with free positions. I stopped when
the cumulative likelihood increase exceeded that of model 5.b. The re-
sulting model includes three point sources whose positions are shown
in Fig 6.10. It is called model 5.f hereinafter. Given the much larger
number of free parameters involved, the increase in likelihood is quite
modest. All three sources exhibit consistent and hard spectra, so there
is no evidence for spectral variations across the excess. The radial pro-
file, spectral uniformity, and modest likelihood increase obtained for a
set of discrete point sources all point to the presence of a diffuse and
hard excess in the core of the Cygnus region.

While we expect some excess emission because of CR interactions
with ionized gas and IC radiation from Cyg OB2 and possibly other
stellar clusters, I will show later in § 6.3.3 that the excess has a harder
spectrum than expected from the local CR spectrum. Since the nature
of the excess is not clear I will adopt the best-fit Gaussian model 5.e as
baseline model hereinafter, and a detailed discussion about the excess
is deferred to § 6.3.3.
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Figure 6.11: Profile of the residual photons shown in Fig. 6.10 as function of
the radial distance from (l, b) = (79.5◦ , 1.4◦).

6.3 results and discussion

6.3.1 Summary of results and uncertainties

I will now summarize the fitting results referring to model 5.e, which
provides the best likelihood as deduced from Table 6.2. The residu-
als corresponding to this model are shown in Fig. 6.12 They indicate
that the model satisfactorily reproduces the morphology of the γ-ray
emission in all the energy bands. Unmodeled localized positive resid-
uals are still present. Some of them coincide with unassociated 1FGL
sources, notably J2030.9+4411 and J2034.7+3639, which are therefore
confirmed by this analysis.

Fig. 6.13 shows the γ-ray spectral energy distribution measured by
the LAT over the whole region of interest for the same selection cri-
teria and energy grid used in the analysis. LAT measurements are
compared with the best-fit model, and the different components are
outlined. The data sample is dominated by emission from interstellar
gas in the Cygnus complex. The largest contributor is H I. Emission as-
sociated with CO and AV residuals exceeds the signals from individual
sources for the whole energy range considered. The γ-ray excess de-
tected toward the inner part of the complex has a very hard spectrum
and becomes comparable to emission from CO-bright gas at energies
> 10 GeV.

I summarize in Table 6.3 the fit parameters related to interstellar
emission from gas, which will be the basis of the discussion in para-
graph 6.3.2.

All the results presented so far are based on the assumption of a
uniform H I spin temperature of 250 K. To gauge the impact of the op-
tical depth correction of H I data on the results, I repeated the analysis
with other assumptions. TS = 400 K is considered since it is the value
best reproducing pairs of emission/absorption H I spectra over most
of the regions analysed by Dickey et al. (2009), although they found
that TS = 250 K is preferred in the region covered by CGPS data. We
also considered two extreme assumptions: a low 8 TS = 100 K, and the

8. The spin temperature is higher than the brightness temperature (Eq. 2.10), mea-
sured > 100 K along many directions in the region.
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optically thin approximation (equivalent to infinitely high spin temper-
ature). In Fig. 6.14 I show the maximum likelihood profile obtained
for model 5.e as a function of TS. The results support the average

Figure 6.14: Maximum likelihood obtained for model 5.e as a function of the
uniform spin temperature adopted for the optical depth correction
of H I data. Values are offset so that log-likelihood is null for a spin
temperature of 100 K.

spin temperatures of a few hundred K deduced from radio absorp-
tion/emission measurements by Dickey et al. (2009), implying a mix
of < 25% cold and > 75% warm H I.

Other systematic uncertainties are due to the γ-ray selection effi-
ciency. They are estimated to be 10% at 100 MeV, 5% at 560 MeV, and
20% above 10 GeV for the IRFs we used here (Abdo et al., 2010j). All
the sources of uncertainties presented will be taken into account for
the forthcoming discussion.

6.3.2 Interstellar gas

Atomic gas

The H I emissivity per hydrogen atom relates to the average CR den-
sity in the region under study. In § 3.2.2, Chapter 4 and 5 I have dis-
cussed that the H I emissivity spectrum in the Local Spur is consistent
with production via electron Bremsstrahlung and nucleon-nucleon in-
teractions due to CRs with the local spectrum.

In Fig. 6.15 I show the H I emissivity spectrum obtained for the
Cygnus complex and I compare it with the local spectrum estimated by
Abdo et al. 2009g (Fig. 3.4). The latter includes a nuclear enhancement
factor of 1.84 and is compatible (within 10%) with LAT observations
at mid latitudes in the third Galactic quadrant in the energy range
100 MeV–10 GeV. The spectrum is presented for a uniform spin tem-
perature TS = 250 K; systematic uncertainties due to the H I opacity
correction and to the γ-ray selection efficiency are added in quadra-
ture for display. The latter give a non-negligible contribution only at
energies larger than a few GeV.

The emissivity of atomic gas in the Cygnus region, averaged over
∼ 400 pc around the complex, is consistent with the local emissivity
with good confidence in the 100 MeV–10 GeV energy range, and pos-
sibly up to 100 GeV. The emissivity in the energy range 10− 30 GeV
slightly deviates from the local spectrum, but there might be a sepa-
ration problem between H I and CO due to the low statistics and the



136 cygnus

Figure 6.15: H I emissivity spectrum in the Cygnus complex. Points: the best-
fit estimate for the spin temperature TS = 250 K. Hatched rectan-
gles: systematic uncertainties taking into account H I opacity and
γ-ray selection efficiency. Line: model of the local interstellar spec-
trum by Abdo et al. 2009g (with a nuclear enhancement factor of
1.84).

increasing brightness of the excess in the inner region of the Cygnus
complex (Fig. 6.13). The emissivity spectrum implies that the CR spec-
tra in the relevant energy ranges (∼ 1− 10 GeV for electrons, ∼ 1− 100
GeV/n for nucleons) are similar to those measured in the vicinity of
the Earth and inferred from γ-ray observations in the nearby interstel-
lar space within 1 kpc.

The < 20% variations in average CR densities recorded along the
Local Spur between the dense Cygnus complex, the two segments in
the second and third quadrants that exhibit ∼ 2 lower surface densities
of gas (Chapter 4 and 5), and the mid-latitude diffuse medium with
a factor ∼ 5 lower surface density (§ 3.2.2) are difficult to reconcile
with the idea of a dynamical coupling between gas and CR densities
(e.g. Bertsch et al., 1993; Hunter et al., 1997). They are consistent on
the other hand with the small arm-interarm emissivity contrast we
estimated in the third Galactic quadrant in Chapter 5.

In spite of the large column densities of gas, exceeding 1022 atoms
cm−2 over many directions in the core of the Cygnus complex, we
find no hints of exclusion of CRs from the densest parts of the atomic
clouds due to the increased magnetic fields. See § 6.3.2 for further
discussion on results for the denser molecular cores.

Due to the bright foreground given by the Cygnus complex and
individual sources, studying in detail the gas emissivity in the outer
disc of the Milky Way is beyond the scope of this study. However,
the ratio of the integral H I emissivity of the outer region over that in
the Local Spur is (90± 7)%, in very good agreement with the results
presented in Chapter 4 and 5. It confirms in another direction the
presence of large CR densities beyond the solar circle.
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CO-bright molecular gas

If molecular and atomic gas are illuminated by the same CR fluxes,
we expect the emissivity per hydrogen molecule to be twice as the
emissivity per hydrogen atom; we can therefore calibrate the XCO =
N(H2)/WCO ratio as qCO/(2qH I) (§ 3.3.2). I performed a linear fit
taking into account the uncertainties on both emissivities to derive the
best linear relation shown in Fig. 6.16; I also show the residuals in
units of standard deviations.

Figure 6.16: Top: emissivity per WCO intensity unit versus emissivity per
N(H I) unit in the Cygnus complex (for TS = 250 K). The points
correspond to the different energy bins; the emissivities decrease
with increasing energy. The red line gives the best linear fit taking
into account uncertainties on both axes. Bottom: residuals in units
of standard deviations as a function of H I emissivity.

A good linearity is found over two decades in energy. The highest-
energy (lowest-emissivity) points show a small (< 3σ) excess of emis-
sion associated with CO with respect to the best-fit linear relation.
The high CO emissivity recorded at 10− 30 GeV (second point) cor-
responds to a low emissivity in H I (Fig. 6.15) and may result from a
fluctuation in the difficult spatial separation between the atomic and
molecular components when photons are sparse. Up to 10 GeV the lin-
earity is good and therefore there is no sign of CR exclusion from the
dense cores of this giant molecular complex. Residual maps obtained
above 10 GeV using the XCO ratio extrapolated from lower energies
show that the CO emissivity is driven up in regions of potentially high
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(and hard) IC emission near conspicuous H II regions, south-east of
DR 17 and south of DR 13 (see later § 6.3.3, Fig. 6.20).

The slope of the best-fit linear relation provides a value of XCO =
(1.68 ± 0.05) × 1020 cm−2 (K km s−1)−1 in the case of TS = 250 K.
I obtain XCO = (1.58 ± 0.04) × 1020 cm−2 (K km s−1)−1 in the case
of small H I optical depth and XCO = (2.55 ± 0.08) × 1020 cm−2 (K
km s−1)−1 in the case of TS = 100 K. The uncertainties in qH I asso-
ciated with the H I spin temperature are particularly severe for the
high-density clouds of the Cygnus complex. High optical depths (low
spin temperatures) imply a large increase in N(H I), therefore substan-
tially lower CR densities. Given the γ-ray luminosity of the molecular
clouds they subsequently imply a significant increase in their mass 9.
The systematic errors on the γ-ray selection efficiency cancel out to
first order in the estimate of the linear relation slope, therefore they
are completely negligible with respect to the uncertainties associated
with the H I opacity.

The conversion factor XCO = [1.68± 0.05 (stat.) +0.87
−0.10 (H I opacity)]×

1020 cm−2 (K km s−1)−1 is consistent with other LAT measurements in
the Local Spur which range from (1.5− 2)× 1020 cm−2 (K km s−1)−1

(Chapter 4 and 5). Located at ∼ 1.4 kpc from the Sun and l = 80◦, the
Cygnus complex lies at R ' 8.4 kpc from the Galactic center. From
these different measurements in the Galactic plane the XCO ratio at
the solar circle appears well defined. It is, however, significantly larger
than in nearby well-resolved clouds off the plane in Cassiopeia and
Cepheus (Chapter 4); the origin of the difference is not understood yet
(§ 7.2.2).

Using the XCO ratio I estimated the CO-bright molecular mass in the
complex. For this purpose I considered the region at 74◦ < l < 86◦,
−5◦ < b < 8◦, where most of the gas associated with the Cygnus
complex is located. Assuming a distance of 1.4 kpc (e.g. Hanson, 2003)
and a mean atomic weight per hydrogen atom in the ISM of 1.36, I ob-
tained a mass 2.3 +1.2

−0.1× 106M� (where the uncertainties are dominated
by the H I opacity correction). This value (taking into account the dif-
ferent assumption on the distance) is consistent with the results by
Schneider et al. (2006) based on higher-resolution, multi-isotopologue
CO observations and it depicts Cygnus as a super-massive molecular
complex.

Due to the small amount of CO-bright molecular gas in the outer
region of the Milky Way in this longitude window (Fig. 6.4), the deter-
mination of its emissivities is extremely sensitive to the details of the
model (including point sources) and I do not consider it for scientific
interpretation.

Dark gas

In Fig. 6.17 I show the emissivity per AV unit, qdust, versus the emis-
sivity per hydrogen atom column density, qH I, in the Cygnus complex.
A good linear correlation is found between the two emissivities over
three decades in energy, proving that γ-ray emission associated with
dust residuals is originated in the same physical processes as that as-
sociated with H I. AV residuals therefore trace interstellar gas.

9. The same level of uncertainty would affect the XCO derivation from another total
gas tracer such as the dust column-density.
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Figure 6.17: Top: emissivity per AV residual unit versus emissivity per hydro-
gen atom in the Cygnus complex (for TS = 250 K). The points
correspond to the different energy bins; the emissivities decrease
with increasing energy. The green line gives the best linear fit tak-
ing into account uncertainties on both axes. Bottom: residuals in
units of standard deviations as a function of H I emissivity.

With a procedure analogous to that adopted to estimate XCO, we can
use the emissivity per hydrogen atom to calibrate the dust-to-gas ratio
in the dark phase XAV ≡ N(H)/AV,res. I obtained XAV = (28± 2)×
1020 cm−2 mag−1 in the case of TS = 250 K, XAV = (48± 3) × 1020

cm−2 mag−1 in the case of TS = 100 K and XAV = (27 ± 2) × 1020

cm−2 mag−1 in the case of optically thin medium. XAV is therefore
[28± 2 (stat.) +20

−1 (H I opacity)]× 1020 cm−2 mag−1.
Assuming a standard total-to-selective extinction ratio RV = AV/E(B−V) =

3.10 (Wegner, 2003), the dust-to-gas ratio just estimated is ∼ 50%
higher than the average value in the diffuse ISM (Bohlin et al., 1978)
and a factor of 3 higher than what is inferred for the dark phase in
local clouds from γ-ray measurements (Grenier et al. 2005, Chapter
4). On the other hand in the fitting procedure to obtain the AV resid-
ual map (§ 6.2.2) I got a consistent estimate for the atomic phase of
N(H I)/AV = 29.6± 0.1× 1020 cm−2 mag−1 (statistical error only for
TS = 250 K). A possible explanation is provided by variations in the in-
terstellar extinction curve, determined by the distribution of dust grain
sizes (Cardelli et al., 1989). Straižys et al. (1999) reported an anomalous
extinction law in the Cygnus region, showing stronger extinction in the
violet and near UV region, that is supportive to the above hypothesis.
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The nature of the dark gas cannot be deduced from γ-ray observa-
tions. Whereas there are compelling theoretical and observational rea-
sons to believe that CO-quiet H2 is ubiquitous in the ISM (see § 3.3.3),
we cannot exclude that part of the dark gas traced by AV residuals
is missing cold atomic gas, especially since the dark phase appears at
the interface between the atomic and CO-bright phases in the nearby
clouds (Grenier et al., 2005). Temperatures as low as 40− 70 K were
measured in cold H I clouds (Heiles and Troland, 2003) and self ab-
sorption can be large when cold clouds are seen against more diffuse
warm H I. The AV residuals in Fig. 6.5 are partially correlated with an
H I self-absorption feature associated with the Cygnus complex (Gib-
son et al., 2005, Fig. 1d). Yet, the H I to H2 transition is very dynamical,
both in space and time, and it is difficult at this stage to conclude on
the exact mix of cold dense H I and relatively diffuse CO-quiet H2 that
forms the dark phase on the outskirts of CO-bright molecular clouds.

Regardless of its nature, the mass of the dark gas in the Cygnus
complex amounts (at 1.4 kpc) to 0.9 +0.4

−0.1 × 106M�. Given an atomic
mass of 5 +4

−1 × 106M� and including the CO-bright mass estimated
above the total interstellar mass of the Cygnus complex amounts to
8 +5
−1 × 106M�.
Assuming that all the dark gas is molecular, we can calculate the

molecular dark-gas fraction fDG = (Mmol−MCO)/Mmol, which amounts
to 10 0.27± 0.02, in excellent agreement with the model by Wolfire et al.
(2010). The dark-gas fraction is also consistent with our estimate given
in Chapter 4 for the nearby Cepheus and Cassiopeia clouds, which
have a factor of 2 lower column densities and a total masses < 2%
of that contained in the Cygnus complex. This also agrees with the
prediction by Wolfire et al. (2010) that the dark-gas fraction is almost
independent from the mean cloud column density and total mass.

6.3.3 The γ-ray excess in the inner Cygnus complex

Properties of the excess

In § 6.2.3 I got the detection of an extended excess of γ-ray emis-
sion associated with the innermost ∼ 100 pc of the Cygnus complex,
partially associated with the stellar cluster Cyg OB2 and a conspicu-
ous concentration of ionized gas. Fig. 6.18 shows the residual map
obtained above 10 GeV using model 5.e. The excess is also partially
associated with the Cyg OB9 association and the giant H II region S108

(Uyanıker et al., 2001), as well as with an expanding CO shell enclos-
ing a clump of atomic hydrogen (plausibly dissociated H2 produced
by the shell overtaking the surrounding molecular cloud, Butt et al.,
2003). The shell rim is populated by numerous H II regions (Paladini
et al., 2003).

In Fig. 6.19 I show the spectral energy distribution of the excess, ob-
tained by using model 5.e. I give upper limits at the 95% confidence
level below 1 GeV where the detection is not significant. The spec-
tra obtained by using other templates, like the free-free emission map
(supposed to trace ionized gas) in model 5.a, are well consistent with
that shown in Fig. 6.19. The excess flux in the energy band 1− 100 GeV

10. The dark gas fraction is very stable against the choice of H I spin temperature,
therefore the error on the dark-gas fraction is statistical only.
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Figure 6.18: Photon residuals ans in Fig. 6.10. We show different astrophysical
objects associated with the excess: the star clusters Cyg OB2 and
OB9, the giant H II region S108 (Uyanıker et al., 2001) and the
expanding CO shell described in Butt et al. (2003); the cross marks
the position of PSR J2021+4026/γ Cygni and the diamond that of
PSR J2032+4127/TeV J2032+4130. Overlaid also contours of total
gas column density from 5× 1021 cm−2 to 3× 1022 cm−2, equally
spaced by 5× 1021 cm−2.

amounts to (4.9± 0.8)× 10−8 cm−2 s−1; at the distance of 1.4 kpc the
corresponding luminosity is (7.3± 1.8)× 1027 W.

Interstellar emission or sources?

At energies of 1 − 10 TeV HEGRA detected within the boundary
of Cyg OB2 a source called J2032+4130 (Aharonian et al., 2005) with
an angular size of ∼ 0.2◦, significantly smaller than our excess. The
source, recently confirmed by VERITAS (Weinstein et al., 2009), coin-
cides with PSR J2032+4127. Camilo et al. (2009) detected radio emis-
sion from the pulsar and the dispersion measure gives a distance of
3.6 kpc, placing it farther beyond the Cygnus complex and therefore
making its hypothetical pulsar wind nebula an unlikely counterpart
to our 2◦-wide excess. While the extension of TeV J2032+4130 (of the
order of 10 pc at a distance of 3.6 kpc) is compatible with being pow-
ered by the pulsar wind of J2032+4127, these sources do not seem to
be related with our broader excess.

Synchrotron radiation shows that particle acceleration takes place
in the colliding winds of massive stars within binary systems, and
the predicted flux up to tens of GeV is close to the LAT sensitivity
threshold (Reimer et al., 2006). However, the peak of the excess is offset
from stellar clusters in the region, and only partially overlaps with
the most massive stars of Cyg OB2 (see later Fig. 6.20), so it appears
unlikely that the γ-ray emission is mainly powered by this process.

In model 5.f, where the excess is modeled by three discrete sources,
they all exhibit hard spectra, consistent with that of the extended tem-
plates, thus indicating that no obvious spectral variations can be de-
tected across the excess. The diffuse character of the excess therefore
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Figure 6.19: Spectral energy distribution of the excess γ-ray emission in the
inner Cygnus region (statistical errors only); 95% confidence-level
upper limits are given below 1 GeV. The open circle represents the
flux measured by the Milagro experiment (see Abdo et al., 2007)
in a region of 3◦ × 3◦ centered on the HEGRA source J2032+4130

(Aharonian et al., 2005) minus the flux of the HEGRA source ex-
trapolated to the Milagro energy band (see Abdo et al., 2007). The
solid curves represent the spectral energy distribution expected
from the local CR spectrum pervading the ionized gas (blue for
neff = 10 cm−3, cyan for neff = 2 cm−3, see text), up-scattering the
stellar light from Cyg OB2 (green), and up-scattering the dust and
stellar radiation present in the shell and along its ionization front
(magenta). For the latter, extending the local electron spectrum to
10 TeV yields the magenta dashed curve.

appears genuine although we cannot firmly rule out a superposition
of many hard sources in this crowded direction along the tangent of
the Local Spur.

Interstellar emission

The excess is located in a region of high gas density (Fig. 6.18), there-
fore the uncertainties on the interstellar masses and the modeling of
diffuse emission may cast doubts on the significance of the detection.
However, a left-over of emission arising from gas illuminated by CRs
with the local spectrum (as in Fig. 6.15) cannot explain the observed
hardness of the excess.

The excess is partially associated with a dense clump of ionized gas
traced by free-free emission. As noted above, the spectral shape of
the excess cannot be explained by interactions of gas with CRs with
the local spectrum. I used Eq. 6.2 to turn the free-free emission in-
tensities into column densities of H II, adopting Te = 8000 K and
neff = 2 − 10 cm−3 (Sodroski et al., 1997). I thus obtained in a re-
gion encompassing the bubble at 77.5◦ < l < 82◦, −1.5◦ < b < +3.5◦

a H II mass of 2− 10× 105M� at a distance of 1.4 kpc (. 10% of the
neutral gas). The conversion is highly uncertain, but Fig. 6.18 shows
that the γ-ray fluxes expected from ionized gas irradiated by the lo-
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cal CR spectrum is indicatively lower or comparable to the flux of the
excess and the spectrum is significantly softer.

Inverse Compton emission from the Cyg OB2 cluster was predicted
to approach the LAT detection threshold (Orlando and Strong, 2007),
but the present excess flux > 1 GeV of (4.9± 0.8)× 10−8 cm−2 s−1 is
larger by a factor ∼ 2.5 than the flux expected from the upscattered
optical stellar light by CR electrons with the local spectrum. The spec-
tral energy distribution predicted from the cluster using such electron
spectrum and the stellar properties described in § 6.2.2 is displayed in
Fig. 6.19. It is softer than the LAT excess, which is very hard up to
100 GeV.

The Milagro experiment measured extended γ-ray emission at en-
ergies > 10 TeV from the Cygnus region (Abdo et al., 2007), with a
remarkable enhancement (sometimes called MGRO J2031+41) in the
direction of our excess. With an average angular resolution of 0.5◦,
Milagro could not determine the extension of the excess. Abdo et al.
(2007) estimated that its flux exceeds by a factor of ∼ 3 the extrapo-
lation of the flux from TeV J2032+4130 to Milagro energies and they
possibly attributed the difference to diffuse emission. We added the
excess Milagro flux in Fig. 6.19. Note that both HEGRA and VERITAS
could miss the > 2◦ wide excess seen by the LAT: HEGRA observed
only a 1◦ × 1◦ region centered on J2032+4130 and the analysis of the
VERITAS Cygnus survey was optimized to detect either point-like or
moderately extended (r ' 0.2◦) sources (Weinstein et al., 2009).

In Fig. 6.20, a zoom around the excess has been overlaid on top of the
8 µm map of the region as observed by the MSX experiment (band A,
see Mill et al., 1994). The γ-ray excess only partially overlaps the
cluster of 85 O stars belonging to the Cyg OB2 association (Hanson,
2003). It follows the 50 pc long cavity which apparently extends from
Cyg OB2 to the γ Cyg remnant (Butt et al., 2003). Since there is no
evidence in H I or CO that the supernova shock wave blows up into a
hollow shell along this part of the rim (Ladouceur and Pineault, 2008),
it is not clear whether the shell actually connects Cyg OB2 and γ Cygni
or if we are facing a chance alignment. The γ-ray excess also correlates
with the photon-dominated regions (PDRs) which are excited along
the edges of the molecular clouds by the intense ionizing radiation
from the Cyg OB2 cluster, the Cyg OB9 association, and possibly a still
unidentified population of OB stars lying inside IC 1318 b/c (Schnei-
der et al., 2006). Along the ionization fronts, recombination lines, ex-
cited polycyclic aromatic hydrocarbons (PAH) lines, and heated dust
in the PDR layers produce an intense optical and infrared radiation
field that can provide pockets of inverse-Compton γ-ray emission in
addition to the large-scale contribution that we took into account in the
model and in addition to the emission from the OB2 cluster described
above. While the spectrum of IC emission from stellar radiation cuts
off in the 10− 100 GeV energy range due to the energy dependence of
the Klein-Nishina cross section, IC scattering on the infrared radiation
might extend the spectrum to higher energies.

Figure 6.21 shows an estimate of the average spectral energy density
of the soft radiation estimated within the contours of the γ-ray excess
of Fig. 6.20 for l > 78◦. It includes the cosmological background radi-
ation, two components for the stellar light scaled to an energy density
of 10 eV cm−3 for a temperature of 2900 K and 50 eV cm−3 for the field
expected at a distance of 10 pc from a 35000 K B-type star (Orlando
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Figure 6.20: 8 µm map of the inner Cygnus complex as obtained from MSX
data (band A). Overlaid γ-ray residuals from model 5.e (modified
forcing XCO to the best-fit value derived in the 100 MeV-10 GeV
energy band) smoothed with a Gaussian kernel of σ = 0.2◦. Solid
circles mark the core of the Cyg OB2 association (Hanson, 2003,
bottom left) and the γ Cyg SNR (top right). Crosses mark the
positions of the 85 O members of Cyg OB2 reported in Hanson
(2003). Dashed circles represent the distances around γ Cygni to
which particles of 10 GeV, 100 GeV and 1 TeV can diffuse (see text).

Figure 6.21: Spectral energy distribution of the average interstellar radiation
field in the region coincident with γ-ray excess. See text for a
description of the model.

and Strong, 2007). The data points were derived from measurements
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at 408 MHz (Haslam et al., 1981), 1.42 GHz (CGPS), and the 12, 25,
60, and 100 µm channels of IRAS. They were obtained by subtracting
the average intensity measured in three 1◦ × 2◦ regions away from the
excess (in the corners of Fig. 6.20) from the average intensity found
within the excess contours. This procedure aims at estimating magni-
tude of the local IC contribution due to the PDRs and massive stars in
addition to the large-scale Galactic component calculated with GAL-
PROP. IR points were fit using a standard dust emission law with a
temperature of 20 K, an opacity index of 1.8 and the intensity scaled
to the data point at 100 µm. The IC flux was estimated for the local
electron spectrum within the 50 pc radius region encompassed by the
best-fit Gaussian source and it is shown in Fig. 6.19. The enhanced
radiation field can explain the hardness of the LAT diffuse excess, but
not its flux, nor the Milagro measurement. A much larger electron flux
is required to match the data. Electron densities higher than those in
the solar neighborhood are also suggested by radio synchrotron emis-
sion from the Cygnus region (Orlando et al., 2009).

CR acceleration in the inner Cygnus complex?

OB associations have been proposed as possible CR sources. In the
superbubble (SB) scenario, illustrated in § 2.2.2, CRs are accelerated by
the collective action of massive-star winds and multiple SN explosions.
Cyg OB2, which is the most conspicuous stellar cluster in the region,
has an estimated age of 2 Myr (Hanson, 2003), which makes the ex-
plosion of a series of supernovae unlikely. Alternatively, mechanical
energy of powerful stellar winds alone in massive-star clusters might
sustain CR acceleration (e.g. Cesarsky and Montmerle, 1983; Domingo-
Santamaría and Torres, 2006). However, the peak of the excess is offset
from stellar clusters in the region, notably from Cygnus OB2.

Another possibility is that freshly accelerated CRs diffuse out from
the SNR in γ Cygni, whose rim shows a hard spectrum up to 100 GeV
(Fig. 6.13), possible signature of the presence of high-energy particles.
The maximum energy of particles accelerated by γ Cygni was approx-
imately evaluated following the procedure illustrated in Baring et al.
(1999). From optical observations Mavromatakis (2003) inferred that
the remnant is in the Sedov expansion phase, and estimated an age of
∼ 7 kyr for an ambient medium of density ∼ 0.3 cm−3 (Lozinskaya
et al., 2000). From X-ray observations Uchiyama et al. (2002) estimated
a shock velocity of 800+50

−60 km s−1 and a subsequent age of ∼ 6.6 kyr at
a distance of 1.5 kpc given the diameter of 1◦. This sets the transition
between the free and the Sedov expansion phases approximately 5 kyr
ago. CR streaming can amplify magnetic fields in SNRs and lead to
compression ratios r > 6 (e.g. Ellison et al., 2004); this in turns can
amplify the efficiency of diffusive shock acceleration so that CR accel-
eration efficiently takes place in the free expansion phase (e.g. Parizot
et al., 2006). The maximum energy of protons and electrons accelerated
by γ Cygni was therefore evaluated at the onset of the Sedov phase, as-
suming a massive star progenitor (explosion energy of 1044 J and ejecta
mass of 9 M�), the ambient density of 0.3 cm−3 quoted above, an up-
stream magnetic field of 6 µG (since the ambient density is almost the
same as the local one) and a ratio of downstream to upstream mag-
netic field strength of Bd/Bu = 0.83 r (e.g. Parizot et al., 2006) with a
compression ratio r = 7. By equating the diffusion length to the size
of the remnant 5 kyr ago the maximum energy for accelerated pro-
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tons resulted ∼ 30 TeV. The maximum energy of accelerated electrons
is limited by radiative losses: at the same epoch an upper energy of
∼ 20 TeV was obtained in the Bohm limit due to synchrotron radiation
in the amplified magnetic field and IC scattering on the CMB. While
the energies available are large enough to explain the LAT excess ei-
ther as the result of proton or electron interactions, an IC origin of the
Milagro excess seems problematic (Fig. 6.19) for particles accelerated
by γ Cygni.

For illustration purposes we also calculated the distances to which
particles of 10, 100, and 1000 GeV can diffuse from γ Cygni. Ac-
cording to Gabici et al. (2009), after a travel time τ particles diffuse
over a characteristic length L(E, τ) =

√
4 D(E) τ with D(E) = 1024 ×

(E/10 GeV)0.5 m2 s−1. The results are shown in Fig. 6.20 for τ = 5 kyr.
This illustrates that most of the excess region is compatible with an
enhanced CR flux originated from γ Cygni.

The correlation between the LAT excess and the bright regions near
Cyg OB2 and along the PDRs may favor a significant IC contribution
to the LAT flux. A puzzling fact is the concentration of γ-rays within
the rarefied shell rather than in the massive clouds where the SNR
is located. This would call for a scenario like the “champagne bub-
ble” described in Völk (1983); Grenier (2008). When the SNR shock
wave breaks away into a champagne flow (Tenorio-Tagle, 1979) to-
ward a low-density region, magnetic field lines are swept away in a
mushroom-like configuration (Völk, 1983, Fig. 2). Particles advected
with the shock can stream along the field lines and flow back to the
shell rim to produce γ-rays through IC scattering in the PDRs at the
edges of the clouds or π0 decay in their dense photo-dissociated lay-
ers. In this scenario, the Cygnus region would offer the first resolved
example of a γ-ray champagne flow to be studied.

Interestingly, the HESS collaboration reported the detection of very
high-energy extended γ-ray emission toward other massive-star form-
ing regions. Aharonian et al. (2007) reported an extended source coinci-
dent with the massive stellar cluster Westerlund 2 in the Carina region:
the extension and variability studies indicate that the source is associ-
ated to the massive H II region and its ionizing cluster, perhaps because
of CRs accelerated inside bubbles or at their termination shock and
interacting with the surrounding environment. HESS also detected
emission from the Galactic center ridge with a hard spectral index
of about −2.3 (Aharonian et al., 2006). Such emission coincides with
the conspicuous star-forming regions of the Arches, Quintuplet and
Sgr B2 clusters. In this case, the authors seemed to favor a hadronic
origin because of the correlation between γ-ray emission and dense
molecular material traced by CS (carbon monosulfide), while the asso-
ciation with PDRs favor an IC origin of our excess toward the inner
Cygnus complex. However, attributing the Galactic ridge emission to
a passing wave of ions produced by a central source like Sgr A East
leaves open issues (e.g. Grenier, 2008) and, given the Milagro measure-
ment in Cygnus, a suggestive analogy between our excess and the very
high-energy emission measured by HESS toward massive star forming
regions is possibly foreseen.
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6.4 summary of the results

– Interstellar γ-ray emission averaged over ∼ 400 pc around the
Cygnus complex highlights a CR population similar to that in the
local interstellar space.

– The XCO ratio inferred from γ-ray data is consistent with other
LAT estimates for the Local Spur.

– Dark gas not traced by the combination of H I and CO lines is
detected for a mass equivalent to ∼ 40% of that traced by CO. Its
γ-ray emissivity shows a good proportionality to that of atomic
gas from 100 MeV to 100 GeV.

– Extended excesses of γ-ray emission are detected in association
with the Cygnus Loop and γ Cygni SNRs.

– An extended hard-spectrum excess of γ-ray emission is detected
toward the innermost 100 pc of the Cygnus complex, partially
associated with the massive star clusters Cyg OB2 and OB9, TeV
emission detected by Milagro and an expanding gas shell possibly
connecting Cyg OB2 to the γ Cygni SNR and bordered by bright
PDRs and H II regions. The excess may indicate the presence of
larger densities of high-energy particles with respect to the sur-
rounding clouds.
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7S U M M A RY A N D C O N C L U S I O N S

High-energy γ-ray emission carries information about energetic pro-
cesses occurring in the interstellar space, notably the interactions be-
tween CRs and interstellar matter and radiation fields. In the previous
chapters I presented in-depth analyses of LAT observations for three
regions of the sky, the outer Galaxy seen in the second and third quad-
rants and the Cygnus complex.

The results provide insights on the relation between CR densities
and the distribution of putative CR sources. The results also constrain
the census of the interstellar medium over a few kpc from the solar
system.

In this chapter I summarize those results and I discuss their impli-
cations for the origin of Galactic CRs, the use of the J = 1 → 0 line
of 12CO as a tracer of molecular masses and the ubiquitous dark gas
missed by the most conventional radio/mm-wave lines.

7.1 the distribution of cosmic rays in the galaxy

7.1.1 Summary of the results

Fig. 7.1 summarizes the measurements of H I emissivities presented
along the thesis, spanning a few kpc from the solar circle to the outer
Galaxy. The uncertainties are due to the opacity correction applied
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Figure 7.1: H I emissivity integrated above 200 MeV as a function of Galacto-
centric radius for the different regions studied in the thesis.

to H I data, based on the assumption of a uniform spin temperature
(§ 2.1.2).

γ-ray data support average spin temperatures > 200 K for the outer
Galaxy, corresponding to a blend of . 20% cold gas and the rest warm,
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as deduced from absorption/emission pairs (Dickey et al., 2009). The
thermodynamic temperature, however, varies from ∼ 40 K for cold
atomic clouds to several thousands K in the warm diffuse medium.
We evaluated the uncertainties due to the opacity correction procedure
varying the uniform spin temperature in the range 100 K < TS <
∞. The value of 100 K was chosen as lower bound in the uniform
approximation since Eq 2.10 yields that TS > TB, and a TB > 100 K is
observed over many lines of sight in the regions studied.

The spin temperature impacts the determination of the emissivity in
two different ways, by modifying the total mass of gas and by shaping
the structures of N(H I) maps which are driving the component sepa-
ration procedure. The impact is more severe in regions with higher gas
densities, like the Cygnus complex and the Perseus arm. This is cur-
rently the dominant source of uncertainty in the estimate of H I emis-
sivities and, subsequently, of CR densities from γ-ray observations.

The H I emissivities in Fig. 7.1 are remarkably uniform: variations
are . 20% over 1 kpc around the Sun and less than a factor 2 over
6 kpc in Galactocentric radius toward the outer Galaxy. The small dif-
ferences . 20% between the regions studied in the second and third
quadrants are interesting in relation to the possible accuracy of axisym-
metric models of CR propagation in reproducing γ-ray data.

7.1.2 The coupling of cosmic-ray and interstellar medium densities

The association between γ-ray emission and remarkable structures
of the ISM, like the tangent points of the spiral arm, led to the idea
of a dynamical coupling between CR and ISM densities (§ 3.3.1). LAT
accurate measurements of H I emissivity provide a new ground for
confronting this idea with observational evidence.

We obtained a few estimates of H I emissivity along the Local Spur.
The Cygnus complex exhibits a factor of ∼ 2 higher gas surface den-
sities than the segments of the Local Spur studied in the second and
third quadrants, and a factor of ∼ 5 higher than the diffuse medium
observed in the mid-latitude region of the third quadrant used to esti-
mate the local H I emissivity (§ 3.2.2). In spite of such sizable variations,
no significant differences are seen in Fig. 7.1 between the emissivities
inferred from LAT data.

In Chapter 5 we also studied the gradient of H I emissivity along a
line of sight where there is an interarm region with lower gas surface
densities between the Local Spur and the Perseus spiral arm. Although
a small contrast in emissivity < 10%− 20% is compatible with data
(Fig. 7.1), this was found to be much smaller than what expected from a
coupling length of ∼ 1− 2 kpc (Bertsch et al., 1993; Hunter et al., 1997),
given the difference of 30% − 40% in average gas surface densities.
Studies of individual regions considered so far did not provide any
evidences of coupling between CR and ISM densities, although small-
scale effects cannot be excluded at the present stage.

7.1.3 The cosmic-ray gradient problem in the outer Galaxy

In spite of a steep decrease of putative CR sources beyond the solar
circle (Fig. 2.6), no significant variations of gas emissivity are evident
from Fig. 7.1. Widely used propagation models predict a sizable de-
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crease of CR densities in the outer Galaxy (e.g. Fig. 4.3), therefore LAT
measurements strengthen the CR gradient problem (§ 3.3.1).

An unknown parameter with large impact on the radial gradient of
CR densities is the size of the propagation halo (e.g. Stecker and Jones,
1977; Strong and Moskalenko, 1998). The distribution of putative CR
sources in the Galaxy is also highly uncertain (§ 2.2.2), so a flatter
distribution in the outer Galaxy is, a priori, a viable possibility. We
explored these tentative solutions of the gradient problem in § 5.1. In
Fig. 7.2 I compare the summary of H I emissivities collected along the
thesis (Fig. 7.1) with the CR propagation models presented there.
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Figure 7.2: H I emissivity integrated above 200 MeV as a function of Galac-
tocentric radius, compared with different CR propagation models.
With respect to § 5.1 (Fig. 13) the model-predicted emissivities were
integrated above 200 MeV and renormalized to match the average
of the measurements at the solar circle.

Based on the observed distribution of pulsars and SNRs, LAT data
favor large propagation halos, with heights zh & 10 kpc. Let us note
that zh = 10 kpc is approximately the maximum halo height allowed
by 10Be/9Be measurements (§ 2.2.3). On the other hand, assuming
zh = 4 kpc as in Fig. 7.2 (right panel) and in many pre-Fermi stud-
ies (e.g. Strong et al., 2004a,b), the LAT profile would imply a flat CR
source distribution at the solar circle and beyond. This would be in
contrast with all the available tracers of CR sources and their progen-
itors, massive OB stars (Fig. 2.6) as well as with the observations of
the 26Al line, which is a tracer of explosive nucleosynthesis products
(Diehl et al., 2006).

Different propagation scenarios need to be considered before firm
conclusions can be drawn. Let us mention, e.g., that Evoli et al. (2008)
proposed a propagation model with non-uniform diffusion satisfacto-
rily reproducing EGRET data.

Missing gas might bias the estimate of H I γ-ray emissivities and
origin of the gradient problem. Strong et al. (2004b) proposed for this
reason an increase of one order of magnitude in XCO beyond the so-
lar circle. The analyses reported in the thesis do not confirm such a
large increase as I will summarize in § 7.2.2, yet, a strong XCO gradi-
ent would not explain the small H I-emissivity variations. Abundant
quantities of warm, diffuse, dark molecular gas were suggested to be
present in the low-metallicity environments of the outer Galaxy (Pa-
padopoulos et al., 2002); other models (e.g. Wolfire et al., 2010) of the
dark phase, however, do not provide enough dark gas to explain our
emissivities.
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7.2 co as molecular mass tracer

7.2.1 Summary of the results

The results presented along the thesis support the use of WCO as a
tracer of molecular masses for the cold CO-bright clouds. In particular,
the good correlation between CO and H I γ-ray emissivities over more
than two decades in energy and more than a factor of 2 column densi-
ties of gas (Fig. 11 of § 4.1, Fig. 10 of § 5.1 and Fig. 6.16) indicates that
systematic biases due to effects like incomplete penetration of CRs into
the dense molecular cores or interactions with freshly accelerated CRs
from sources embedded in the clouds, if present, are generally small.

In Fig. 7.3 I summarize the Xγ values derived from the studies ded-
icated to the second quadrant, the third quadrant and the Cygnus re-
gion. The XCO ratio as deduced from γ-ray observations is remark-
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Figure 7.3: XCO as a function of Galactocentric radius R. Points give the values
reported along the thesis for the different regions analysed in the
second and third quadrants and the Cygnus complex. Mean values
are provided for the case of a uniform value of TS = 250 K adopted
for the H I opacity correction. End-cap bars mark statistical errors,
whereas plain bars mark the systematic uncertainties due to the
H I opacity correction. For reference we report the two models by
Strong et al. (2004b); Nakanishi and Sofue (2006). EGRET results
were summarized in Fig. 3.5.

able constant for clouds in the plane, from the solar circle to the outer
disk of the Milky Way up to R ' 14 kpc, in good agreement with
global estimates derived from γ-ray observations (e.g. Strong and Mat-
tox, 1996) and other total gas tracers such as dust (e.g. Dame et al.,
2001). The mid-latitude clouds of Cassiopeia, Cepheus and Polaris
show a factor of 2 lower Xγ, consistently with previous estimates based
on EGRET data (Digel et al., 1996).

The calibration of XCO based on γ-ray observations provides values
systematically lower than estimates based on virial masses, as one can
deduce comparing our results in Fig. 7.3 with the conversion function
by Nakanishi and Sofue (2006) and I verified studying the masses of
individual clouds in Chapter 4.
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7.2.2 Variations in XCO?

Many evidences suggest that XCO might vary over the Galactic scale
(§ 3.3.2). The low metallicity of the outer disk of the Milky Way would
be expected to lead to an increase in XCO, also because of the dimin-
ished self-shielding effect and subsequent CO photodissociation by UV
radiation. Virial masses (Digel et al., 1990) and observations of metal-
poor external galaxies support this idea (Israel, 1997). No significant
variations, however, are suggested in the Galactic disc by our results
from the solar circle to the Perseus spiral arm over distances of a few
kpc. Notably, our results are not consistent with the model developed
by Strong et al. (2004b) predicting a steep increase in XCO just beyond
the solar circle, and therefore strengthen the CR gradient problem in
the outer Galaxy (§ 7.1.3).

The nearby, well-resolved clouds of the Gould Belt of the Cas/Cep
complex have a factor of ∼ 2 lower Xγ with respect to the clouds
studied in the plane. The origin of this difference is not understood yet.
Our results, however, are consistent with previous estimates based on
EGRET data for the Cepheus and Polaris flares (Digel et al., 1996) and
other mid-latitude nearby clouds like Ophiuchus (Hunter et al., 1994).
In addition to metallicity, other physical parameters should influence
XCO, notably density and temperature in the cloud 1. Let us also note
that, because of the different linear resolution, for distant clouds in the
plane we predominantly sample the cores, whereas for nearby clouds
we are more sensitive to the outer layers, and translucent high-latitude
clouds are known to have low XCO ratios (e.g. de Vries et al., 1987).

Contamination from unresolved point sources which mimic the spa-
tial distribution of the clouds is expected in massive-star forming re-
gions. This effect can be ruled out for the Cas/Cep clouds which
produce few high-mass stars and, at a distance of ∼ 300 pc, are ob-
served in γ-rays with a linear resolution of ∼ 3 pc. It might bias,
on the other hand, the XCO estimate for more distant, less resolved
clouds associated with regions of massive star formation like Cygnus
and NGC 7538/Cas A. Resolution problems are also becoming more
severe with increasing distance and may influence the determination
of Xγ because of the increasingly less reliable separation between the
CO-bright cores of interstellar clouds and their CO-quiet/atomic en-
velopes.

7.2.3 XCO: γ-rays and other calibrators

The calibration of XCO with γ-ray data (§ 3.3.2) is based on the
assumptions the CR densities are almost uniform over the charac-
teristic scales of interstellar complexes and that they penetrate uni-

1. We can illustrate the dependence of XCO on density and temperature with a toy
calculation.

WCO ' TCO σv

N(H2) '
M
r2

For a cloud in virial equilibrium

σ2
v '

GM
r

so that

XCO ≡
N(H2)

WCO
' M

r2 TCO σv
∝

√
n(H2)

TCO
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formly clouds to their cores in spite of the possibly enhanced mag-
netic fields. In addition to failures of these hypotheses other important
limitations are given by possible contamination by unresolved γ-ray
sources, unmodeled structures in IC emission and resolution problems.
The methodology used to calibrate XCO based on γ-ray measurements
makes Xγ an estimate of XCO ≡ N(H2)CO/WCO, with N(H2)CO col-
umn density of molecular gas directly proportional to WCO, rather
than of total molecular masses.

We have shown that virial masses of clouds are systematically higher
than masses inferred by CO luminosity calibrated through γ-ray obser-
vations. We first note that virial masses are total dynamical masses and
therefore intrinsically different from the CO-bright masses obtained
from γ-rays. On the other hand the differences can be attributed to the
limitations of both approaches. For virial estimates the main issues are
linked to the assumption of clouds held in equilibrium against gravi-
tational collapse by turbulent motion only, whereas magnetic support
probably plays an important role, to the estimate of turbulent veloc-
ity from the width of the CO lines and to the working hypotheses of
simple geometrical shapes and mass distributions in the clouds (e.g.
spherical clouds with mass density varying as 1/r).

It is interesting to note that new results are being released by the
Planck and Herschel satellites concerning the gas distribution in the
Galaxy. Dust can be used as a total mass tracer in the very same way
as γ-ray emission (§ 2.1.3). Past whole-sky analyses (e.g. Dame et al.,
2001) provided a calibration consistent with that obtained from γ-ray
observations (e.g. Strong and Mattox, 1996). Early results from Planck,
based on the assumption of an analogous emissivity for the dust in
the atomic and molecular phases, indicate higher average values in
the solar neighborhood (Ade et al., 2011). Further comparisons for
individual clouds or complexes will bring interesting insights on the
census of the ISM and on possible variations of the dust emissivity in
different environments (e.g. Paradis et al., 2009).

7.3 dark gas

Total mass tracers such as dust and interstellar γ-ray emission are
a useful probe of the completeness of our census of the ISM mainly
based on the 21-cm H I line and the 2.6-mm CO line. Grenier et al.
(2005) reported the presence of correlated excesses of dust and γ-ray
emission in EGRET data over the H I and CO maps, forming structured
envelopes at the interface between the CO-bright cores and the H I

outskirts of nearby clouds in the Gould Belt. Because of the location at
the interface between the CO-bright and atomic phases of the clouds,
and the lack of plausible alternative emission mechanisms, Grenier
et al. (2005) attributed the excess to neutral dark gas (§ 3.3.3).

We confirmed the presence of such excess in nearby clouds of the
Gould Belt in the Cas/Cep complex (Chapter 4). Detecting dark gas in
the disc of the Milky Way is more challenging, due to confusion along
the line of sight and dust-emissivity gradients in regions of massive-
star formation. Resorting to visual extinction of near-infrared sources
as dust tracer, for first time we detected an analogous excess in the
massive star-forming region of Cygnus (Chapter 6).

In both cases we were also able to study the emissivity spectrum
of the excess, and we found a good linear correlation with the H I
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emissivity spectrum over more than two decades in energy (Fig. 13 of
§ 4.1 and Fig. 6.17). This is a very strong evidence which supports the
interpretation of the dust/γ-ray excess as additional gas not properly
traced by the radio/mm-wave lines rather than pockets of IC emission
or problems of source contamination.

The dust-to-gas ratio inferred for the dark phase from γ-ray mea-
surements for the clouds of the Cas/Cep complex using as dust tracer
the E(B−V) color excess is consistent with the estimate derived for
local clouds by Grenier et al. (2005) based on EGRET data. This is a
factor of 2 lower than the reference value in the diffuse ISM (Bohlin
et al., 1978), but consistent, as shown by Grenier et al. (2005) with the
average for the CO-bright phase in local clouds. On the other hand, the
dust-to-gas ratio obtained for the Cygnus complex using as dust tracer
the visual extinction AV is 50% higher than the reference value for a
standard total-to-selective extinction ratio RV = AV/E(B−V) = 3.10
(Wegner, 2003), but consistent with the estimate of the dust-to-gas ra-
tio in the atomic phase derived in the analysis. The high dust-to-gas
ratio in the atomic and dark phase might be due to variations in the
interstellar extinction curve (Cardelli et al., 1989; Straižys et al., 1999).

The γ-ray emission from dark gas provides a calibrator of its masses.
The mass in the dark phase results 40%− 60% of that traced by CO
(Table 3 of § 4.1 and § 6.3.2). If we assume that all the dark gas is
molecular, the dark molecular fraction results to be ∼ 30% almost in-
dependently from mean column density and total mass in the clouds,
in remarkably good agreement with the model by Wolfire et al. (2010).
However, the nature of the dark gas, either molecular or atomic, is
not clear yet. Large uncertainties are due to the limited knowledge
of the masses of atomic gas related to the opacity correction (§ 2.1.2).
Recent measurements by the Planck satellite (Ade et al., 2011) seem to
suggest larger masses of dark gas, exceeding those traced by CO; the
difference from our results based on LAT data is not understood yet,
but variations in the dust emissivity (e.g. Paradis et al., 2009) and the
problem of the H I optical depth might play a significant role.

7.4 interstellar emission in massive-star forming regions

Over last years observational results strengthened the link between
massive-star formation activity and CR acceleration. On one hand,
ground-based instruments detected TeV emission from massive-star
forming regions in the Galaxy, including the Carina (Aharonian et al.,
2007) and Cygnus complexes (Abdo et al., 2007) and perhaps the Arches,
Quintuplet and Sgr B2 clusters in the inner Galactic ridge (Aharonian
et al., 2006); on the other hand, they revealed starbust galaxies as very
high-energy γ-ray sources (The VERITAS Collaboration, 2009; Acero
et al., 2009). The LAT detected so far intense γ-ray emission from the
starbust region 30 Dor in the Large Magellanic Cloud (§ 3.4.2) and
correlation between γ-ray luminosity and star-formation rate in a few
external galaxies (§ 3.4.3).

A direct evidence for a relation between star-formation activity and
interstellar emission intensities was missing so far in our Galaxy. In
Chapter 6 we detected hard extended emission associated with the
innermost 100 pc of the Cygnus region and the TeV emission mea-
sured by Milagro (Abdo et al., 2007). The excess partially overlaps the
Cyg OB2 and OB9 stellar clusters, the giant H II region S108 and an ex-
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panding cavity in the interstellar clouds possibly connecting Cyg OB2

to the γ Cygni SNR, whose edges are populated by bright photon-
dominated regions (PDRs) and numerous H II regions.

While the association between γ-ray emission and PDRs suggests
a significant IC contribution, electron fluxes larger by about one or-
der of magnitude than those measured near the Earth are required
to reproduce the observed γ-ray fluxes at energies > 10 GeV. Particle
acceleration in the nearby γ Cygni SNR can provide the needed CR
densities, but the morphology of γ-ray emission would call for an ef-
ficient advection of freshly accelerated particles in the gas cavity, like
in the “champagne bubble” scenario depicted by Völk (1983); Grenier
(2008). This would offer the first resolved example of a γ-ray cham-
pagne flow to be studied in γ-rays. In this scenario, however, it is
difficult to explain the Milagro excess in terms of IC emission if the
CR source is identified in the γ Cygni SNR because of the cutoff in
the electron spectrum due to their severe radiative energy losses in
amplified magnetic fields.

This finding seems to support the link between star formation ac-
tivity and CR acceleration and offers a possible GeV counterpart to
TeV emission unveiled by ground-based instruments in massive-star
forming regions.

7.5 future prospects

The main limitation in the interpretation of high-energy interstellar
γ-ray emission in terms of CR and ISM densities is currently the H I

opacity problem (§ 7.1). Reliable determinations of the atomic gas
masses are required to improve the accuracy of the results; larger
surveys of emission/absorption pairs and the modeling of the ISM
thermo-hydrodynamics are complementary to achieve this objective.

In spite of current uncertainties, the gradient problem in the outer
Milky Way challenges our picture of CR origin and propagation in the
Galaxy. LAT studies of interstellar emission from other local clouds
and from the inner disc of the Milky Way will add further pieces to
the puzzle. The large scale modeling of interstellar γ-ray emission,
ongoing in the Fermi LAT collaboration (e.g. Strong, 2011), will help
to consider LAT measurements in the context of multiwavelength/-
multimessenger constraints on CR propagation. This will complement
observations of putative CR sources in γ-rays and at other wavelengths
to constrain CR acceleration and transport.

The systematic study of emission from local clouds with LAT data,
also at higher resolution when more high-energy photons will be avail-
able, is fundamental to better understand the properties of ISM tracers
and constrain the census of the interstellar gas in the Galaxy, to probe
for variations of XCO from cloud to cloud, to investigate the difference
found between clouds in the plane and the clouds in the Cas/Cep com-
plex and to evaluate the dust-to-gas ratio in the dark phase and gauge
the dark masses.

On both the CR and ISM side, complementary results are being pro-
vided by the Planck satellite, which observes in the microwave domain
the synchrotron emission from high-energy electrons and ISM tracers
such as free-free emission and dust thermal emission.

The γ-ray excess in the inner Cygnus complex provides the first ev-
idence at GeV energies in our Galaxy of the apparent link between



7.5 future prospects 157

massive-star formation activity and interstellar γ-ray emission. Fur-
ther observational results are needed to consolidate this finding, pri-
marily from the analysis of LAT observations in other massive-star
forming regions where VHE γ-ray emission was detected, namely the
Carina complex and the inner Galactic ridge, where, however, the inter-
pretation of data is complicated by the confusion along the line of sight
and the loss of linear resolution with increasing distance. Other impor-
tant insights are expected from a systematical search for emission from
external galaxies in LAT data, and the implications in terms of the γ-
ray luminosity/star formation rate relation. The study of massive-star
forming regions should be pursued also with deeper observations at
very high energies by current (VERITAS, HESS, MAGIC) and future
experiments (CTA/AGIS). Studies in the energy band around 100 GeV,
bridging spaceborne to ground-based γ-ray observations, will be key
to constrain the underlying emission mechanisms and investigate CR
acceleration and transport in superbubbles and regions hosting mas-
sive stellar clusters.





Part III

T E C H N I C A L M AT E R I A L





When a distinguished but elderly scientist
states that something is possible,

he is almost certainly right;
when he states that something is impossible,

he is probably wrong.

— Arthur C. Clarke, Profiles of the Future





AR E S I D U A L B A C K G R O U N D S I N L AT D ATA

Keeping under control residual backgrounds is a fundamental part
of LAT data analysis. Residual backgrounds are made of misclassified
CR interactions in the LAT, which can be further distinguished in re-
ducible and irreducible backgrounds. A second component is given
by γ-rays produced by interactions between CRs and the Earth atmo-
sphere.

In this appendix I will report on some activities where I gave a
personal contribution concerning the monitoring of reducible back-
grounds, performed by comparing contaminated and purer classes,
the modeling of residual CR backgrounds for high-level analysis and
the contamination from the Earth’s atmospheric emission.

a.1 residual backgrounds from misclassified cr inter-
actions

The event classification described in § 1.1.2 leads to the definition of
event classes; they differ in the tuning of the instrument performance
and the residual background contamination. Even in the purest classes,
which partially sacrifice the efficiency to get lower backgrounds, the
presence of some residual background contamination from misclassi-
fied CR interactions is unavoidable.

The residual CR backgrounds can be distinguished in two classes
(Atwood et al., 2009):

reducible backgrounds : background events hitting the LAT and
erroneously classified as γ-rays, which in principle could be rec-
ognized as background events and discarded;

irreducible backgrounds : background events originated by CR
interactions with the passive materials (e.g. the thermal blanket)
surrounding the detector and producing γ-rays which then are
detected by the LAT.

The latter class cannot be eliminated and it constitutes the majority of
residual background in the purest classes.

The CR fluxes hitting the LAT depend on the position along the
orbit (more specifically, on the geomagnetic coordinates), but for ob-
servations lasting many orbits the residual background contamination
is expected to be almost isotropic with respect to celestial coordinates.
The scientific objectives of the Fermi mission require to keep the back-
ground contamination under control, especially to study broadly dis-
tributed diffuse components, but also for the detailed spectral model-
ing of individual sources.

Monitoring reducible backgrounds

The monitoring of reducible backgrounds is possible from the com-
parison between contaminated and purer data samples. This purpose
can be achieved using vertex only events as purer class (§ 1.1.2; see At-
wood et al., 2009), since background events can hardly mimic a vertex.

163
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An alternative option is to define event classes with tighter selection
criteria.

I will describe in this paragraph a method I developed to evaluate
the spectrum of reducible backgrounds without resorting to Monte-
carlo simulations. Let us suppose to have a data sample 1 containing
t1 events

t1 = b1 + s1 (A.1)

where s1 is the number of signal events (true photons) and b1 is the
number of residual background events.

I will assume three working hypotheses:

1. we can extract a subsample, data sample 2, with a higher purity
(using vertex events or tighter rejection criteria); let us say that
the data sample 2 is composed by

t2 = b2 + s2 (A.2)

events (s2 < s1, b2 � b1);

2. we can estimate the ratio between signal in the data sample 2

and 1

r =
s2

s1
(A.3)

(which can be done, e.g., considering on-pulse events from bright
pulsars or events associated with AGNs at high energies);

3. we can select a time-scale for our analysis which allows to ap-
proximate the background as isotropic.

We obtain the system
t1 = b1 + s1

t2 = b2 + s2

r = s2
s1

(A.4)

The system has not a single solution. Let us introduce the auxiliary
variable

x = t1 − t2 (A.5)

The difference between first and the second equation of the system A.4
yields

x = b1 + s1 − b2 − s2 =

= b1

(
1− b2

b1

)
+ s1

(
1− s2

s1

)
=

= b1

(
1− b2

b1

)
+ s1 (1− r) (A.6)

Eq. A.6 yields

s1 =
x− b1

(
1− b2

b1

)
1− r

(A.7)

Let us introduce a second auxiliary variable

y = t1 + t2
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Eq. A.7 yields

y = b1

(
1 +

b2

b1

)
+ s1 (1 + r) =

= b1

(
1 +

b2

b1

)
+

1 + r
1− r

[
x− b1

(
1− b2

b1

)]
=

=
1 + r
1− r

x + b1

[
− 2r

1− r
+

2
1− r

b2

b1

]
(A.8)

If we introduce the cleaning parameter

w = r− b2

b1
(A.9)

Eq. A.8 yields

2wb1 = (1 + r)x− (1− r)y (A.10)

wb1 = r
x + y

2
− y− x

2
(A.11)

and subsequently

b1 =
rt1 − t2

w
(A.12)

If data sample 2 were background free (b2 = 0), then w = r (and
b1 = t1 − t2/r). In fact r and b2/b1 have the same order of magnitude.
But we know the quantity

z =
t2

t1

We will show later that we can approximate w ' z and so

b1 '
rt1 − t2

z
(A.13)

The procedure illustrated is performed over a grid in energy to derive
the spectrum of reducible backgrounds in the contaminated class, and
it is useful especially to understand if any spectral features are real or
due to background leakage.

Let us show now the limits of applicability of Eq. A.13. Eq. A.12 can
be written as

b1 =
rt1 − t2

z
(

1 + w− z
z
) (A.14)

and so Eq. A.13 provides a good approximation of b1 when

w− z
z
� 1 (A.15)

If we introduce the contaminations of class 1 and 2

c1 =
b1

t1
c2 =

b2

t2
(A.16)

we can write

w =
t2 − b2

t1 − b1
− b2

b1
=

= z
(

1− c2

1− c1
− c2

c1

)
=

= z
1− c2

c1
1− c1
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and so

w− z
z

=
1− c2

c1
1− c1

− 1 =

=
c1

1− c1
·
(

1− c2

c2
1

)
(A.17)

Let us define two functions

f (c1) =
c1

1− c1
(A.18)

and

g(c1, c2) =

(
1− c2

c2
1

)
(A.19)

Eq. A.17 can be written as

w− z
z

= f (c1) · g(c1, c2)

and Eq. A.14 yields

b1 =
rt1 − t2

z (1 + f (c1) · g(c1, c2))
(A.20)

Fig. A.1 shows f as a function of c1. f is small when c1 is small, i.e. for
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Figure A.1: f as a function of c1.

data samples with a reasonably low contamination. On the other hand
Fig. A.2 shows g as a function of c1 (fixed c2/c1): the modulus of g
is big for very small contaminations of data sample 1, which, however,
are quite unrealistic. Fig. A.3 finally shows f · g = (w − z)/z as a
function of c1 (fixed c2/c1): there is a wide range of contaminations
where

w− z
z

. 20%

and so the approximation of Eq. A.13 can be practically used; this can
be verified using Montecarlo simulations.
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Figure A.2: g as a function of c1 for c2/c1 = 0.25.
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Figure A.3: f · g as a function of c1 for c2/c1 = 0.25.

Modeling the CR residual background: the isotropic background template

Even in the purest event classes there is some level of residual CR
background contamination, mostly from irreducible events. Over short
time-scales the residual backgrounds have a strongly anisotropic distri-
bution depending on the position of the LAT along its orbit; therefore
in short-time observations, e.g. of transient phenomena, the modeling
of residual background as a function of the satellite position is required
(for details see Abdo et al., 2009i).
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Over time scales of some days/weeks the distribution of accumu-
lated residual CR backgrounds are expected to be isotropic with re-
spect to the sky, as CRs show highly isotropic arrival directions in the
relevant energy range. Thus, there is no need to separate the residual
CR contamination from the isotropic γ-ray emission (EGB, see § 3.1.1),
except for the study of the EGB itself. The residual CR contamination
and the EGB form together the isotropic background.

The spectrum of the isotropic background has to be careful modeled
to avoid systematic effects. It is not modeled assuming an a priori
model, but instead directly from LAT data allowing for an isotropic
component with free flux in several independent energy bins, over
a grid fine enough to meet the needs of the analysis. The isotropic
background can be estimated along with the analysis, or can be pre-
computed for standard studies, especially those of individual sources.

The LAT collaboration releases with the data a model of the Galactic
interstellar emission and the isotropic background template for the rec-
ommended analysis classes 1. The isotropic spectrum is pre-computed
through a fit to LAT data avoiding the Galactic plane (namely b >
30◦) to minimize the effect of Galactic emission; the underlying sky
model assumes an isotropic component as well as the Galactic emis-
sion model and individual sources from a LAT catalog. Since in the
fitting procedure the isotropic background potentially overtakes any
smooth large-scale foreground component not included in the sky
model, it is important to use it in association with the very same Galac-
tic diffuse model that was used for its derivation. It is worth to note
that the distributed isotropic spectrum is only a template of pseudo
γ-ray fluxes, i.e. a fictitious γ-ray source which convolved with the
IRFs produce an isotropic signal equivalent to that observed. For this
reason it depends on the event selection applied to data and the IRFs
used for analysis. Fig. A.4 shows the publicly available pre-computed
spectrum of the isotropic background for the P6 Diffuse event selec-
tion (P6_V3_DIFFUSE IRFS), compared with the results of other studies
based on the same event selection/criteria/IRFs.

a.2 contamination from the earth’s atmospheric γ-ray

emission

CR interactions with Earth’s atmosphere originate γ-rays which trig-
ger the LAT. The Earth’s atmosphere is bright compared to celestial
γ-ray sources for the LAT because of its proximity. It therefore consti-
tutes not only an interesting physical phenomenon, but also an excel-
lent observational target for calibration purposes (Abdo et al., 2009d).
However, it is also an insidious background for studies of celestial
emission. Being made from real γ-rays, the only criterion to limit the
atmospheric contamination is provided by the directional information.
Residual Earth’s atmospheric contamination is a potential issue for
data analysis since it is strongly anisotropic and not straightforward
to model.

At an height of ∼ 565 km, the LAT sees the Earth’s limb at ∼ 112◦

from the zenith. In the standard survey mode the LAT rocks by 50◦

toward either orbital pole on alternate orbits 2. The Earth’s limb is

1. http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

2. The rocking angle changed over the mission in the range 35◦ − 50◦; the chosen
value is a trade-off between the needs of getting almost uniform exposures toward the

http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Figure A.4: Pseudo spectrum of the isotropic background for the P6

Diffuse event selection (P6_V3_DIFFUSE IRFS). Black circles:
the pre-computed spectrum distributed by the FSSC as
isotropic_iem_v02.fits. Blue triangles and red crosses: the
spectra derived by Abdo et al. (2009c,g), respectively, for mid-to-
high latitude regions of the sky. For reference the green line gives
the estimate by Abdo et al. (2010j) of the EGB, i.e. the γ-ray com-
ponent of the isotropic background; the rest is due to misclassified
CR interactions.

always at 112◦ − 90◦ = 22◦ from the orbital pole. The orbital poles are
offset from the celestial poles by 25.6◦ (the inclination of the orbit), and
they precess around the celestial poles with a period of ∼ 53.5 days.
Therefore, Earth’s atmospheric emission over day scales forms rings
centered at 25.6◦ from the celestial poles peaking at a radius of 22◦

(see Fig. A.5). The width of the rings depends on the rocking angle
(how deep the Earth’s limb enters the FoV) and the energy (notably
due to the PSF). The rings rotate around the celestial poles with the
precession period of ∼ 53.5 days.

The Earth’s atmospheric emission can be limited only using direc-
tional information. Selecting events seen at zenith angles smaller than
a threshold value (usually in the 100◦ − 105◦ range) largely limits
the atmospheric γ-ray contamination in data (see Fig. A.6). Select-
ing events within a threshold angle from the LAT boresight (θ angle)
pursue the same objective by restricting the instrument FoV. Both se-
lections on zenith angles and θ angles need to be accounted for in
the calculation of the exposures (in fact of cumulative livetimes, see
§ 1.3.2).

To calculate the exposures, the selection on zenith angles can be
treated in two different ways: 1) for small regions of interest one can
discard the observation time intervals when any part of the region of
interest is seen below the threshold zenith angle; 2) discarding time
intervals when the rocking angle is larger than the maximum value in
standard observation mode (to exclude periods when the Earth limb
deeply enters the FoV) and excluding in the accumulation of livetimes

celestial poles, allowing for an efficient cooling of the spacecraft batteries and keeping
under control the Earth’s atmospheric contamination.
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Figure A.5: Skymap of events detected by the LAT (P6 Diffuse class) at zenith
angles > 105◦ and energies > 200 MeV during one week of opera-
tions (∼ 1/6 of the precession period). In that week the LAT was
operated in normal sky survey mode with a rocking angle of 35◦.
Aitoff projection in Galactic coordinates; overlaid a grid in celestial
coordinates.
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Figure A.6: Counts in the Diffuse event class as a function of zenith angle dur-
ing LAT operations in normal sky survey mode. Left: full his-
togram; note the population of celestial γ-rays peaking at 50◦ (the
rocking angle) and the population of Earth’s atmospheric γ-rays
peaking at 112◦ (Earth’s limb). Right: zoom in the 90◦ − 120◦

range: note the dip around 100◦ − 105◦.

the time intervals when a region was observed at zenith angles larger
than the threshold. The combination of the two procedures is the most
conservative option, often adopted for analysis of limited regions of
the sky. The second strategy is usually adopted for large scale analysis.

The selection on θ angles in principle should be accounted for in the
generation of the IRFs. It is practically treated blanking the effective
area for Montecarlo θ larger than the thresholds or, alternatively, the
cumulative livetimes at such angles.

The thresholds to be adopted depend on the aims of the analysis. As
we have seen that Earth’s atmospheric γ-rays are seen around the ce-
lestial poles, to study regions at high declinations (|Dec| > 30◦) more
severe selection criteria are required. Also analyses at low energies
(. 300 MeV) need to be careful in this respect, because Earth’s at-
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mospheric emission has a soft spectrum and the PSF is wider. Since
tight selection criteria will also lower the exposures around the celes-
tial poles a trade-off is needed (Fig. A.6).

Any selection will leave some level of residual Earth’s atmospheric γ-
ray emission, notably made from misreconstructed events which have
estimated zenith angles smaller than the real ones. The level of resid-
ual contamination depends on the rocking angle of the telescope, the
celestial declination of the region studied and the energy band con-
sidered. Dealing with such residual contamination is not straightfor-
ward since it is strongly anisotropic. The modeling of residual atmo-
spheric emission would require in turn the modeling of the underlying
phenomenon and dedicated calculations to determine the morphology
and spectrum based on the the selection criteria applied and on the
pointing history of the telescope during the observing period.





BK I N E M AT I C S E PA R AT I O N O F I N T E R S T E L L A R
M E D I U M S T R U C T U R E S

The Doppler shift of interstellar gas lines due to the Galactic rota-
tion allows us to separate structures seen along a line of sight. In this
appendix I will provide some technical details about this procedure,
skipped for brevity in Chapter 2, including the discussion of the rota-
tion curve for the outer Galaxy relevant for the analyses presented in
Part ii.

The kinematic separation was often used in γ-ray studies, usually
splitting the content of the ISM in some Galactocentric rings (see e.g.
§ 3.3.1). I will present here a novel methodology to separate the struc-
tures seen along a line of sight, not based on distances but on the
physical structures of the ISM itself, that I developed and successfully
applied for all the analyses presented in Part ii.

b.1 galactic rotation and kinematic distances

The motion of the Galaxy seen from the solar system

Let us assume that the Galaxy rotates with purely circular motion
around its center and that the velocity in each point depends only on
the Galactocentric radius R. We will determine under these hypothe-
ses the velocity of each point P with respect to the local standard of
rest (LSR), VLSR, as seen by an observer in the solar system. Let us
assume for simplicity that the point P is located in the Galactic plane.
The relevant quantities are defined in Fig. B.1.

The point P rotates around the Galactic center with a velocity V(R).
Its projection on the direction Sun–P is

Vr(R) = V(R) sin α =

= V(R)
sin α

R�
R� =

= V(R)
sin l

R
R� (B.1)

On the other hand the Sun rotates around the GC with a velocity
V(R�) = V�, whose projection on the direction Sun–P is

Vr(R�) = V� cos
(

l − π

2

)
=

= V� sin l (B.2)

The velocity of P with respect to the LSR, VLSR, is

VLSR = Vr(R)−Vr(R�) =

= R� sin l
[

V(R)
R
− V�

R�

]
(B.3)

The generalization to a point P out of the Galactic plane at a latitude
b is straightforward.

VLSR = R� sin l cos b
[

V(R)
R
− V�

R�

]
(B.4)
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GC

P

R

r

R⊙

P

R

r
R⊙

V(R)

V(R⊙)

Vr(R)

Vr(R⊙)
l

l





GC

Sun

Figure B.1: Visual illustration of the procedure to determine the velocity with
respect to the LSR, VLSR, of a point P under the hypothesis of a
cylindrical symmetric velocity field. Left: the Sun is located at a
Galactocentric radius R� from the Galactic center (GC). The un-
known distance of the point P from the GC is R, whereas the dis-
tance from the Sun is r. The Galactic longitude l of the point P
is the angle between the directions GC–Sun and Sun–P. Right: the
triage Sun–GC–P. The projection of V(R�) on the direction of Sun–
P is Vr(R�), the projection of V(R) is Vr(R). α is the angle between
the directions Sun–P and P–GC.

Given the rotation curve of the Galaxy, V(R), we can determine
R from VLSR, which is observed thanks to the Doppler shift of ISM
lines. The relation is single-valued outside the solar circle, whereas the
possible solutions are two in the inner Galaxy (there are two points at
the same R along each line of sight). We can determine as well the
distance from the Sun, r, which is known in this case as kinematic
distance. It is evident from Eq. B.4 that the kinematic separation does
not work toward the Galactic center (l = 0◦) and anticenter (l = 180◦).

The Galactic rotation curve

Eq. B.4 requires the knowledge of the rotation curve V(R) in order
to connect position and VLSR. The determination of the rotation curve
is based on several different observables, like H I and CO lines, the
distribution of H II regions, globular clusters, stars. Parametric rotation
curves are given, e.g., in Clemens (1985); Sofue et al. (2009); Francis
and Anderson (2009).

The works reported in this thesis investigated regions outside the
solar circle. For a specific discussion of the velocity field in the outer
Galaxy I refer to Brand and Blitz (1993). Using a sample of H II regions
and reflection nebulae, they found that the curve is approximately
flat V(R) ≈ V� for R > R�, with a slight rise in rotational velocity
for the outermost region. This gives credence to the long-standing
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assumption of flat velocities beyond the solar circle in the literature
mainly based on observations of external galaxies (Rubin et al., 1978,
1982). Brand and Blitz (1993) found for the outer Galaxy velocity resid-
uals plausibly indicating streaming (i.e. non-circular) motion of the
order of 12 km s−1 (hereafter all numeric values are based on the
values recommended by the International Astronomical Union, IAU,
R� = 8.5 kpc and V� = 220 km s−1; Kerr and Lynden-Bell 1986). The
observed pattern is consistent with spiral wave streaming. They also
found only slightly North-South differences, implying to first order a
cylindric symmetry in the velocity field. From a sample of local molec-
ular clouds within 2 kpc from the Sun they derived the height of the
Sun above the Galactic plane to be 13± 7 pc.

b.2 a novel method for kinematic separation

The Doppler velocity VLSR is used in studies of interstellar γ-ray
emission to separate the contributions from different structures seen
along a line of sight and therefore extract information about the dis-
tribution of CR densities and the census of the ISM throughout the
Galaxy. Past studies often separated the gas into several ranges of
Galactocentric radius R (rings, § 3.3.1).

However, the physical structures observed in the l − b−VLSR space
provides more natural separation criteria. Starting from this idea I
developed a new method suitable for the analysis of selected regions
of the sky, taking care also of the cross-contamination between adja-
cent regions due to the large velocity dispersion characteristic of H I

emission lines.

From rings to physical structures

In selected regions of the sky rings are known to well approximate
the spiral-arm structures of the Milky Way (e.g. Digel et al., 1996, 2001).
My method therefore starts for each region from the definition of some
preliminary rings, which are then stretched to accommodate the struc-
tures of the ISM.

For each line of sight the boundaries between the different structures
are moved to the closest minimum in the H I spectrum, or to the closest
saddle if a minimum is not found. The H I spectrum is used, rather
than the CO spectrum, since H I emission is observed along almost all
the lines of sight, contrarily to CO emission, while, if both are present,
CO and H I lines peak at about the same VLSR; moreover the H I lines
are broader due to the larger velocity dispersion, being therefore the
most difficult to separate. The procedure is reliable in the regions we
studied in the outer Galaxy, since minima of H I spectra are unlikely to
be due to self absorption.

The procedure is illustrated in Fig. B.2–B.5 for some example lines
of sight taken from the regions studied in Chapter 4, 5 and 6. One
more example can be found in Fig. 2 of the paper attached to Chap-
ter 4. Along lines of sight where there is no significant emission associ-
ated with one of the preliminary rings, the corresponding boundaries
collapse and the N(H I) density (WCO intensity) is set to null for the
corresponding structure (Fig. B.4). This procedure can underestimate
the gas densities for faint structures not clearly visible in H I emission;
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ad-hoc solutions need to be found in such cases, see later, e.g., the
separation of outer and Perseus arms in the third quadrant.

The velocity-dispersion broadening of H I lines

H I lines are broader than CO lines because of their characteristic
velocity dispersion. This makes the separation of N(H I) densities be-
longing to different structures more difficult, because the correspond-
ing lines often overlap.

To correct for the spill-over between adjacent regions, I performed a
fit of each H I spectrum with a combination of Gaussian lines (plus a
constant). The centroids of the Gaussians were fixed to the maxima of
the H I spectrum; if no maxima were found in the velocity range cor-
responding to a certain structure a saddle was looked for. The widths
and normalizations of the Gaussians were determined through the fit
to the H I spectrum, with the first parameter constrained between the
width of the velocity channel and the width of the velocity range under
consideration.

The best-fit functions for the example H I spectra are shown in Fig. B.2–
B.5. It is evident that this procedure can only approximately repro-
duce the H I spectra, e.g. in Fig. B.3 the two lines at −80 km s−1

< VLSR < −40 km s−1 are fit with a single broad peak (superposition
of two broad Gaussians). However, the use of this best-fit function only
to correct for the spill-over between adjacent lines provides a more ac-
curate estimate of the N(H I) densities associated with each structure
than completely neglecting such issue.

A challenging case: the separation of the outer arm in the third Galactic
quadrant

The method I presented cannot be applied blindly, since we often
face delicate cases which need an ad-hoc treatment. As an example,
I will illustrate the separation of the faint segment of the outer arm
seen in the third quadrant from the Perseus arm; this task was accom-
plished for the work presented in Chapter 5.

To illustrate the issue I will make use of three H I, CO spectra, namely
those observed in the directions (l, b) = (243◦, 0◦), (236.5◦,−1.5◦) and
(215◦, 0.5◦), see Fig. B.6. They were selected among the few directions
with a CO emission line in the velocity range corresponding to the
Perseus arm.

The H I spectrum in Fig. B.6 (left) shows a faint line at VLSR '
115 km s−1, corresponding to the outer arm. There is a CO line at
VLSR ' 75 km s−1, associated with the Perseus arm, mirrored by a H I

line separated from the outer-arm line by ∼ 40 km s−1.
Fig. B.6 (middle) shows a fainter H I line at VLSR ' 110 km s−1, again

associated with the outer arm. There is then a couple made from a CO
and a bright H I lines peaking at VLSR ' 80 km s−1 (Perseus arm). The
separation between the outer-arm and the Perseus-arm components is
reduced to ∼ 30 km s−1. Let us note that the ratio of the width of the
CO line over the width of the H I line is ∼ 1 : 3.

In Fig. B.6 (right) no H I lines are visible beyond the bright Perseus-
arm line at VLSR ' 50 km s−1, but the ratio of the width of the CO line
over the width of the H I line is ∼ 1 : 5, and the Perseus-arm line has a
large tail toward larger velocities, i.e. toward the outer arm.
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We argued that going toward smaller longitudes the faint H I lines
corresponding to the outer arm were hidden by the bright lines asso-
ciated with the Perseus arm, which were therefore becoming broader.
Our solution for this challenging case is illustrated in Fig. B.7.

The circle boundary between Perseus and outer arm is adjustedwe
only if a peak corresponding to the outer arm is found, otherwise
it is kept (Fig. B.7, top right). In the latter case in the fitting of the
H I spectrum I added a Gaussian line centered at the velocity cor-
responding to the approximate position expected for the outer arm
(R = 16.5 kpc). The resulting fitting function for (l, b) = (215◦, 0.5◦)
is shown in Fig. B.7 (bottom). Obviously the N(H I) densities asso-
ciated to the outer arm are not reliably determined in this case, so
the emissivities of the outermost region were not considered for scien-
tific interpretation in Chapter 5, but the impact on the inner regions is
small.
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CF U L L - C O VA R I A N T L I N E A R F I T

Linear fits are ubiquitous in Physics, but often based on the assump-
tion that the two variables tentatively linked by a linear relation are
statistically independent and that only one of them is affected by sig-
nificant uncertainties.

This appendix describes as an exercise the procedure to derive the
best-fit parameters of a linear function between two statistical variables
with Gaussian distribution, that we will call a and b, both affected by
non-negligible uncertainties and not statistically independent. This
problem is also solved by publicly available software packages like,
e.g., ASURV 1.

I applied this method in the work presented in Chapter 4 to esti-
mate the XCO ratio from qH I and qCO emissivities previously obtained
fitting a model to γ-ray data, thus both affected by uncertainties and
correlated with each other.

c.1 the covariance rotation

In this section I will describe the linear transformation (rotation)
which turns a couple of statistically correlated variables into a couple
of statistically independent variables. I will proceed backwards, defin-
ing a couple of statistically independent variables and showing that a
rotation transforms it into a couple of statistically correlated variables.
I will thus derive the formulas to obtain from a couple of statistically
correlated variables and their covariance matrix a couple of statistically
independent variables and their variances.

Let us define a couple of statistically independent variables (x, y) ∈
R2, with variances (σ2

x , σ2
y ). The covariance matrix of the variables

(x, y) is thus defined as

Σxy =

(
σ2

x 0

0 σ2
y

)
(C.1)

Consider the couple of variables (a, b) ∈ R2, which are the image of
(x, y) through a rotation of angle α

R(α) =

 cos α sin α

− sin α cos α

 (C.2)

(
a

b

)
= R(α)

(
x

y

)
=

(
cos α x + sin α y

− sin α x + cos α y

)
(C.3)

1. http://www.astrostatistics.psu.edu/statcodes/sc_censor.html
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Being R(α) a linear transformation, the covariance matrix of the vari-
ables (a, b) is

Σab = R(α) Σxy RT(α) = (C.4)

=

 cos2 α σ2
x + sin2 α σ2

y − cos α sin α (σ2
x − σ2

y )

− cos α sin α (σ2
x − σ2

y ) sin2 α σ2
x + cos2 α σ2

y


Therefore, given a couple of statistical variables (a, b) ∈ R2 with a

covariance matrix

Σab =

 σ2
a σ2

ab

σ2
ab σ2

b

 (C.5)

we can define a couple of statistically independent variables(
x

y

)
= R−1(α)

(
a

b

)
=

(
cos α a− sin α b

sin α a + cos α b

)
(C.6)

Indeed, following Eq. C.5
σ2

a + σ2
b = σ2

x + σ2
y

σ2
a − σ2

b = cos 2α (σ2
x − σ2

y )

σ2
ab = − cos α sin α (σ2

x − σ2
y )

(C.7)

which is equivalent to

σ2
x + σ2

y = σ2
a + σ2

b

σ2
x − σ2

y =
σ2

a − σ2
b

cos 2α

σ2
ab = −1

2
sin 2α

cos 2α
(σ2

a − σ2
b )

(C.8)

and thus 2

tan 2α = −2
σ2

ab
σ2

a − σ2
b

σ2
x =

1
2

[
σ2

a + σ2
b +

σ2
a − σ2

b
cos 2α

]

σ2
y =

1
2

[
σ2

a + σ2
b −

σ2
a − σ2

b
cos 2α

] (C.9)

2. The solution is not defined if σ2
a = σ2

b . In this case we can obtain a couple of
statistically independent variables by taking

α =
π

4

σ2
x =

1
2

(
σ2

a + σ2
b − 2σ2

ab

)
σ2

y =
1
2

(
σ2

a + σ2
b + 2σ2

ab

)
In the following sections we will give the formulas for the more general case, but the
application to σ2

a = σ2
b is straightforward.
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c.2 the probability density

In this section I will derive the probability density of getting a couple
of values (a, b) for two statistical correlated variables with Gaussian
distribution.

Let us consider a couple of stastistically independent variables (x, y)
with Gaussian distribution with mean 3 values (x̄, ȳ) and variances
(σ2

x , σ2
y ). The probability density of getting a couple of values (x, y)

is (neglecting a normalization value)

f (x, y) = e−
1
2 F(x,y) (C.10)

with

F(x, y) =
(x− x̄)2

σ2
x

+
(y− ȳ)2

σ2
y

(C.11)

Applying the rotation given by Eq. C.3 I transform (x, y) into the
couple of variables (a, b), which are not statistically independent. Ac-
cording to Eq. C.10, C.11, C.6, C.9 the probability density of getting
the couple of values (a, b) is

f (a, b) = e−
1
2 F(a,b) (C.12)

with

F(a, b) =

= 2

[
(cos α a−sin α b−cos α ā+sin α b̄)2

σ2
a +σ2

b+
σ2

a−σ2
b

cos 2α

+ (sin α a+cos α b−sin α ā−cos α b̄)2

σ2
a +σ2

b−
σ2

a−σ2
b

cos 2α

]
=

= 2

[
cos2 α (a−ā)2+sin2 α (b−b̄)2−sin 2α (a−ā)(b−b̄)

σ2
a +σ2

b+
σ2

a−σ2
b

cos 2α

+

+ sin2 α (a−ā)2+cos2 α (b−b̄)2+sin 2α (a−ā)(b−b̄)

σ2
a +σ2

b−
σ2

a−σ2
b

cos 2α

]
(C.13)

c.3 the likelihood function

Let us suppose to have two sets of statistical variables {aı} and {bı},
with variances {σ2

a ı} and {σ2
b ı} and covariances {σ2

ab ı}. Let us suppose
that a linear relation exists between the true values of the two variables,
so that

b̄ı = q + m · āı (C.14)

In this section I will derive the likelihood function associated to a cou-
ple of parameters (m, q), which will be maximized in order to obtain
the best-fit parameters.

The likelihood function, i.e. the probability density of getting the set
{(aı, bı)}, is, according to Eq. C.13

L = ∏
ı

f (aı, bı|σ2
a ı, σ2

b ı, σ2
ab ı; āı, b̄ı) (C.15)

where the variables on the left of the semicolon “;” are those we obtain
from the measurements, whereas those on the right are the unknown

3. In consideration of the use in physical applications I will afterwards refer to the
mean values of the distribution as the true values.
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true values. I assumed that different measurements (i.e. quantities
with different indexes ı) are statistically independent.

Since the logarithm is a monotonic function we can consider, follow-
ing Eq. C.13, the function

FCN = −2 · ln L = ∑
i

F(aı, bı|σ2
a ı, σ2

b ı, σ2
ab ı; āı, b̄ı) (C.16)

If we consider the linear relation given by Eq. C.14 we obtain

FCN = ∑
ı

2

[
cos2 αı (aı−āı)2+sin2 αı (bı−q−māı)2−sin 2αı (aı−āı)(bı−q−māı)

σ2
a ı+σ2

b ı+
σ2

a ı−σ2
b ı

cos 2αı

+

+ sin2 αı (aı−āı)2+cos2 αı (bı−q−māı)2+sin 2αı (aı−āı)(bı−q−māı)

σ2
a ı+σ2

b ı−
σ2

a ı−σ2
b ı

cos 2αı

]
(C.17)

I want to stress that the only unknown arguments of the function
FCN are the true values of the variables {āı} and the two parameters
of the linear function q and m (the angles {αı} are a function of {σ2

a ı},
{σ2

b ı} and {σ2
ab ı} through Eq. C.9).

The maximum of the likelihood function L (Eq. C.15) corresponds
to the minimum of the function FCN (Eq. C.17), that provides the most
likely values for the parameters q and m.
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ACD Anticoincidence Detector (of the LAT)

AGN Active Galactic Nucleus

CGPS Canadian Galactic Plane Survey

CGRO Compton Gamma-Ray Observatory

CMB Cosmic Microwave Background

COBE Cosmic Background Explorer

COMPTEL Imaging Compton Telescope

CR Cosmic Ray

CT Classification Tree

CU Calibration Unit (of the LAT)

DAQ Data Acquisition System (of the LAT)

DSA Diffusive Shock Acceleration

EGB Extragalactic γ-ray Background

EGRET Energetic Gamma-Ray Experiment Telescope

EPU Event Processor Unit (of the LAT)

FIR Far Infrared

FoV Field of View

FSSC Fermi Science Support Center

GBM γ-ray Burst Monitor

GC Galactic Center

GLAST γ-ray Large Area Space Telescope (now, Fermi γ-ray Space Telescope)

GLEAM GLAST LAT Event Analysis Machine

GRB γ-ray Burst

GZK Greisen/Zatsepin/Kuzmin (cutoff of CR spectrum)

HE High Energy

HESS High-Energy Stereoscopic System

IAU International Astronomical Union

IC Inverse Compton

INTEGRAL International Gamma-Ray Astrophysics Laboratory

IR Infrared

IRAS Infrared Astronomy Satellite

ISM Interstellar Medium

ISRF Interstellar Radiation Field

LAB Leiden/Argentine/Bonn (H I survey)

LAMBDA Legacy Archive for Microwave Background Data Analysis

LAT Large Area Telescope

LMC Large Magellanic Cloud

LRT Likelihood Ratio Test

LSR Local Standard of Rest
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190 acronyms

MET Mission Elapsed Time (of Fermi)

MHD Magnetohydrodynamic

PAH Polycyclic Aromatic Hydrocarbon

PDR Photon-Dominated Region

PMT Photomultiplier Tube

PSF Point Spread Function

SAA South Atlantic Anomaly

SB Superbubble

SFR Star Formation Rate

SMC Small Magellanic Cloud

SN Supernova

SNR Supernova Remnant

TEM Tower Electronics Module (of the LAT)

TOA Time of Arrival

UV Ultraviolet

VHE Very High Energy

WMAP Wilkinson Microwave Anisotropy Probe

WIMP Weakly Interacting Massive Particle
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