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Zusammenfassung

Die Wechselwirkung von Röntgenstrahlen aus diskreten Quellen mit dem interstellaren
Medium (ISM), durch welches sie sich ausbreiten, führt zu charakteristischen Strahlungssig-
naturen im keV-Bereich. Diese Signaturen enthalten eine Fülle an Informationen, sowohl
über die Gasstrukturen, die für die Modulation der Strahlung verantwortlich sind, als auch
über die Röntgenquellen, die sie ursprünglich abstrahlten. Diese Arbeit veranschaulicht,
wie die Untersuchung dieser beobachtbaren Signaturen auf eine Vielzahl astrophysikalis-
cher Probleme (auf allen galaktischen Skalen) angewandt werden und wie sie sich gegenüber
direkten Beobachtungen von Quellen oder ISM als vorteilhaft erweisen kann.

Zu diesem Zweck wiederholt Kapitel 1 die wichtigsten Wechselwirkungsprozesse zwis-
chen Röntgenstrahlung und Materie, welche die Signaturen in der transmittierten Strahlung
bestimmen.

Kapitel 2 zeigt, wie der ISM-Durchgang der Strahlung einer ausgesprochen leuchtkräftigen
Klasse galaktischer Röntgenquellen, Röntgendoppelsterne (X-ray binaries, XBs), zur Emis-
sion aus dem sog. Galactic Ridge betragen sollte. Der Ursprung dieser Röntgenemission
auf galaktischen Größenskalen stellte lange ein Problem in der Röntgenastrophysik dar.
Das Studium dieses Beitrags kann, über die Verbesserung unseres Verständnisses der Ridge-
Emission hinaus, als indirekte Methode zur Untersuchung allgemeiner Eigenschaften galak-
tischer XBs genutzt werden, deren direkte Beobachtung eine extreme Herausforderung
darstellt.

Kapitel 3 erörtert den Effekt, den die Wechselwirkung mit Röntgenstrahlung auf das
beleuchtete Gas selbst hat, indem der Beitrag durch Röntgenabsorption zur Aufheizung
des Gases diskutiert, und dieser Beitrag mit anderen, häufiger berücksichtigten Heizquellen
verglichen wird.

In Kapitel 4 wird diskutiert, wie das Studium der reflektierten Röntgenemission von Gi-
ant Molecular Clouds (GMCs) in der galaktischen Zentralregion, welche auf Beleuchtung
durch helle flares von Sgr A∗, dem supermassereichen Schwarzen Loch im Zentrum der
Galaxie, folgen, genutzt werden kann um die interne Struktur dieser massereichen moleku-
laren Komplexe zu untersuchen. Da gerade in dichten Regionen innerhalb von GMCs
prästellare Kerne gebildet werden, ist das Verständnis ihrer Eigenschaften ein essentieller
Schritt um den Prozess der Sternentstehung in Galaxien zu verstehen.

Kapitel 5 liefert eine Abschätzung der Verzerrungen, die im Spektrum des kosmischen
Röntgenhintergrunds (extragalaktischen Ursprungs) zu erwarten sind, wenn dieser sich
durch verschiedene Regionen des ISM ausbreitet.
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Summary

The interaction between X-rays emitted by discrete sources and the interstellar medium
(ISM) through which they propagate results in characteristic radiative signatures in the
keV regime. These signatures contain a wealth of information both on the gas structures
responsible for reprocessing the radiation, and on the X-ray sources that originally emitted
them. This thesis illustrates how the study of these observational signatures can be applied
to a wide range of astrophysical problems, on all galactic scales, and how it can prove to
be advantageous over the direct observation of either sources or the ISM.

Towards this goal, Chapter 1 reviews the main processes of interaction between X-rays
and matter, which determine the signatures imprinted on the reprocessed radiation.

Chapter 2 demonstrates how the reprocessing by the ISM of radiation produced by
a particularly luminous class of Galactic X-ray sources, X-ray binaries (XBs), should be
contributing towards the Galactic Ridge X-ray emission. The origin of this Galactic-scale
X-ray emission has been a long-standing problem in X-ray astrophysics. The study of this
contribution, beyond furthering our understanding of the origin of the Ridge emission, can
be used as an indirect method for studying overall properties of the Galactic XB population,
whose probe through direct observations is extremely challenging.

Chapter 3 discusses the effect that the interaction of X-ray radiation has on the gas it
illuminates itself, by discussing the contribution that the absorption of X-rays has on the
heating of the gas, and how this contribution compares to that of other, more commonly
considered, sources of heating.

Chapter 4 discusses how the study of the reflected X-ray emission from Giant Molecular
Clouds (GMCs) in the Galactic center region, following illumination by past, bright flares
of Sgr A∗, the supermassive black hole at the centre of the Galaxy, can be used to study
the internal structure of these massive molecular complexes. As it is in dense regions inside
GMCs that prestellar cores are formed, understanding their properties is a fundamental
step towards understanding the process of star formation in galaxies.

Chapter 5 provides an estimate of the distorsions that should be expected in the Cosmic
X-ray Background spectrum, of extra-galactic origin, as it propagates through different
regions of the ISM.
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Chapter 1

Introduction

“There are two ways of spreading light: to be the candle or the mirror that reflects it.”
Edith Wharton

Ever since the first extra-solar X-ray source, Scorpion X-1, was discovered in 1962 (Gi-
acconi et al., 1962), we have known that the Milky Way is sprinkled with X-ray “candles”,
sources illuminating our Galaxy with light in the keV band. Numerous satellite missions
have since allowed us to reveal the great variety, both in nature and radiative properties,
of sources emitting light at these wavelengths.

Not all the X-ray radiation emitted by these sources, however, is observed by us directly:
part of it is reflected towards us by the gas in the interstellar medium (ISM). Far from
acting like a perfect mirror, the ISM - due to its non-uniform distribution and composition,
as well as its interaction with the incoming X-ray radiation - heavily distorts the image
that is reflected towards us.

The process of reconstructing the source emission from the reflected light can help us
reveal a great deal about the gas structures responsible for reprocessing the radiation, as
well as the radiative properties of the sources themselves. It can, in fact, often prove to be
advantageous over the direct observation of either gas structures or X-ray sources.

In this thesis, I will demonstrate just how powerful the study of the observational sig-
natures of the interaction of X-rays with matter can be, by applying it to several problems
of extremely different scale and scope.

1.1 Processes of X-rays interaction with matter

I begin by reviewing the physical processes that describe the interaction of X-rays with
matter, and the secondary radiative phenomena that arise from it. Both will determine
the spectral characteristics of the X-ray emission reflected towards us by the intervening
ISM.
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1.1.1 Scattering

Scattering on free electrons

The interaction of low-energy radiation (hv � mc2) with free stationary charges is de-
scribed by the classical case of Thomson scattering. For the case of unpolarised incident
light, the differential cross section of this interaction takes the following form:

hν1 = hν2 (1.1)

dσT
dΩ

=
1

2
r2
e(1 + cos2θ) (1.2)

where σT is the Thomson cross section, Ω is the solid angle, re is the classical electron
radius, θ is the angle at which the photon is scattered, and the subscripts 1 and 2 refer
to the photon prior and following the interaction respectively. In the classical limit of low
photon energies, the photon momentum (= hν/c) is negligible. Since no recoil takes place
during this interaction, the incoming and outgoing energy of the photon remains constant.

As the energy of the photons increases, however, the momentum of the photon starts
affecting the kinematics of the scattering process: the scattering is no longer elastic, and
the charge will recoil following interaction with the high frequency radiation (Rybicki &
Lightman, 1986). From momentum and energy conservation, it can be shown that the
change in energy of the photon can be expressed in the following form:

hν2 =
hν1

1 + hν1
mc2

(1− cosθ)
(1.3)

which reduces to hν1 = hν2 for hv � mc2 as expected.
Quantum effects however do not only affect the kinematics of the process, but the cross

section too. In a fully quantum electrodynamic framework (Heitler, 1954) the differential
cross section takes the following form, known as the Klein-Nishina formula:

dσKN
dΩ

=
1

2
r2
e

(
ν2

2

ν2
1

)(
ν1

ν2

+
ν2

ν1

− sin2θ

)
(1.4)

which again, for the hν1 = hν2 case reduces to the classic formula.
Because the energy of the outgoing photon is uniquely constrained by the scattering

angle θ, it is possible to substitute Eq 1.3 in the above expression and integrate to obtain
the total Klein-Nishina cross section, given by:

σKN = σT
3

4

[
1 + x

x3

(
2x(1 + x)

1 + 2x
− ln(1 + 2x)

)
+

1

2x
ln(1 + 2x)− 1 + 3x

(1 + 2x)2

]
(1.5)

where x = hν/mc2. In an extreme relativistic regime (x� 1) this expression reduces to:

σKN =
3

8
σTx

−1

(
ln2x+

1

2

)
(1.6)

Relativistic corrections to the cross section, therefore, have the effect of reducing it from
its classical (Thomson) value as the energy of the photon increases.
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Scattering on neutral matter

In the previous section, the physical processes discussed described the interaction of X-ray
photons with free charges. However, X-rays may also interact with electrons bound in
atoms, with important consequences to the cross section.

One of the most immediate differences compared to the case of free electron scattering
is that electrons bound in atoms occupy discrete energy levels. Depending on the initial (i)
and final (f) state of the electron in the atom before and after interaction, the interaction
process can be classified as either: Rayleigh or elastic scattering, involving a change in the
direction of the incoming photon at constant frequency (i = f), Raman scattering, result-
ing in the excitation of the bound electron (f = excited state) and Compton scattering,
resulting in the ionisation of the atom or molecule (f= continuum state).

Another difference, due to the Heisenberg uncertainly principle, is that the position and
momentum of the bound electrons are not constrained, but are rather distributed over a
probability density (Eisenberger & Platzman, 1970; Sunyaev & Churazov, 1996; Vainshtein
et al., 1998). This implies that the energy of the scattered photon is not unambiguously
constrained by the scattering angle, and therefore that the Klein-Nishina (KN) formulation
for the change in energy undergone by the photon during the interaction, described in Eq.
1.3, is no longer sufficient.

Accounting for these two additional effects, the interaction of X-ray photons with light
atoms is then described by the following expression (Vainshtein et al. (1998)):

dσ

dΩdhv
= r2

e

(
ν2

ν1

)
(e1e2)2

∑
f

|〈f |eiχr|i〉|2δ(∆Eif −∆hv), (1.7)

where χ = (k1 − k2)/~, k1 and k2 are the initial and final electron momenta, ∆Eif
denotes the energy change in the final and initial state of the atom or molecule, and e is the
direction of polarisation. Notice that, for completely unpolarised incident light, the factor
(e1e2)2 reduces to the 1

2
(1 + cos2θ) term in the Klein-Nishina expression when averaged

over all possible polarisation directions.

In the case of atoms and molecules heavier than atomic hydrogen, the most relevant
differences with respect to free-electron scattering are found in the elastic scattering cross
section. These can be described as follows:

• Bound electrons can coherently scatter photons, enhancing the scattering at small
angles by a factor of Z2 (where Z is the number of bound electrons). This implies that
even heavy elements with a low relative abundance can significantly contribute to the
elastic scattering of X-ray radiation, which dominates at small scattering angles. As
shown in Table 1.1, in the Rayleigh scattering limit (θ = 0◦), metals - defined as
elements heavier than He - can contribute up to 10% in this extreme case. This is,
of course, an upper limit, as the actual contribution, when suitably averaged over
different scattering angles, would be smaller compared to the values quoted in the
table.
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• The range of angles and energies at which the elastic scattering remains dominant
also increases with additional electrons, due to the decreasing characteristic size of
the electron distribution, D. The condition that the elastic scattering dominates is in
fact determined by χr . 1, which in the small angle approximation can be rewritten
as θ2πD/λ . 1, where λ is the photon’s wavelength (Sunyaev et al., 1999b).

• The range of scattering angles over which Rayleigh scattering dominates, however,
also rapidly decreases with increasing energy, as shown in Figs. 1.1 and 1.2. The
enhancement of the total scattering cross section due to coherence effects therefore
mostly contributes to the scattering in the softer energy band.

While for atomic hydrogen, due to its simple electronic structure, all calculations of the
matrix term in Eq. 1.7 can be performed analytically, for bound systems, with a higher
number of electrons, approximations to the wave functions or numerical integration tools
must be introduced.

One of the most commonly used methods in computing the interaction is the impulse
approximation (IA), which is relevant in the case of a decrease in the photon energy due to
scattering much larger than the binding energy (Eisenberger & Platzman, 1970; Sunyaev
& Churazov, 1996). In this approximation, each electron is assumed to be in the field of
the nucleus and in an average field due to the other electrons, and the interaction with the
atom is assumed to take place through one electron only, leaving the wave functions of the
electrons not interacting with the X-ray photon unaltered during the scattering process.
This approximation has been used, for example, to describe the departure of the singly
differential cross section from the KN prescription. This allows the implementation of the
singly differential case by computing corrections to the KN formulation via an incoherent
scattering factor S(x) (Bergstrom et al. (1993)), such that:(

dσ

dΩ

)
Compt

= S(x)

(
dσ

dΩ

)
KN

(1.8)

where x(θ) is the momentum transfer and θ is the scattering angle.
More recently, numerical methods implemented in the ATOM program were used to

calculate the terms in this matrix Vainshtein et al. (1998).
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Table 1.1: Elements by maximal contribution to Rayleigh scattering if all hydrogen is in
atomic form (or molecular form, given in parentheses). nH is the total number density
of hydrogen atoms in HI or H2 form. Solar photospheric abundances from Asplund et al.
(2009) are assumed.

Element Z2 × nZ/nH

HI (H2) 1 (2)
He 0.340
O 0.031
Fe 0.021
C 0.010
Ne 0.008
Si 0.006
Mg 0.006

Total 1.42 (2.42)
Other elements (total) . 0.01
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Figure 1.1: Cross section (Rayleigh + Compton) of H2 in polar coordinates, σ(θ)eiθ, where
σ is the amplitude of the cross section in units of r2

e for the scattering angle θ and re
is the classical electron radius. The enhancement of Rayleigh scattering, which mainly
contributes to the scattering at low scattering angles, due to coherence effects is clearly
visible at low energies. While the cross section remains constant with energy at angles
close to zero, the contribution of Rayleigh scattering is shown to quickly decrease with
increasing energy. Compton scattering is also suppressed by relativistic effects.
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Figure 1.2: Ratio of the total (Rayleigh + Compton) differential cross section of H2 + He
to HI + He (where each element is weighted by relative abundance) as a function of energy
for different scattering angles. The total cross section approaches that of unbound electrons
as the importance of coherence effects decreases with energy, because of the suppression of
Rayleigh scattering.
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1.1.2 Photoabsorption

X-rays further interact with matter through the process of photoionisation: photons are
absorbed by atoms and molecules and consequentially ionise tightly bound electrons in
their innermost shells, destabilising their electron configuration (see section 1.1.3).

A complete set of analytic fits to the photoionisation cross sections for all sub-shells
of atoms and ions of elements with atomic number Z ≤ 30 was estimated by Verner &
Yakovlev (1995) using Hartree-Dirac-Slater (HDS) calculations. Using these fits, it is pos-
sible to estimate a total photoionisation cross section for the ISM, where the contribution
of each element is weighed by its relative abundance compared to neutral hydrogen, as
illustrated in Fig. 1.3. The cross section, in this case, is dominated by the HI contribution,
and rapidly decreases with energy, roughly as E−3. The contribution of other elements is
close to negligible, with the exception of Fe, whose contribution to the photoabsorption,
despite its very low abundance in comparison to neutral hydrogen (nZ/nHI ∼ 3× 10−5 in
Lodders (2003)), is comparable to that of HI above the 7.1 keV ionisation threshold (see
Fig. 1.3).

10
-27
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-25

10
-24

10
-23

10
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10
-21

1 10  60

σ
 (

c
m

2
)

keV
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Figure 1.3: Photoionisation cross section for an ISM composition given by the Lodders
(2003) protosolar abundance, compared to the Thomson scattering cross section (σT ).
The contribution of neutral iron above its ionisation threshold (7.1 keV) is clearly visible
in the plot.

1.1.3 Fluorescence and Auger effect

The unstable electron configuration of the ionised atom following X-ray photoionisation
prompts the filling of the vacancy by an electron from one of the higher energy levels,
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which causes a release of energy. This energy can either be released through the emission
of a photon in the X-ray range (fluorescence) or be transferred to another electron, which
is then ejected from the atom (Auger effect).

Fluorescent lines are classified according to: i) the lower electron shell involved in the
electron transition; ii) the difference in quantum number between the higher and lower
electron shells involved in the transition (this is referred to with a Greek letter, such that
α corresponds to a difference of 1, β to 2, etc); iii) the doublet energy level in the np
orbital, due to spin-orbit interaction, originally occupied by the electron. A fluorescent
photon resulting from the transition of an electron from L3(2p3/2) to K(1s), for example,
is classified as a K-α1 photon.

The intrinsic probability of fluorescent emission, otherwise known as the yield, varies
depending on the electron configuration of the atom as well as on the type of transition
of the electron. In particular, it rapidly increases with the number of electrons in the
fluorescent atom. The yield of each line is estimated experimentally as YK = IK/nK ,
where IK is the total number of K photons produced from a large sample of atoms, and nK
is the number of K-shell vacancies produced in the sample (Bambynek et al., 1972). The
typical timescale of the entire fluorescence process is measured in billionths of a second,
and can therefore be approximated as instantaneous in most astrophysical applications.

In the case of fluorescent emission following photoionisation, the strength of the lines
in the spectrum is related both to the intrinsic yield of each line, and to the probability
of photoabsorption by the fluorescent atoms. The high yield of the Fe K-α emission,
together with the relatively large contribution of iron to the ISM photoionisation cross
section, makes this line a particularly visible and well studied one in reflected X-ray spectra.
The inelastic scattering of some of the fluorescent photons down to lower energies can, in
the case of particularly strong fluorescent emission, be visible as a line’s “shoulder”, a
characteristic increase in the continuum in the proximity of the fluorescent features. The
ratio of the shoulder’s equivalent width (EW) to that of the line is therefore only dependent
on the column density of the surrounding material, and not on the spectral property of
the source. It therefore represents a powerful tool in the study of gas structures reflecting
X-ray emission from nearby X-ray sources.



Chapter 2

A truly diffuse component of the
Galactic Ridge X-ray emission

2.1 Origin of the GRXE: a diffuse or discrete emis-

sion?

The unresolved or apparently diffuse X-ray sky is composed of two large-scale features.
One is an isotropic (on subarcsec scales) emission, known as the cosmic X-ray background
(CXB) (Giacconi et al., 1962), which results from the superposition of a large number of
extragalactic sources such as active galactic nuclei (AGN) (eg. Giacconi et al., 2002). The
other is a component confined mostly to the plane of our Galaxy, known as the Galactic
Ridge X-ray emission (GRXE) (Worrall et al., 1982). Despite having been known for over
thirty years, the origin of the latter emission has still not been conclusively resolved.

Because of the difficulty in resolving the GRXE into point sources, it was initially
believed that its nature might be truly diffuse, and that a Galactic plasma, rather than
discrete stellar sources, might be its origin. The spectrum of this emission in fact presents
prominent lines at 6-7 keV, which could be explained by the emission of highly ionised
elements in a thermal plasma of extremely high temperature, close to tens of millions of
Kelvin (Koyama et al., 1986). It was soon realised, however, that a plasma with such high
temperatures could not remain gravitationally confined to the Galactic plane, and would
instead escape the Galaxy at supersonic speed. The resulting energy-loss rate due to this
outflow would be ∼ 1043 erg/s. Since there is no energy source in the Galaxy available
to replenish such a high energy loss, the thermal origin of the emission was soon excluded
(Koyama et al., 1986; Sunyaev et al., 1993; Tanaka et al., 1999; Tanaka, 2002; Muno et al.,
2004; Revnivtsev, 2003).

It was therefore suggested (Koyama et al., 1986) that the GRXE might be composed
of a large number of faint X-ray sources, which due to their low flux cannot be as easily
resolved as more luminous X-rays sources in our Galaxy. Although at the time it was
not possible to see them, the hope was that with the increasing sensitivity of new X-ray
satellites, a multitude of faint X-ray sources could one day be fully resolved, and its discrete
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nature unveiled.
Today, strong evidence, both direct and indirect, in support of a discrete origin to the

emission has led the community to reach a general consensus on the point source origin of
the emission. The mystery of the origin of the GRXE thus seemed to have been conclusively
solved. In Molaro et al. (2014), however, we showed that this may not be the whole story,
and that the GRXE might have a truly diffuse component after all. In particular, we
suggested that the reprocessing by the ISM of X-ray photons emitted by luminous X-ray
sources could contribute an important fraction of the GRXE on the plane of the Galaxy,
which would therefore constitute a truly diffuse component of the GRXE.

2.1.1 Evidence for a discrete component of the GRXE

One of the strongest pieces of evidence in support of a discrete nature of the emission comes
from the direct resolution of the low-luminosity sources which produce it. Ever since the
GRXE was first observed, there have been a number of attempts to directly resolve discrete
low-luminosity stellar sources within it using the Chandra and X-ray Multi-Mirror Mission
(XMM-Newton) observatories (Ebisawa et al., 2001; Muno et al., 2004; Ebisawa et al.,
2005; Revnivtsev et al., 2006, 2009; Morihana et al., 2013). In 2009, Revnivtsev et al.
(2009) finally succeeded in resolving, at a flux sensitivity of F2−8keV ∼ 10−16 erg s−1 cm−2,
∼ 80− 90% of the emission in a narrow band around 6.7 keV. The observation was carried
out in a small region of the sky (16 × 16 arcmin) centred just below the Galactic plane,
at l = 0.08◦, b = −1.42◦. The resolution of the GRXE into point sources in the Galactic
plane itself, on the other hand, has proven more difficult, due to the difficulty in separating
out extragalactic sources and insufficient sensitivity and angular resolution to resolve the
weak but densely populated Galactic sources.

Along with the direct resolution of the sources, other indirect probes have strengthened
the case for a discrete origin of the GRXE. These include the similarity of the large-
scale morphology of the emission with that of the Galactic near-infrared (NIR) brightness
(Revnivtsev et al., 2006). This should be expected in the case where weak stellar X-ray
sources such as cataclysmic variables (CVs) and coronally active stars and binaries (ASBs)
should contribute a significant component of the GRXE. These sources should in fact
trace the old stellar population, which represents the main emitter of NIR radiation in
the Galaxy. Revnivtsev et al. (2006) used data from the Rossi X-Ray Timing Explorer
- Proportional Counter Array (RXTE/PCA) to show that the 3-20keV component of the
emission traces the stellar mass distribution and is well fitted by models of the Galactic
stellar bulge and disk from Dwek et al. (1995), Bahcall & Soneira (1980), Kent et al.
(1991), Freudenreich (1996), and Dehnen & Binney (1998). Using results from Sazonov
et al. (2006), Revnivtsev et al. (2006) also found that the GRXE broad-band spectrum
is very similar to the superposition of the spectra of low-luminosity X-ray sources in the
solar neighbourhood. Further studies on the similarity of the GRXE spectrum with the
one produced by the superposition of the spectra of the low X-ray luminosity sources
expected to contribute to the emission have also shown good agreement (Ebisawa et al.,
2001, 2005; Revnivtsev et al., 2006; Morihana et al., 2013; Warwick, 2014). These results
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agree with the studies of the hard (17-60keV) component using the IBIS telescope on-board
of INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) by Krivonos et al.
(2007a). We refer to the contribution of low luminosity (in X-rays) stellar sources to the
GRXE as stellar GRXE.

2.1.2 An indirect contribution from Galactic X-ray binaries

The strong evidence in support of a discrete origin of the GRXE seemed to indicate that
the nature of the GRXE had finally been solved.

Sunyaev et al. (1993), however, first suggested that part of the GRXE may be composed
of radiation originally emitted by luminous X-ray sources and later reprocessed by the ISM.
Our Galaxy is in fact sprinkled with very bright X-ray sources, which could not be directly
contributing towards the GRXE due to their high flux, but which do illuminate the gas in
the ISM with abundant X-ray radiation. Free electrons, atomic and molecular hydrogen,
helium, and heavier elements present in the interstellar medium then scatter these illumi-
nating photons, and give rise to a Galactic scale emission which should constitute a truly
diffuse component of the GRXE.

This component of the GRXE, which we refer to as scattered GRXE, should be charac-
terised by the presence of a K-α line resulting from the photoionisation of neutral iron in
the ISM. Evidence in support of the presence of this line in the GRXE was indeed found by
Koyama et al. (1996) who, using observations from ASCA, first resolved what was initially
thought to be a 6.7 keV iron K-α line from the Galactic centre into a 7 keV and a 6.7
keV line from highly ionised H-like and He-like iron, respectively, and a 6.4 keV line from
neutral iron. This was later confirmed using Suzaku observations by Koyama et al. (2007)
and Ebisawa et al. (2008).

In this work, we estimate the contribution of the scattered GRXE by considering the
brightest class of X-ray sources in the Galaxy, X-ray binaries (XBs), which dominate
the 2-10 keV emission of the Milky Way, and compare it to the direct contribution of
discrete faint sources. In our calculations, we consider two XB populations: one based
on observations, and one simulated from theoretical models. We also consider two ISM
models, one assuming smooth disk components, and one accounting for the clumping of
gas in the form of molecular clouds.

We also take into account the scattering of the X-ray radiation on multi-electron species
such as H2 and He, and heavy elements. As discussed in Chapter 1, coherent scattering
by multi-electron atoms and molecules significantly increases the scattering cross section
at small angles, with important consequences for X-rays emitted by sources which lie on
the plane of the Galaxy, which would only need to be scattered by a small angle in order
to reach an observer at the Sun’s position. Molecular clouds, which in addition to being
located on the plane of the Galaxy have a molecular composition and high density, should
therefore greatly contribute to the scattered GRXE component, and should be detected as
regions of high X-ray intensity in the GRXE.
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2.2 Modelling the scattered GRXE

In this section, I discuss the models used to simulate the scattered GRXE, including the
XB populations (Section 2.2.1) and ISM distributions (Section 2.2.2) assumed. In Section
2.2.3, I discuss the possible contribution of Galactic sources other than XBs to the scattered
GRXE, in particular that of the faint X-ray sources which directly contribute to the GRXE,
which will be accounted for in our calculations for completeness. Finally, in Section 2.2.4,
I discuss the details of the algorithm used to compute the contribution of the GRXE at
different positions on the sky.

2.2.1 XBs in the Milky Way

XBs are binary systems in which a compact object, either a black hole (BH) or a neutron
star (NS), accretes matter from a companion star, either through Roche-lobe overflow or
stellar winds. The nature of the companion can vary widely, going from a brown dwarf
(BW) Bildsten & Chakrabarty (2001), to a main sequence (MS) star or a white dwarf
(WD) Tutukov et al. (1987). Finely tuned conditions are required for these systems to
form: the two objects must be separated enough not to merge in a common envelope but
close enough for a relatively stable mass transfer to take place after the supernova explosion
has taken place (Grimm, 2003). This implies that a very small fraction of the numerous
binary systems in which most stars are found end up forming an X-ray binary (Illarionov
& Sunyaev, 1975). Despite the low number of sources expected, which is of order a few
thousand systems in the Galaxy in total (eg Dalton & Sarazin (1995); Iben et al. (1995)),
the extreme conditions under which matter is accreted in these systems are such that X-ray
emission from XBs actually dominates the 2-10 keV luminosity of galaxies like the Milky
Way. The amount of scattered X-ray radiation observed on these scales will therefore be
closely related to the total luminosity of the XB population, LXBs.

Due to their diverse nature, a variety of different classifications exist for these sources
(eg. Reig, 2011), either based on the nature of the donor star or on the radiative properties
of the system. For the purposes of this thesis, the most useful classification is the one
based on the mass of the donor star, which determines both the total luminosity of the
sources and their distribution in the Galaxy given global galactic properties such as the
stellar mass (M∗) of a galaxy and its star formation rate (SFR), as discussed below.

Besides the total luminosity of the XB population, in fact, another important factor
determining how “efficiently” the radiation emitted by these sources is scattered towards
the observer is the distribution of the sources in the Galaxy compared to that of the gas.
This is important for two reasons. First, the further away the source from the gas, the
lower the flux F reaching the gas, since:

F =
L

4πD2
(2.1)

where L is the source luminosity and D is the distance between the source and the gas.
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Second, that the relative position of the source with respect to the gas and the observer
determines the average angle at which radiation from that source will have to be scattered in
order to be detected. Because most of the gas, as discussed in Section 2.2.2, is concentrated
on the disk of the Galaxy where the observer (the Sun) is located, the angle at which
radiation has to be scattered by the gas in order to reach the observer is on average lower
for sources located on the plane of the Galaxy than if the emitting sources are located
above the plane. As discussed in Section 1.1.1, scattering at low angles will be enhanced
in the case of interaction with neutral matter due to coherence effect.

The evolutionary timescale of the binary system is strongly defined by the life-time of
the donor star, since the time spent on the main sequence by the star is (∝M2). XBs with
a donor star of mass M > 5M�, known as high-mass XBs (HMXBs) are relatively short
lived, and have a typical lifetime of of 10-100 Myr. XBs with a donor star of low mass
(M < 1M�), known as low-mass XBs (LMXBs) are on the other hand long lived, with a
typical lifetime of 1-10 Gyr. Binary systems with donor masses in the intermediate range,
1− 5M�, called intermediate-mass XBs (IMXBs) are extremely rare in the Milky Way.

Grimm et al. (2002) first pointed out that, due to the different evolutionary timescale of
the two populations, the properties of LMXBs and HMXBs populations should be related
to different properties of the host galaxy. The long evolutionary timescales of low-mass
donor stars, in fact, imply that LMXBs are expected to follow the older stellar population,
while the short lifetime of the high-mass donors in HMXBs means that these should trace
the younger stellar population of the Galaxy, which in turn traces the galactic gas. We
should therefore also expect a relationship between the spatial distribution (van Paradijs
& White, 1995; White & van Paradijs, 1996; Koyama et al., 1990) and total luminosity
(Grimm et al., 2002) of XBs with M∗ in the case of LMXBs, and with the SFR in the case
of HMXBs.

Total luminosity of XBs in the Milky Way

Grimm et al. (2002) in fact first suggested that the total luminosity of these sources should
be related to the global galactic properties M∗ and SFR as:

LLMXBs = α×M? (2.2)

LHMXBs = β × SFR (2.3)

They calculated the 2 − 10 keV luminosity of Galactic X-ray binary sources averaged
over the period 1996-2000, using Rossi X-ray Timing Explorer (RXTE) All-Sky Monitor
(ASM) data. The total luminosity of the sources in this sample (using updated distance
estimates for each source as compiled by Molaro et al. (2014)) is 2.6 ×1039 erg/s and
5.5×1037 erg/s for LMXBs and HMXBs respectively (referred to as “observed” luminosities
in Table 2.1). Because the sample is severely affected by flux limitations, and therefore by
incompleteness issues, Grimm et al. (2002) corrected the observed luminosity using models
for the Galaxy’s gas and stellar mass distribution, which HMXBs and LMXBs respectively
are expected to follow, and estimated the expected total luminosity of the sources in the
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Galaxy to be 2− 3× 1039 erg/s in the case of LMXBs and 2− 3× 1038 erg/s in the case of
HMXBs (referred to as “estimated” luminosities in Table 2.1). This estimate, besides the
uncertainties arising from corrections to the flux limitation of the sample, is also severely
affected by large uncertainties in determining the location of the individual sources in the
Galaxy, or alternatively their distance along the line of sight, from their optical counterpart,
due to the high-column density for observations in our Galaxy, which result in the sever
absorption of the optical emission of these sources.

Assuming a SFR in the Milky Way of 4 M�/yr and a M∗ of 5×1010M� they were then
able to estimate scaling parameters α and β as:

α ∼ 5× 1028erg/(sM�)

β ∼ 5× 1037erg/(sM�yr−1) (2.4)

The study of these parameters α and β has since been widely investigated in other
galaxies in Grimm et al. (2003); Ranalli et al. (2003); Gilfanov (2004); Colbert et al.
(2004); Persic & Rephaeli (2007); Lehmer et al. (2010); Mineo et al. (2012, 2014) and up
to redshift z ∼ 1.3 using 66 galaxies in Mineo et al. (2014). The study of these relations in
external populations avoids issues of incompleteness and distance uncertainties which are
important in the study of local XBs. These studies find values:

α ∼ 8× 1028erg/(sM�)

β ∼ 2.2− 2.6× 1039erg/(sM�yr−1) (2.5)

Assuming the values in Eq. 2.5, we can then estimate what the expected total luminosity
for the XB population in the Milky Way would be in the case where our galaxy’s XB
population scales with M? and SFR in a similar way to the one observed in other galaxies.
Using the parameter values in Eq. 2.5, and assuming updated estimates for the stellar mass
and SFR of the Milky Way of M? = 6 × 1010M� (McMillan, 2011) and SFR ∼ 1M�/yr
(Robitaille & Whitney, 2010), we obtain a luminosity of 5 × 1039erg/s for LMXBs and
2− 3× 1039erg/s for HMXBs (referred to as “expected” luminosities in Table 2.1).
Comparing these with the estimated luminosities by Grimm et al. (2002) (see Table 2.1),
we can see that even accounting for catalogue incompleteness, the Milky Way appears to
be under luminous by a factor of 2 in its LMXB luminosity, and by a factor of 10 in its
HMXB luminosity.

Notice that the difference in the estimated and expected luminosities for HMXBs is
lower than the difference in the parameters β given in Eq. 2.4 and Eq. 2.5. This discrepancy
is due to the fact that the SFR assumed in Grimm et al. (2002) of 4M�yr−1 (McKee &
Williams, 1997) has been shown to be a clear overestimate of the rate of star formation in
the Milky Way by more recent studies (see Robitaille & Whitney (2010) for a discussion).

Is the Milky Way subluminous in X-rays compared to other galaxies?

The Milky Way therefore appears to be subluminous in LMXBs by a factor of ∼ 2, consis-
tent with the original results of Gilfanov (2004), and by a factor of ∼ 10 in the luminosity
of HMXBs compared with other galaxies.
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L2−10keV LMXBs HMXBs
(erg/s) (erg/s)

Observed(1) 2.6 ×1039 5.5× 1037

Estimated(2) 2-3 ×1039 2-3 ×1038

Expected(3) 4.7 ×1039 1.7× 1039

Table 2.1: Total luminosities of the LMXB and HMXB Galactic population in the 2-
10 keV range. (1) Observed ASM source sample studied in Grimm et al. (2002) with
updated distances, as compiled in Molaro et al. (2014). (2) Grimm et al. (2002) estimates,
which consider the ASM source sample and account for incompleteness issues in the latter.
(3) Luminosities expected for the Milky Way assuming α and β parameters as observed
in other galaxies, and M? and SFR values of M? = 6 × 1010M� (McMillan, 2011) and
SFR ∼ 1M�/yr (Robitaille & Whitney, 2010)

One of the possible explanations for the large discrepancy in the HMXB luminosity
is the difficulty in estimating the SFR in the Milky Way, whose value therefore includes
large uncertainties. Furthermore, the values for the SFR assumed do not take into account
that there is a delay of 106 − 107 years between the time of starburst and appearance of
HMXBs (Gilfanov, 2004; Shtykovskiy & Gilfanov, 2007), corresponding to the evolutionary
timescale of the donor star. This implies that the relevant SFR is not the present one, but
that of a million years ago.

Another possible explanation, advanced by Gilfanov (2004) and Mineo et al. (2014),
is that the apparent discrepancy in the total luminosity is due to issues of low-number
statistics in the Milky Way. Due to the relatively low start formation activity in our
Galaxy compared to that of other galaxies, few HMXB sources contribute to the total
luminosity in the Milky Way at any given time. Because the total luminosity is dominated
by a small number extremely bright objects, and due to the strong temporal variability of
HM sources, we expect different such objects will contribute at different times. Therefore,
it is possible that due to strong temporal variations in LHMXB, we happen to be undergoing
an exceptionally low-luminosity phase, but that the time-averaged total luminosity could
be more similar, when scaled by SFR, to that observed in other galaxies. This is supported
by the scatter of more than an order of magnitude in the luminosity-SFR relations (Mineo
et al., 2014) and by the broad probability distributions for the X-ray luminosity at low
star formation rates (Gilfanov et al., 2004).

If we assume, optimistically for our purpose, that the discrepancy is due to the fact
that we happen to live in a time where the observed X-ray luminosity of our Galaxy is
below average, we can conclude that if averaged over a time-scale of 103 − 104 years our
Galaxy would turn out to have an average luminosity consistent with that that would be
expected based on observations of XBs in other galaxies.

Because of time-delays, the contribution of scattered X-rays to the GRXE is sensitive
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not only to the present luminosity of XBs, but to the average X-ray activity of the Galaxy
in the past 1000-10000 years. Studies of the scattered component of the GRXE therefore
allow us to probe the time-averaged activity of the XB population.

In our calculations, we consider two models of the Galactic XB population, discussed
in the next two sections. First, one based on a catalogue of observed XB sources which,
due to the incompleteness issue discussed earlier, allows us to place a lower bound on the
contribution of the scattered GRXE. Second, one based on a catalogue of Monte-Carlo-
simulated sources which reproduces the total XB luminosity expected from observations
of other galaxies. This case, in particular, allows us to test whether the scattered GRXE
component obtained for this case is consistent with observations of the emission, and
therefore whether on average, the Milky Way XB population could be more similar to
those observed in other galaxies.

Observed XB population

We use time-averaged X-ray flux measurements from different surveys to compile a cat-
alogue of X-ray binary sources with known flux and position in different energy bands
(2-10keV and 17-60keV). References for distance estimates for each source are taken from
the SIMBAD database. The full catalogue of data for the observed sources can be accessed
from http://www.mpa-garching.mpg.de/~molaro.

For the energy range 17− 60keV we combine different INTEGRAL surveys (Krivonos
et al., 2007a, 2012; Lutovinov et al., 2013) from which we select 86 LMXB and 70 HMXB
Galactic sources for a total 17-60keV luminosity of 1.97 × 1038erg/s and 6.2 × 1037erg/s,
respectively, for which distance and best-fit spectral parameters data are available. We also
consider the contribution in this range of four very luminous extragalactic HMXB sources
(SMC X-1, LMC X-1, LMC X-4, IGR J05007-7047), which is, however, close to negligible.

For the lower energy range (2-10keV) we use the list of sources given in Grimm et al.
(2002)1 for which distance and flux measurements from RXTE/ASM, which provides all-
sky flux measurements averaged over ∼ 5 yr, are available. We also use the relation
L2−10keV ∼ 0.5L17−60keV valid for NS binary sources (Filippova et al., 2005) to infer the
2-10keV luminosity from the harder X-ray range catalogue for 20 HMXB sources for which
low-energy data are not available. In total, the number of sources considered in this energy
range is 61 for the HMXBs, for a total 2-10keV luminosity of 5.5×1037 erg/s, and 81 for the
LMXBs, with a total luminosity of 2.56× 1039 erg/s. The energy output of these sources
in the 3-20 keV range is modelled using the following model spectrum:

F (E) ∝ E−Γe
− E

E0 s−1keV−1, (2.6)

with parameters Γ = 1, E0 = 20 keV for HMXBs (Lutovinov et al., 2005) and Γ = 1, E0 =
4.6 keV for LMXBs, which is a fit to the observed spectrum of GX 340+0 (Gilfanov et al.,
2003). In the 17-60 keV range, on the other hand, we use the best-fit photon index

1See http://edoc.ub.uni-muenchen.de/1279/1/Grimm_Hans-Jakob.pdf for the full list of sources
and associated data.

http://www.mpa-garching.mpg.de/~molaro
http://edoc.ub.uni-muenchen.de/1279/1/Grimm_Hans-Jakob.pdf
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from Integral surveys (Krivonos et al., 2007b) and in some cases from the literature on
individual sources when the former is not available. In general, we expect variations in the
photon spectrum in the 2-10 keV range from source to source and also with time. Given
the uncertainties in the time-averaged spectral properties of Galactic X-ray binaries, our
description of the average spectrum should be adequate. To turn the problem around, if
the diffuse component of GRXE can be separated from point sources using high angular
resolution observations, then the scattered GRXE measurement will directly give us the
average spectrum of X-ray sources in the Galaxy, after correcting for the effect of energy
dependence of Rayleigh scattering, which makes the scattered spectrum softer than the
incident spectrum and the effect of X-ray absorption. The distribution of the catalogue
sources used in the calculations is shown in Fig. 2.1 in Galactic angular coordinates and
in Fig. 2.2 as a projection on the Galactic plane.
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Figure 2.1: Distribution on the sky of observed LMXBs and HMXBs sources used in the
calculations for energy ranges 3-20keV and 17-60keV with the symbol size proportional to
their luminosity in the indicated energy range. A concentration of HMXBs can be seen
along the lines of sight tangential to the spiral arms.

Simulated XB population

We simulate the case of a Galactic XB population whose total luminosity is that expected
from observations of other galaxies (see Table 2.1) by populating the Galaxy with a Monte-
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Carlo-simulated population of HMXBs and LMXBs. The probability density function (pdf)
for the distribution of LMXBs in the Galaxy is taken to be proportional to the mass density
of stars, whereas the pdf of HMXBs is taken to be proportional the mass density of the ISM;
both the stars and ISM density distributions are modelled using the mass models in Dehnen
& Binney (1998) and Binney & Tremaine (2008) (Eq. 2.7) with stellar disk parameters
zd = 325 pc, Rd = 2.5 kpc and Rm = 0. HMXBs are therefore expected to be concentrated
in the plane of the Galaxy, a fact that becomes important when we include the Rayleigh
scattering at small angles on multi-electron atoms and molecules. We populate the Galaxy
with 300 LMXBs and 100 HMXBs using Monte Carlo sampling from these distributions,
which is consistent with observations taking into account the incompleteness of catalogue
at the low-flux end (Ritter & Kolb, 2003; Liu et al., 2007, 2006). The sources are assigned
luminosities sampled randomly from the luminosity functions of Gilfanov (2004) for LMXBs
and Grimm et al. (2003) for HMXBs. The total 2 − 10keV luminosity of the Galaxy in
our calculation is ∼ 4.7 × 1039 ergs/s for simulated LMXBs and ∼ 1.7 × 1039 ergs /s for
simulated HMXBs, which is consistent with the expectations from observations of other
galaxies (Grimm et al., 2002, 2003; Gilfanov, 2004; Lehmer et al., 2010; Mineo et al., 2012,
2014). The spectral properties assumed for the simulated sources are modelled using the
same model spectrum assumed for the observed XB catalogue (see previous section).

2.2.2 ISM model

Gas phases

The gas in the interstellar medium in the disk of the Galaxy has a multiphase character
(McKee & Ostriker, 1977) loosely classified into atomic (neutral or ionised) gas and molec-
ular gas, with the atomic gas further classified into cold neutral medium (CNM), warm
neutral medium (WNM), warm ionised medium (WIM) and hot ionised medium (HIM)
(see Kalberla & Kerp, 2009, for a recent review), while a significant part of the molecular
gas is concentrated in giant molecular clouds (GMCs). The total ISM mass in both atomic
and molecular form within a Galactocentric radius R . 20 kpc of the Galaxy is approxi-
mately 9.5× 109 M� (Kalberla & Kerp, 2009), with hydrogen (HI and H2) accounting for
71% of this mass. The ratio of average atomic to molecular gas is 4.9 within R . 20 kpc
(Draine, 2011), giving a total HI mass of 5.6× 109 M� and a total H2 mass of 1.15× 109

M� within this radius.

Most of the mass in the neutral atomic gas is confined to the disk of the Galaxy and
is clearly traced by HI 21 cm emission. The maps of the HI 21 cm emission in the Galaxy
(Kalberla et al., 2005; McClure-Griffiths et al., 2009) can only provide the total column
density in parts of the sky, for example toward the Galactic centre, where the velocity
information cannot be used to infer the three-dimensional gas distribution. The CNM,
which contains most of the HI, is clumped into clouds that have a volume filling factor
of ∼ 10 − 20% in the plane of the Galaxy in the solar neighbourhood (Kalberla & Kerp,
2009). Any given line of sight should therefore intersect many clouds, making the column
density much smoother. A smooth disk model therefore suffices for our calculation and we



2.2 Modelling the scattered GRXE 19

use the models of Dehnen & Binney (1998) and Binney & Tremaine (2008) for the HI gas
distribution.

The situation is slightly different for GMCs. These molecular structures, mainly con-
centrated near the Galactic centre region and in the spiral arms, have sizes of ∼ 10− 100
pc and average densities on the order of 102− 103 cm−3 with mean separation between the
clouds 10 times the mean size (Blitz, 1993; McKee & Ostriker, 2007), giving a volume-filling
factor in the plane of the Galaxy of ∼ 0.1%. They are therefore compact enough to signif-
icantly influence the morphology of the X-ray signal. The full-sky maps of the molecular
gas distribution using CO lines (Dame et al., 2001) do not resolve and provide distances to
individual clouds (Dame et al., 2001), although high-resolution studies of many important
GMCs are available. Recently, high-resolution data with kinematic distances have been
made available from the Boston University-Five College Radio Astronomy Observatory
Galactic Ring Survey (GRS) (Jackson et al., 2006; Rathborne et al., 2009; Roman-Duval
et al., 2009, 2010), which covers the very important molecular ring structure in the inner
Milky Way. This survey, which span the longitude range 18◦ ≤ ` ≤ 55.7◦ and latitude
range −1◦ ≤ b ≤ 1◦, only covers about 10% of the Galactic plane.

Because of the incompleteness of the GRS, we use a smooth disk model for the mass
distribution of HI and H2 for full Galactic plane calculations, and use H2 data from the
GRS (Jackson et al., 2006; Roman-Duval et al., 2009, 2010) for calculations limited to
the longitude range covered by the survey. The latter case is used to study the effect of
clumpiness and small volume-filling factor of the molecular clouds on the observed X-ray
intensity morphology (see Section 2.3.2). Although limited to the 18◦ ≤ ` ≤ 55.7◦ range,
these results are easily extendable to and are valid for the full sky, and in particular clearly
show the spatial morphology and features in the GRXE that should be expected from
GMCs.

Atomic Hydrogen

The average density distribution of the interstellar HI gas in the Galactic disk can be
described by an exponential disk (Dehnen & Binney, 1998; Binney & Tremaine, 2008).
The ISM mass density distribution at a Galactocentric distance R and Galactic plane
height z used in this model is given by

ρHI(R, z) ∝ 1

2zd

exp

(
−Rm

R
− R

Rd

− |z|
zd

)
, (2.7)

with parameters Rm = 4kpc, Rd = 6.4 kpc and zd = 80 pc.

Notice that the scale height of the gaseous disk, zd = 80 pc, is considerably lower than
that of the stellar disk, which is of 130 pc (Dehnen & Binney, 1998; Binney & Tremaine,
2008). Because the morphology of the scattered X-rays will closely follow the distribution
of gas in the Galaxy, we can therefore expect the scale height of the scattered and stellar
GRXE components to be characteristically different.
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Figure 2.2: Projected distribution on the Galactic plane of persistent X-ray sources ob-
served during the past 40 years used in our calculations, shown against the spiral structure
of the Galaxy.

Molecular Hydrogen

The lack of HI gas in the central region of the plane, due to the central depression of radius
4 kpc in the HI disk, is compensated for by the concentration in this region of most of the
H2 component, which gives a significant fraction of the scattering at low longitude values.
The average H2 distribution in the Galaxy is given by Misiriotis et al. (2006) as

ρH2(R, z) ∝ exp(−R/RH2 − |z|/zd) (2.8)

with parameters RH2 = 2.57 kpc and zd = 80 pc as in Eq. 2.7. The GRS provides data for
the spatial distribution, size and average density of 750 molecular clouds in the Galactic
plane in the latitude range −1◦ ≤ b ≤ 1◦ and the longitude range 18◦ ≤ ` ≤ 55.7◦. This
survey covers a part of one of the most significant concentrations of molecular gas in the
Galaxy that is roughly distributed in a ring-like structure about 4 kpc from the Galactic
centre (Stecker et al., 1975; Cohen & Thaddeus, 1977), although it may just be a spiral
arm misinterpreted as a molecular ring (Dobbs & Burkert, 2012). We assume that the
density of each individual cloud is constant throughout the object. The total H2 mass of
the clouds in the GRS is 3.5× 107 M�.
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Spiral structure

We also account for the concentration of matter in the Galactic disk into spiral arms. This
is particularly important because HMXBs are also concentrated in the Galactic spiral arms:
the combined effect of concentration of HMXBs as well as atomic and molecular clouds in
these structures means that we expect an enhancement of scattered X-ray intensity in the
directions tangential to the spiral arms. We describe the spiral structure of the Galaxy
following the prescription given in Vallee (1995), where the location of the density wave
maxima of the nth spiral arm is given by

m

[
θ − θ0 − ln(R/R0)tan(p)−1

]
= (n− 1)2π, (2.9)

where m = 4 is the total number of spiral arms, p = 12◦ (inward) is the pitch angle and
R0 = 2.5 kpc. We have verified that the lines of sight tangential to the spiral arms in
the model are consistent with the location of the tangential directions based on different
observations, as summarised in Vallée (2008). We model the density around the spiral
maxima as a Gaussian probability distribution with respect to the projected distance from
the spiral arms’ maxima on the Galactic plane d:

ρSpiral ∝
m∑
n=1

exp(−(dn/w)2), (2.10)

where the typical width w of the spiral arm is assumed to be 500 pc for the gas component.
The density of the wave is assumed to be three times higher than the inter-arm density
(Levine et al., 2006). The overall density distribution including the spiral structure is
therefore given by

ρH(R, z, θ) ∝ [1 + 3× ρSpiral(R, θ)] ρH(R, z) (2.11)

for both ρH = ρHI and ρH = ρH2. The distribution of gas in the Galaxy in our model
is shown in Fig. 2.2. We assume constant abundances for heavier elements throughout
the Galaxy with abundances taken to be same as the present-day solar photosphere from
Asplund et al. (2009).

2.2.3 Contribution from sources other than XBs

Indirect contribution of low-luminosity X-ray sources

The X-ray emission from the low-luminosity sources which form the stellar GRXE will also
be scattered by the ISM, adding to the diffuse scattered X-rays from X-ray binary sources.
This effect can be accounted for by considering the scattering by the ISM of the observed
GRXE, assumed to be of stellar origin. We use the models for the three-dimensional
luminosity of the bulge and disk components of the GRXE based on infrared distribution
of the Galaxy given in Revnivtsev et al. (2006) for the 3-20 keV range and apply it to the
17-60keV range by normalising the distribution to the GRXE luminosity in this range as
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measured by Krivonos et al. (2007a). For the harder range we also assume the same ratio
between the disk and bulge luminosity of ∼ 2.5 measured in the 3-20 keV range. This
ratio is consistent with the disk-to-bulge stellar mass ratio and therefore implies a uniform
GRXE emissivity per unit stellar mass throughout the Galaxy. The bulge component is
described by

ρGRXE,bulge ∝ r−1.8exp[−r3], (2.12)

where

r =

[
(y/y0)2 + (z/z0)2 + (z/z0)2

]1/2

with x0 = 3.4±0.6 kpc, y0 = 1.2±0.3 kpc, z0 = 1.12±0.04 kpc with the x−y axes on the
Galactic plane rotated by an angle α = 29± 6◦. The disk component, on the other hand,
is described as

ρGRXE,disk ∝ exp

[
− (R/Rm)3 −R/Rdisk − z/zdisk

]
, (2.13)

with parameters Rdisk = 2 kpc, zdisk = 0.13 kpc and fixed Rm = 3 kpc. The total
bulge+disk luminosities considered are ∼ 1.39 × 1038 erg/s and ∼ 4.2 × 1037 erg/s in the
3-20 and 17-60 keV bands, respectively.

Contribution of Sgr A∗

At present, XBs contribute the bulk of the Milky Way emission in the 2-10 keV range. An
important feature of the scattered component, however, is that since the scattered X-rays
travel a longer path to reach us from the original source, the X-rays seen by us today probe
the past X-ray activity of the Galaxy. This implies that even sources currently undergoing
a low quiescent phase may contribute to the average X-ray Galactic output, if they have
experienced a higher level of activity in the past. An important example is the supermassive
black hole Sgr A∗ situated at the Galactic centre, which currently radiates at least eight
orders of magnitude below its Eddington limit with a quiescent 2 − 10 keV luminosity
of ∼ 1033−34 ergs/s (e.g. Narayan et al., 1998; Baganoff et al., 2003). The scattering of
the hard X-ray continuum radiation of Sgr A∗ by an individual molecular cloud (Sgr B2)
was first observed by Revnivtsev et al. (2004). Studies of the recent history of Sgr A∗’s
activity through the reflected X-rays from the massive molecular clouds in its vicinity (first
proposed by Sunyaev et al. (1993) and followed by Koyama et al. (1996); Murakami et al.
(2000); Revnivtsev et al. (2004); Muno et al. (2007); Inui et al. (2009); Ponti et al. (2010);
Terrier et al. (2010); Capelli et al. (2012); Nobukawa et al. (2011); Gando Ryu et al. (2012);
Clavel et al. (2013)) suggest that the source experienced much more luminous phases in
the past than currently observed (see Ponti et al. (2013) for a review). The past activity
of the currently low quiescent source Sgr A∗ might therefore have significantly contributed
to the cumulative X-ray output of the Galaxy, and hence to the diffuse GRXE component.
In this work we ignore the contribution of this source and focus only on the contribution of
XBs. We show in Fig. 2.3 the minimum luminosity required for the flux from this source
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to outshine the contribution of the entire XB population at different positions (x, y, z = 0)
on the Galactic plane, estimated as

LSgrA∗(x, y, z = 0) = 4πR2
SgrA∗ ×

∑
i

Li(ν)

4πR2
i

(2.14)

where RSgrA∗ is the distance from Sgr A∗ to the point (x, y, z = 0), Ri is the distance from
the XB source of luminosity Li to the same point. This is shown in Fig. 2.3 for the case
of observed XBs. Near the Galactic centre, a luminosity of & 1037 ergs/s from Sgr A∗

would be enough to become comparable with the illumination from X-ray binaries. On the
outskirts of the Galaxy, on the other hand, Sgr A∗, or some other ultra-luminous source
near the Galactic centre, can be ignored as long as its luminosity is . 1039−40 ergs/s.

10
36

10
37

10
38

10
39

-8 -6 -4 -2  0  2  4  6  8

e
rg

/s

x (kpc)

HMXBs

2-10 keV

-4

-2

 0

 2

 4
y

 (
k

p
c
)

10
39

10
40

10
41

-8 -6 -4 -2  0  2  4  6  8

e
rg

/s

x (kpc)

LMXBs

2-10 keV

-4

-2

 0

 2

 4

y
 (

k
p

c
)

Figure 2.3: Minimum Sgr A∗ luminosity required for the source’s flux to be higher than
the total HMXBs (left panel) and LMXBs (right panel) contribution at different positions
on the Galactic plane.

2.2.4 Scattered X-rays’ ISM volume emissivity

The total volume emissivity per steradian, εXBs, of the gas due to illumination by Galactic
X-ray binary sources at a distance s from the observer along the line of sight (l, b) is given
by

εXBs(s, ν) =
∑
Z

∑
i

Li(ν)

4πR2
i (s)

(
dσ

dΩ
(s, ν)

)
Z

nZ(s), (2.15)

where the sum is computed over the X-ray sources i and elements Z contributing to the
scattering, Ri is the distance of the source with luminosity Li from the scattering point,
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Figure 2.4: Profiles of the volume emissivity per deg2 in our direction on the Galactic
plane due to the observed sources used in our calculations, at different distances from the
Galactic centre (Sun’s position (-8 kpc, 0, 0.015 kpc)). Units were chosen so that if this
emissivity is integrated over 1 kpc it is numerically equal to the observed flux. Proximity
effects in the vicinity of sources are clearly visible. The concentration of LMXBs in the
Galactic bulge results in a steady decrease in the overall profile of the volume emissivity
from these sources away from the Galactic centre. This is not the case for HMXBs because
of their distribution along the Galactic disk. Discontinuities in the LMXBs profiles in the
positive y-range are caused by temporal constraints in the illumination of its surroundings
by the very bright source GRS 1915+105 (located at (−0.27kpc, 7.83kpc,−27pc)), which
was not observed during 1970-1992 and is assumed to have been absent before 1992.
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(dσ/dΩ) is the differential scattering cross section including Rayleigh and Compton scat-
tering, and nZ is the number density distribution of the element Z. The total differential
cross section is computed as a function of the position along the line of sight s as well as
of the radiation energy, since the angle at which radiation from a given source is to be
scattered to reach the observer will depend on the position at which the scattering occurs.
Because of the low optical depth, the contribution of radiation that undergoes multiple
scatterings before reaching the observer is assumed to be negligible, and we therefore use a
single-scattering approximation. The volume emissivity per unit solid angle in the Galac-
tic plane is plotted in Fig. 2.4 using observed data. From Eq. 2.15 we expect proximity
zones near individual sources where the flux peaks sharply, as clearly seen in Fig. 2.4.
Scattering of X-rays in these proximity zones will result in X-ray halos around each source,
similar to the dust halos observed around many X-ray sources (Overbeck, 1965; Trümper
& Schönfelder, 1973; Rolf, 1983; Predehl & Schmitt, 1995) at angles < 1◦ but extending to
much larger angles. The profile is sharply peaked if the source is in the Galactic plane and
the slice through the plane crosses the source. If, on the other hand, the source is above or
below the plane, the profile is broader, as expected from the geometry. LMXBs dominate
in the centre of the Galaxy because they are concentrated in the bulge, while in the disk
and near the spiral arms HMXBs are dominant.

As discussed in Section 2.2.3, we also include the scattering of the stellar GRXE in our
calculations. The volume emissivity per unit solid angle due to scattering of this radiation
at a distance s from the observer along the line of sight (l, b) is given in this case by:

εstellar(s, ν) =
∑
Z

y

V

ρGRXE(x, y, z)f(ν)

4πd2(x, y, z, s)

×
(

dσ

dΩ
(s, ν)

)
Z

nZ(s)dV, (2.16)

where ρGRXE is given in units of erg/cm3, d(x, y, z, s) is the distance from any point (x, y, z)
in the Galaxy to the scattering point, and f(E) is the normalised spectral energy density
taken from the GRXE spectrum given in Revnivtsev et al. (2006) and Krivonos et al.
(2007a).

2.3 Results

The contribution of the scattered intensity is expected to be most significant at low latitudes
where the interstellar gas is concentrated. We therefore present the results in the form of
longitude profiles of the total scattered intensity along the Galactic plane (b = 0◦), in
energy ranges 3 - 10, 10-20, 17-25 and 25-60 keV, chosen to allow comparison with the
RXTE and Integral observations of GRXE and future observations of Nuclear Spectroscopic
Telescope Array (NuSTAR) (Harrison et al., 2013) and hard X-ray telescopes onboard
Astro-H (Tajima et al., 2010) and ART-XC onboard Spectrum-RG (Pavlinsky et al., 2008)
satellites.
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Current observations of the GRXE do not have a high enough angular resolution to
allow a direct comparison with the scattered profile. We therefore make use of the relation
between the GRXE emission and the Galactic stellar distribution first studied in Revnivtsev
et al. (2006) to compare the diffuse scattered component with the GRXE of stellar origin,
as discussed below.

We use the relation between the GRXE’s surface brightness and the extinction-corrected
near-infrared emission found by Revnivtsev et al. (2006):

I3−20keV(10−11ergs−1cm−2deg−2) = 0.26× I3.5µm(MJy/sr) (2.17)

and Krivonos et al. (2007a):

F17−60keV = (7.52± 0.33)× 10−5F4.9µm (2.18)

in the 3-20 and 17-60keV ranges, respectively, to model the stellar GRXE component
at different positions on the sky. Full-sky infrared maps are available from the Cosmic
Background Explorer’s Diffuse Infrared Background Experiment (COBE/DIRBE) experi-
ment. We use the zodi-subtracted mission average map available on the LAMBDA archive
at http://lambda.gsfc.nasa.gov. To account for interstellar extinction in the infrared
data, we use the method followed in Krivonos et al. (2007a) based on the assumption that
the ratio of intrinsic surface brightness in different infrared bands is uniform over the sky.
This in effect is equivalent to the assumption that the average spectrum of the infrared
sources is the same in all directions, or that the average relative population of different
types of stars in different regions of the Milky Way is the same. The ’true value’ of the
ratio under this assumption can be estimated from the lines of sight at which the extinc-
tion is negligible and the contribution from the extragalactic sources is not important. We
use this method because most of the publicly available extinction maps account for the
total extinction in our Galaxy and are useful only in the case of extragalactic sources.
For the Galactic sources the extinction, in addition to direction, would also depend upon
how far away the sources are from the observer. The extinction coefficient for emission at
wavelength λ can be calculated, following Krivonos et al. (2007a), as

A(l, b) =
−2.5

A1.25µm/Aλ − 1

[
log10

I1.25µm

Iλ
− log10

I0
1.25µm

I0
λ

]
, (2.19)

where the “true” value of the ratio is estimated by averaging all measurements for 1◦

around b ∼ 30◦ and Aλ/AV values are taken from Rieke & Lebofsky (1985).
We show our results for both the observed (Fig. 2.5 and 2.6) and simulated (Fig. 2.7)

source catalogs. In each plot, we distinguish the contribution of scattered HMXBs, LMXBs
and stellar GRXE radiation, and compare this with the direct stellar GRXE contribution
in each energy band. From these plots, we can make the following observations:

• The contribution of HMXBs along the Galactic disk and of LMXBs around the
Galactic bulge, which would be expected from the distribution of these sources in
the Galaxy, is clearly recognisable.

http://lambda.gsfc.nasa.gov
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• Proximity effects in the vicinity of bright sources are also visible. The sources con-
tributing the most to the scattered components are clearly detectable and marked
as peaks in the profiles. The peaks appear to be sharper for sources in the Galactic
plane and broader for sources significantly above or below the plane. Note that when
the line of sight crosses a source, the sharpness of peaks is limited by the angular res-
olution of the calculation, which is 5′ for these plots. A list of the observed LMXBs
and HMXBs that are responsible for some of the brightest peaks in the scattered
GRXE profiles (Fig. 2.5) are listed in Table 2.2.

• The combined concentration of both gas and HMXB sources in spiral arms results in
a visible increase in the scattered GRXE emission at lines of sight tangential to these
structures (see for example the line of sight tangential to the Scutum-Crux spiral
arm at l ∼ −60◦).

• The profiles drop sharply toward the Galactic anti-centre, reflecting the decrease in
the ISM column density.

• The softer spectrum of LMXBs compared to that of HMXBs results in a more evident
drop in the reflected intensity in the 10-20 keV range then for the former class of
XBs.

• The intensity of the scattered GRXE emission in each band is proportional to the
total luminosity of the corresponding X-ray sources in that energy range. We take for
example the case of the scattered stellar GRXE. The luminosity of the stellar GRXE
in the 3-20 keV range is ≈ 1.4× 1038 erg/s (Revnivtsev et al., 2006), which is lower
than the luminosity of LMXBs (≈ 2.43× 1039 erg/s), but higher than the luminosity
of HMXBs (≈ 9× 1037 erg/s). This is clearly reflected in the relative emission of the
scattered profiles in Fig. 2.5. In the 17-60 keV energy range, on the other hand, the
luminosity of the stellar GRXE is 3.7× 1037 erg/s (Krivonos et al., 2007a), which is
a factor of ∼ 5 lower than the luminosity of LMXBs (1.9× 1038 erg/s) and a factor
of ∼ 2 lower than the luminosity of HMXBs (6.2× 1037 erg/s). We would therefore
expect the scattered stellar GRXE to be subdominant in this range, as is indeed
evident in the plot for this range (see Fig. 2.6).

In order to quantify the relative contribution of the scattered emission to the stellar
GRXE, we show the ratio of the scattered emission to the GRXE inferred from near-
infrared data. We show this separately for observed (Fig. 2.8) and simulated (Fig. 2.9)
sources respectively.

In the case of observed sources, the scattered X-rays contribute 10 − 30% over most
of the Galaxy, with a contribution as high as 40% near the most luminous sources in the
3-20 keV energy range. The diffuse component in the 17-60 keV range contributes, on the
other hand, ∼ 10% or less, which is lower but still non-negligible.

In the case of the simulated catalog, the scattered X-rays from the Monte Carlo XBs
account for almost all of the GRXE in the Galactic plane in the 3-20 keV range. This
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Figure 2.5: Longitude profiles of scattered XB radiation in comparison with a near-infrared-
inferred GRXE profile in energy ranges 3-10 and 10-20 keV for observed sources. The sum
of the scattered component is 10-30% of the stellar contribution to the GRXE. Data for
the sources responsible for the labelled peaks are listed in Table 2.2.
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Figure 2.6: Longitude profiles of scattered XB radiation in comparison with a near-infrared-
inferred GRXE profile in energy ranges 17-25 and 25-60 keV for observed sources. Data
for the sources responsible for the labelled peaks are listed in Table 2.2.
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Figure 2.7: Longitude profiles of scattered XB radiation in comparison with near-infrared-
inferred GRXE profile, in energy ranges 3-10 and 10-20 keV for Monte Carlo sources. If
our Galaxy was on average more luminous in X-rays during the last several thousand years
compared with the present, then the scattered component of the GRXE could be as bright
as the stellar component. In reality, the scattered component strongly depends on the
appearance of just a few new bright sources with luminosities close to the Eddington limit
for a neutron star.
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seems to suggest that the hypothesis that our Galaxy is on average more similar to other
galaxies, and therefore significantly more luminous than the current observations of the
X-ray sources in the Galaxy would suggest, contradicts the resolution of 80-90% of the
emission into point sources by Revnivtsev et al. (2009). This is actually not the case, as
discussed in the next section.
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Figure 2.8: Ratio of scattered X-ray radiation (including HMXBs, LMXBs, and near-
infrared-inferred low-luminosity sources) to the near-infrared-inferred GRXE profile for
observed sources for the energy ranges (from top to bottom) 3-10 keV, 10-20keV, 17-
25keV, and 25-60 keV. The average spectrum of the LMXB sources in our calculations is
significantly softer than the GRXE spectrum observed by RXTE and Integral (Revnivt-
sev et al., 2006; Krivonos et al., 2007a). As a result, the contribution of the scattered
component to GRXE decreases at energies above 10 keV.
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Figure 2.9: Ratio of scattered X-ray radiation (including HMXBs, LMXBs, and near-
infrared-inferred low-luminosity sources) to the near-infrared-inferred GRXE profile for
the Monte Carlo sources.
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Table 2.2: List of sources responsible for peaks in the scattered GRXE longitude and
latitude profiles, ranked by 2-10keV luminosity.

Source l (◦) b (◦) D lumi. lumi. D lumi. lumi.
(kpc) 2-10 17-60 2-10 17-60

keV keV keV keV
(erg/s) (erg/s)

4U 1516-569 322.12 0.037 9.2 3.31×1038 5.91×1035 (4) (3) (1)
GRS 1915+105 45.36 -0.22 11 2.96×1038 4.88×1037 (4) (3) (1)
GX 5-1 5.079 -1.019 7.2 1.42×1038 3.83×1036 (7) (3) (1)
GX 340+0 339.59 -0.08 11 1.41×1038 5.42×1036 (7) (3) (1)
GX 13+1 13.52 0.106 7 4.32×1037 8.03×1035 (5) (3) (1)
Cyg X-3 79.85 0.7 7.2 2.43×1037 1.01×1037 (2) (3) (2)
GRO J1744-28 0.0445 0.301 8.5 1.57×1037 - (3) (3) -
GX 354-0 354.30 -0.15 5.3 7.17×1036 1.89×1036 (4) (3) (1)
Cen X-3 -67.9 0.33 5.7 6.09×1036 2.45×1036 (2) (3) (2)
GRS 1758-258 4.508 -1.362 8.5 5.90×1036 5.67×1036 (3) (3) (1)
1E1740.7-2942 -0.873 -0.105 8.5 5.03×1036 3.85×1036 (12) (3) (11)
Cyg X-1 71.34 3.07 1.86 4.01×1036 3.90×1036 (2) (3) (2)
OAO 1657-415 -15.63 0.32 7.1 1.88×1036 4.87×1036 (2) (3) (2)
4U 0115+63 125.922 1.029 8 1.27×1036 2.88×1036 (10) (3) (1)
1E 1145.1-6141 -64.5 -0.02 8.5 1.15×1036 2.01×1036 (2) (3) (2)
4U 1908+075 41.89 -0.81 7 1.06×1036 9.66×1035 (2) (3) (2)
GX 301-2 -59.9 -0.03 3.5 9.31×1035 3.15×1036 (2) (3) (2)
4U 1907+097 43.74 0.47 5 8.98×1035 4.39×1035 (2) (3) (2)
A 1845-024 30.4 -0.381 10 8.42×1035 8.21×1034 (7) (3) (1)
Sct X-1 24.34 0.066 10 7.50×1035 - (3) (3) -
V0 332+53 146.05 -2.194 7.5 1.03×1035 1.11×1037 (10) (3) (1)
1E 1743.1-2843 0.25 -0.026 8 - 4.54×1035 (8) - (1)
XTE J1810-189 11.36 0.06 11.5 - 3.35×1035 (6) - (1)

(1) Krivonos et al. (2012); (2) Lutovinov et al. (2013); (3) Grimm et al. (2002); (4) Jonker &
Nelemans (2004); (5) Bandyopadhyay et al. (1999); (6) Markwardt et al. (2008); (7) Grimm
et al. (2002); (8) Porquet et al. (2003b); (9) Sidoli et al. (1999); (10) Negueruela et al.
(1999); (11) Krivonos et al. (2007a); (12) White & van Paradijs (1996).
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2.3.1 Comparison with the deep survey region of Chandra

In the case of a Galactic XB population more similar to that of other galaxies, the scattered
component should dominate the stellar GRXE on the plane of the Galaxy. This may seem
to be inconsistent with the results of Revnivtsev et al. (2009), who resolved 80 − 90% of
the GRXE into point sources, suggesting that the average X-ray luminosity of our Galaxy
should be lower than the one assumed in the simulated catalogue.

This apparent discrepancy is however resolved by considerations of the different scale
heights of the scattered and stellar GRXE components. The field of view in which the
emission was resolved was in fact located at latitude b = −1.42◦. As discussed earlier
(see Section 2.2.2), the scale height of the ISM, which the scattered GRXE is expected to
follow, is much lower (∼ 0.6◦). We therefore expect the diffuse component of the GRXE
to be significantly smaller at this latitude than on the Galactic plane.
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Figure 2.10: Latitude profiles of scattered XB radiation in comparison with the near-
infrared-inferred GRXE profile in the energy range 3-10 keV for the field of view of 16×16
arcmin centered at l = 0.08◦, b = −1.42◦. In this region between 80 and 90 % of the GRXE
has been resolved into point sources (Revnivtsev et al., 2009). Percentages quoted show
the fractional contribution of the diffuse GRXE component in each case. Because of the
coincidental presence near this field of view of a luminous simulated source, we also quote
the same value on the other side of the Galactic plane in the case of Monte Carlo sources.

To illustrate this, we plot the latitude profile at l = 0.08◦, corresponding to the obser-
vation direction of Revnivtsev et al. (2009), and compare the GRXE profile inferred from
near-infrared data (see Fig. 2.10).

At b = −1.42◦, the scattered GRXE due to observed and simulated sources makes up
only 5% of the GRXE in the former case and ∼ 26% in the latter. Because a luminous
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Monte Carlo source appears to coincidentally be located nearby, giving a higher than
average flux in this direction, we can actually consider the contribution on the other side
of the Galactic plane, at b = 1.42◦, to be a more representative value, suggesting the
cumulative contribution of the simulated sources at this latitude should be ∼ 16%.

The simulated scattered GRXE in both the observed and simulated catalogue cases is
hence consistent with the results of Revnivtsev et al. (2009). We can therefore conclude
that an X-ray luminosity of the Milky Way significantly higher than what would be ex-
pected from current observations is therefore fully consistent with GRXE observations.
The hypothesis that the average X-ray luminosity of our Galaxy is significantly higher
than indicated by current data can be tested by studies similar to that of Revnivtsev et al.
(2009), but conducted in the Galactic plane.

Recently, Morihana (2012) and Iso et al. (2012) have claimed that the resolved fraction
in this field of view may be closer to 50%, allowing for a significantly larger contribution
from the diffuse component. The analysis of Suzaku satellite data by Uchiyama et al.
(2013) also allows for a contribution from the scattered radiation to the GRXE consistent
with our predictions for the simulated optimistic case.

2.3.2 Effect of molecular clouds on the scattered GRXE’s mor-
phology

The GRS provides data for the spatial distribution, size and average density of 750 molecu-
lar clouds in the Galactic plane in the latitude range −1◦ ≤ b ≤ 1◦ and the longitude range
18◦ ≤ ` ≤ 55.7◦. This survey covers a part of one of the most significant concentrations
of molecular gas in the Galaxy that is roughly distributed in a ring-like structure about 4
kpc from the Galactic centre (Stecker et al., 1975; Cohen & Thaddeus, 1977), although it
may just be a spiral arm misinterpreted as a molecular ring (Dobbs & Burkert, 2012). We
assume that the density of each individual cloud is constant throughout the object. The
total H2 mass of the clouds in the GRS is 3.5× 107 M�.

We account for the absorption of X-rays in the molecular cloud using photoabsorption
cross sections from Morrison & McCammon (1983). Scattering of X-rays from XBs on
molecular clouds, which contain only a fraction of the total gas, gives a significant but
patchy contribution to the GRXE. Part of the reason for this is that molecular clouds are
dense and occupy a small volume (and angular area on the sky). Locally, along the lines
of sight that intersect molecular clouds, they dominate the much smoother contribution
from HI. In addition, there is a factor of 2 enhancement over atomic hydrogen (with same
number density of H atoms) because of Rayleigh scattering for small scattering angles.
We show the results after including the molecular clouds in the GRS instead of smooth
distribution of molecular gas in Fig. 2.11. The molecular clouds are very obvious in these
maps. This is even clearer in the latitude profiles shown in Fig. 2.12 along the direction
tangent to the Scutum-Crux spiral arm of the Milky Way and the longitude profiles shown
in Fig. 2.13. Even at relatively high latitudes, the molecular clouds are able to significantly
contribute, locally, to the GRXE.
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Figure 2.11: Maps of diffuse X-ray emission from the ISM with HI modelled as a smooth
disk and H2 using data from the Galactic Ring Survey in the energy ranges 3-10 keV (top
panel), 10-20 keV (middle panel) and 17-60 keV (bottom panel). Giant molecular clouds
are immediately evident.
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This suggests that at high angular resolution, where we can resolve the molecular
clouds, there should be significant fluctuations in the diffuse component of the GRXE,
which would encode information about the distribution of molecular clouds in the Galaxy.
The comparison of their contribution to the near-infrared-inferred GRXE is given in Fig.
2.14. The molecular clouds are evident as narrow peaks on small scales, in addition to
broader peaks from the presence of luminous X-ray sources, and locally they are responsible
for an increase of a factor of more than 2 in the diffuse component of GRXE compared
with the average background.
We compare in Table 2.3 the results for the scattered flux from molecular clouds with
the Advanced Satellite for Cosmology and Astrophysics (ASCA) (Tanaka et al., 1994)
measurement of X-ray flux in the field of view of GMCs (Cramphorn & Sunyaev, 2002).
The ASCA measurements provide an upper limit to the X-ray flux that might be produced
by the scattering process. The scattered X-ray component is well below the limit set by
ASCA. The X-ray telescopes Chandra and XMM-Newton (and Athena+ in the future) are
significantly more sensitive than ASCA, which observed the giant molecular clouds in the
Galactic plane for a relatively short time.
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Figure 2.12: Latitude profile of scattered XB radiation near the line of sight tangential to
one of the spiral arms (Scutum-Crux). The lines of sight passing through giant molecular
clouds can receive a significantly higher contribution (than the average background) from
the scattered X-rays.
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Figure 2.13: Comparison of longitude profiles of scattered XB radiation in different energy
ranges including effects of molecular clouds (visible as narrow peaks in the profiles) for the
energy ranges (from top to bottom) 3-10 keV, 10-20keV, 17-25keV and 25-60 keV.
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Figure 2.14: Ratio of longitude profiles of scattered XB radiation in different energy ranges
including effects of molecular clouds (visible as narrow peaks in the profiles) to the near-
infrared-inferred GRXE emission for the energy ranges (from top to bottom) 3-10 keV,
10-20keV, 17-25keV and 25-60 keV.
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Table 2.3: Comparison of XB scattered flux (Fscatt) with ASCA measurements of 4-10keV
flux (FASCA) in the field of view of 20 GMCs

GMC FASCA Fscatt Fscatt/FASCA

(erg s−1 cm−2) (erg s−1 cm−2)

003 1.9×10−11 6.9×10−13 0.036
014 1.5×10−11 2.1×10−13 0.014
059 1.7×10−11 3.8×10−13 0.022
080 1.5×10−11 9.9×10−14 0.0066
085 1.6×10−11 1.8×10−13 0.011
089 1.6×10−11 3.0×10−13 0.018
116 1.5×10−11 6.1×10−14 0.0041
122 1.8×10−11 2.0×10−13 0.011
128 1.7×10−11 1.4×10−13 0.008
151 1.4×10−11 1.6×10−13 0.011
152 1.4×10−11 6.3×10−14 0.0045
158 1.5×10−11 1.0×10−13 0.0067
162 1.5×10−11 1.1×10−13 0.0071
171 1.3×10−11 2.9×10−13 0.023
191 1.0×10−11 7.2×10−14 0.0072
193 1.0×10−11 2.3×10−13 0.023
201 9.1×10−11 2.9×10−13 0.0031
206 1.0×10−11 1.6×10−13 0.016
214 7.7×10−12 3.1×10−13 0.04
217 8.6×10−12 1.1×10−13 0.012

2.3.3 Luminosity

We calculate the luminosity/sr radiated in our direction from within a given latitude and
longitude range in the sky dΩ (as opposed to the isotropic luminosity) for both the stellar
GRXE and the scattered GRXE component as follows:

LGRXE,stellar =
1

4π

y
f(ν)ρGRXE(x, y, z)s2dνdsdΩ (2.20)

LGRXE,scatt =
x

[εXBs(s, ν) + εstellar(s, ν)]s2dνdsdΩ, (2.21)

where the total volume emissivity due to scattering ε(s, ν) includes the contribution from
both XB (Eq. 2.15) and low-luminosity stellar source (Eq. 2.16) components. The lumi-
nosity/sr profiles are plotted and compared in Fig. 2.15. The scattered radiation is on
average ∼ 10% as luminous as the stellar component of the GRXE in the inner ∼ 1◦ of the
Galactic plane.
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Figure 2.15: Top panels : Luminosity/sr radiated in our direction from the stellar GRXE
and the scattered GRXE component (including stellar and XBs contributions) in the 3-
20keV range integrated over the longitude range (l < |180◦—) and latitude range −b to b.
The difference in the scale height of the scattered component compared with a GRXE of
stellar origin is clearly visible. Bottom panels : Ratio of the two profiles. The peak in the
ratio profile is caused by the elevation of the Sun above the Galactic plane by 15 pc.

2.4 Conclusions

Weak X-ray sources such as cataclysmic variables (CVs) and coronally active binaries are
currently believed to be the main contributors to the GRXE. We investigate the scattering
by the interstellar medium of X-rays produced by Galactic X-ray sources as a possible
truly diffuse component of the GRXE emission. We include contributions from coherent
scattering from molecular hydrogen, helium and heavy elements in addition to the atomic
hydrogen. The scattering of X-rays from luminous sources results in bright regions around
the sources, the proximity zones, similar to the dust halos, but extending to much larger
scattering angles than the . 1◦ for dust halos. The scattered photons from the ISM
originating in the known X-ray binary sources and stellar sources in the Galaxy are able to
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contribute, on average, 10− 30% of the flux currently identified as GRXE in the Galactic
plane. The profile of the scattered intensity follows the distribution of gas in the Galaxy
with a scale height of 80 pc (0.6◦ at 8 kpc distance), which is much sharper than the profile
of stellar distribution with a scale height of ∼ 130 pc. Therefore we expect the stellar
point sources to dominate away from the Galactic plane, while the scattered X-rays would
be concentrated within the central 1◦ of the plane. Molecular clouds locally enhance the
scattered intensity, imprinting their morphology on the GRXE. The coherent scattering by
electrons in the molecular hydrogen operates on a comparatively wide range of scattering
angles at low energies than at high energies, making the scattered spectrum softer than
the incident spectrum.

We only calculate the X-ray flux integrated over particular X-ray bands because this
will be more readily observable in reasonable observation time with telescopes in operation
now or expected in the near future, such as NuSTAR (Harrison et al., 2013), Spectrum-
RG/ART-XC (Pavlinsky et al., 2008) and Astro-H (Takahashi et al., 2010). There is
additional information in the spectrum of the scattered emission that may help to distin-
guish between the scattered GRXE and stellar GRXE. Of particular interest in this regard
is the emission of fluorescent lines of neutral elements such as iron, sulphur and silicon.
We have also assumed that the sources are persistent. The transient nature of most X-ray
binary sources as well as extreme events such as gamma-ray bursts and giant flares from
magnetars will leave unique signatures in the morphology of the scattered GRXE. We will
consider these effects in a separate publication.

Compared with other galaxies, the Milky Way is underluminous in X-rays according
to current observations. It is possible that the Milky Way is just going through a phase
of low X-ray activity at present but was more luminous in the past. In particular, if the
time-averaged luminosity of Milky Way is the same as inferred from averaged relations
between X-ray luminosity and star formation rate/stellar mass of other galaxies, then
the scattered component will on average contribute to more than 50% to the GRXE in
the galactic plane and would dominate the stellar component in a significant part of the
Galaxy. This hypothesis is allowed by current observations and is testable by observations
of the Galactic plane with high angular resolution and sensitivity, similar to the study by
Revnivtsev et al. (2009) below the Galactic plane.
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Chapter 3

Contribution of XBs to the ISM
heating

3.1 Heating processes in the ISM

The competition between different heating processes (e.g. by irradiation, cosmic rays,
turbulent dissipation) and cooling processes (e.g. by atomic lines such as CII,OI, Ly-α)
plays a crucial role in determining the multiphase structure of the interstellar medium,
and hence the formation of molecular clouds and stars (Pikel’Ner, 1968; Field et al., 1969;
McKee & Ostriker, 1977; Wolfire et al., 1995; Spitzer, 1978; Cox, 2005; Snow & McCall,
2006; McKee & Ostriker, 2007). The contribution of soft X-rays with energies . 1 keV is
taken into account in standard calculations (Wolfire et al., 1995, 2003) by assuming a quasi-
homogeneous X-ray background, which varies smoothly with distance from the Galactic
center, arising from the Local Bubble, the Galactic halo and the extragalactic background.
The contribution of photons with higher energies, on the other hand, is generally ignored
in these models.

In the case of high-density gaseous regions, the heating from UV photons and soft X-rays
is confined to the outer layers, where they are almost completely absorbed. Harder X-rays
with energies & 1 keV, on the other hand, would be able to penetrate dense regions of gas,
such as GMCs, and significantly contribute to the heating of their interiors. The study
of the gas heating resulting from illumination by hard sources could therefore represent
an important step towards improving our understanding of the ISM heating mechanisms
which determine its chemical evolution. As discussed in Chapter 2, X-ray binaries are
the strongest sources of X-rays at these energies in galaxies similar to the Milky way, and
should therefore have a significant effect on the structure and chemistry of the ISM. In
Molaro et al. (2014) we estimated their possible contribution to ISM heating, as we report
in this chapter.
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3.2 Relative contribution from XBs

Energy deposition by X-rays takes place through photoionisation of tightly bound electrons
in the atoms’ innermost shells, as well as through inelastic scattering.

Photoabsorption of X-rays results in the release of a free electron in the ISM, as well
as the emission of an additional electron through the Auger effect, with probability 1-Y
(see Chapter 1). It is important to note that not all energy deposited in the gas this
way will necessarily go into heating. Part of it will, in fact, be radiated away as low-
frequency photons, produced by the consequent excitation, ionisation and recombination
of the secondary electrons (Shull & van Steenberg, 1985). The efficiency of conversion
between X-ray energy deposition and heating is therefore significantly dependent upon
local conditions. In particular, the conversion will be more efficient if i) the ionisation
fraction is large, so that most of the initially absorbed energy is dissipated via electron-
electron collision and not through excitation, and ii) the hydrogen column density or dust
opacity is so high that photons with energy Ly-α or higher cannot escape the region.
Assuming either or both of these conditions hold, we can then assume that most of the
energy deposited will be converted into heating.

In addition to the photoabsorption, hard X-rays also transfer energy to the gas through
inelastic scattering with both free and bound electrons, due to the recoil effect. The average
energy transferred by a photon of energy E is E ×E/(mec

2), where me is the mass of the
electron and c is the speed of light in a vacuum (see e.g. Pozdnyakov et al., 1983). The
average energy deposition rate is therefore given by:

Γrecoil =

∫
dEFXσKN

(
E

mec2

)[
1− 2.2

(
E

mec2

)]
, (3.1)

where FX is the specific X-ray flux in units of erg s−1 cm−2 keV−1 and σKN is the Klein-
Nishina cross section (see Chapter 1), and where we include the lowest-order Klein-Nishina
correction to the average recoil energy. Assuming a solar metallicity used in Morrison &
McCammon (1983), the heating from recoil dominates the heating from photoabsorption at
≈ 28 keV. Because the photoabsorption cross section rapidly decreases with photon energy
(see Chapter 1), and is therefore effectively negligible at this energy, the fact that recoil
will only become comparable above ≈ 28 keV is indicative of the fact that its contribution
to the heating should be very small. To demonstrate this, we take the example of the
CXB. For this X-ray emission, the contribution of the recoil effect to the heating rate is
≈ 4 × 10−32 erg/s/electron, counting free electrons as well as those bound in hydrogen
and helium and in the outer shells of heavier elements, whereas its contribution due to
photoabsorption is ≈ 2× 10−29 erg/s/electron, as shown in Fig. 3.1. The contribution due
to recoil is indeed very small compared to the heating resulting from photoionisation. We
therefore generally expect the recoil effect to be negligible, and ignore it in our calculations.
It might however become important in the vicinity of hard X-ray sources.

Under the above assumptions, the energy deposition rate from X-rays at a point in the
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Galaxy can be approximated by:

ΓX =
∑
i

Li(ν)

4πR2
i

[
σabs(ν)−

∑
Z

nZ
nH

EK−α,Z

Eν
YZ × σnl,Z(ν)

]
, (3.2)

where the sum computed is over the X-ray sources i, Ri is the distance of the source i to
the point of absorption and Li is its luminosity, σabs is the photoelectric absorption cross
section given in Morrison & McCammon (1983), the sum Z over heavy elements, σabs,Z

is the analytic fit to the partial photoionisation cross section of the n = 1, l = 0 state
of element Z as given in Verner & Yakovlev (1995), YZ is the K-α yield, EK−α,Z is the
energy of the K-α line, and nZ/nH is the relative abundance for solar abundance estimates
considered in Morrison & McCammon (1983). Above 10 keV we approximate the partial
K-shell ionisation cross sections with that of Fe and Ni, which dominate the absorption
cross section at these energies.

3.3 Results

We calculate the energy deposition rate from Galactic XBs using Eqn. 3.2 and the two
catalogues of XB sources discussed in Chapter 2, one based on observed XB sources in the
Milky Way, and one produced using a Monte-Carlo simulation of theoretical models of the
XB population in the Milky Way.

For reference, we also plot the heating rate from the CXB, using the spectral fit of Gru-
ber et al. (1999). The CXB, in contrast to X-ray binaries, uniformly heats the intergalactic
medium everywhere, due to the isotropic nature of the emission. The energy density in
CXB peaks around z ∼ 0.7 − 1 (Ueda et al., 2003; Hasinger et al., 2005; Barger et al.,
2005) and its contribution might therefore be significantly more important in galaxies at
those redshifts. We compare these heating rates with that of cosmic rays, estimated to
be - on average in the solar neighborhood - ΓCR ≈ 10−28 erg/s/HI (Spitzer, 1978; Wolfire
et al., 2003).

In Fig. 3.1, we consider the contribution of the XB sources from the observed catalog
only. This, due to incompleteness issues, which affects in particular the estimate of the
HMXBs contribution, will allow us to place a lower bound on the contribution of XBs to
the heating of the ISM. We plot these energy deposition rates as profiles along the x-axis
for different y-values in the Galactic plane, with coordinates for the Galactic centre at
(x, y) = (0, 0) and position of the Sun at (x, y) = (−8, 0) kpc. From these plots, we can
make the following observations:

• The contribution to ISM heating from these sources is highly variable in space, due
to the rapid decrease of the source’s X-ray flux with distance. The contribution of
individual sources is therefore easily identifiable from proximity effects;

• The range of influence of individual sources extends quite far, up to a few kpc away
for the most luminous ones;
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Figure 3.1: Heating of the ISM per hydrogen atom from photoabsorption of X-rays from
observed LMXBs (left panel) and observed HMXBs (right panel). For comparison, the
contribution from cosmic rays following Spitzer (1978) and Wolfire et al. (2003) and CXB
is also shown. The X-ray (& 1 keV) contribution dominates compared with the cosmic
rays (assuming the same energy density as the solar neighborhood) in a significant part of
the Galaxy.

• The X-ray heating contributed by LMXBs is comparable with and even stronger
than the cosmic ray heating (assuming a solar neighbourhood energy density) in
a significant part of the Galaxy, and may therefore be higher than other heating
mechanisms typically considered. The contribution of HMXBs, more severely affected
by incompleteness issues, is significantly lower.

In Fig. 3.2, we show maps of the heating rates on the Galactic plane comparing
the contributions of the observed and Monte-Carlo-simulated catalogues. The latter, as
discussed in Chapter 2, considers the case where the X-ray luminosity of the Milky Way
is scaled to match the activity in the other galaxies. From these plots, we can clearly
see that, despite the incompleteness issues mostly affecting the HMXBs in our observed
catalog, the combined contribution of the two classes of observed XBs still dominates the
cosmic rays contribution in a good part of the Galaxy. In the case of the Monte-Carlo
simulated catalogues, on the other hand, the X-ray heating from XBs is found to dominate
over the solar neighbourhood energy density of cosmic rays in almost the whole Galaxy.

X-ray heating contributed by XBs should therefore play at least some part in ISM
heating in proximity of luminous sources. If the average activity of Milky Way is close
to levels observed in other galaxies, which was considered by the simulated sources case,
X-ray heating could on the other hand play an important role in the energetics of the
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Figure 3.2: Three-dimensional maps of the heating of the ISM per hydrogen atom from
photoabsorption of X-rays from LMXBs, HMXBs and CXB on the Galactic plane for Monte
Carlo sources (top panel) and observed sources (bottom panel). In the outer regions of the
Galaxy the heating rate approaches the lower bound of ∼ 1.9 × 10−29 ergs/s/HI coming
from absorbed CXB photons. The green cross indicates the position of the Galactic center
in each map.
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different phases of the ISM throughout the whole Galaxy. In star-forming galaxies, which
have a much higher X-ray luminosity than even the simulated case for the Milky Way, the
X-ray heating should therefore play a crucial role in the evolution of their ISM.

3.4 Conclusions

In conclusion, we find that the photoabsorption of hard (& 1 keV) X-rays emitted by
luminous binary sources in the Galaxy can contribute significantly to the heating rate in
the interstellar medium. The contribution of XBs to ISM heating should be highly variable
both in space, due to proximity effects, and in time, because of the transient nature of most
X-ray binaries. Using our catalogue of observed XBs, we find that the lower bound on the
energy deposition rate contributed by these sources is comparable, and perhaps even higher
than, that of cosmic rates in regions extending as far as a few kpc from the XB sources.
In the case of the simulated XB catalog, which reproduces the expected luminosity of the
Galactic XB population based on observations of other galaxies, this effect dominates the
contribution of cosmic rays throughout the entire Galactic plane (Fig. 3.2).

This contribution of XBs to the heating has so far been ignored in the standard studies
of the multiphase ISM (McKee & Ostriker, 1977; Wolfire et al., 1995, 2003), and could
play a particularly important role in heating the interiors of GMCs, where UV photons or
softer X-rays are unable to penetrate. This effect should be even higher in star-forming
galaxies, which have a much higher X-ray luminosity than the Milky Way.



Chapter 4

Probing the clumping structure of
GMCs through the spectrum,
polarisation and morphology of X-ray
Reflection Nebulae

4.1 Introduction

Understanding the internal structure of GMCs, which is driven by the interplay of turbu-
lence, self-gravitation, and magnetic fields, is crucial when studying star formation pro-
cesses in galaxies. It is, in fact, inside GMCs that dense, gravitationally unstable regions
of gas, known as prestellar cores, form and collapse to give birth to stars (Williams et al.,
2000).
Direct and exhaustive studies of the internal structure of GMCs are severely limited by
issues of spatial and mass resolution when observing small-scale gas substructures. This is
particularly true for GMCs that are located at a great distance, for example those found
in the central molecular zone (CMZ), the region within the central ∼400 pc by ∼80 pc of
the Galaxy (Langer et al., 2015). Dense regions inside GMCs, often studied as discrete
objects loosely classified as clumps and cores, span spatial ranges of 0.2-2 pc and 0.02-0.4
pc and mass ranges of 10 − 103M� and 0.3 − 102M�, respectively (Draine, 2011). At
distances comparable to that from the Sun to the Galactic centre (GC), subarcsec angular
resolution is therefore required to study these structures in detail. Despite the challenge
that such high-resolution observations pose, obtaining a clear and complete picture of the
overall properties of the clump and core populations in GMCs remains a significant effort
in developing theoretical models of star formation (Williams et al., 2000).
In Molaro et al. (2015), we suggested a new method for probing global properties of the
clump and core population in GMCs in the case where these act as X-ray reflection nebulae
(XRNe), based on the study of their overall effect on the reflected X-ray signal.
The X-ray emission from XRNe is composed both of a continuum, shaped by the interplay
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of scattering and absorption of the illuminating X-rays by atoms and molecules in the
GMC, and by characteristic spectral features in the keV regime. The latter are caused by
the emission of fluorescent photons by heavy elements, which follows the photoionisation
of tightly bound electrons by hard X-rays. The inelastic scattering of fluorescent photons
down to lower energies results in a characteristic increase in the continuum at energies
lower than the fluorescent features - the so called “shoulder”. This feature is most easily
visible in the case of bright fluorescent lines, such as the Fe K-α line. Therefore, in the
case of a small optical depth (τ < 1), the intensity of the reflected continuum, fluorescent
lines and shoulders will depend on ∼ τT , τabs and τT× τabs respectively (where τT and τabs

are the Thomson scattering and photoabsorption optical depths).
Fluorescent emission following illumination by X-rays was predicted by Sunyaev et al.
(1993) in support of the claim that GMCs that surround the Galactic centre (GC) should
act as XRNe of past flares of Sgr A∗, the super-massive black hole located at the centre
of the Galaxy. If this were the case, then part of the diffuse, hard, X-ray emission ob-
served from these GMCs should be composed of a flux in the neutral Fe fluorescent line
energy (6.4 keV), which is caused by the imprint of past, prequiescent activity of Sgr A∗

on the present-day (due to time delays) X-ray emission of GMCs that are located in its
proximity. A high, time-varying flux at 6.4 keV was indeed observed in the GMC Sgr B2
by Koyama et al 1996, and has been extensively studied ever since (Murakami et al., 2000;
Muno et al., 2007; Inui et al., 2009; Ponti et al., 2010; Terrier et al., 2010; Capelli et al.,
2012; Nobukawa et al., 2011; Gando Ryu et al., 2012; Clavel et al., 2013; Ponti et al., 2013;
Zhang et al., 2015). Scattered flux from Sgr B2 in hard X-rays has also been detected using
Integral (Revnivtsev et al., 2004). Similarly, other GMCs in the CMZ (Murakami et al.,
2001; Marin et al., 2015) have since been shown to act as XRNe. An alternative scenario
to the reflection of past Sgr A∗ flares, which explains the 6.4 keV emission in Sgr B2 as
the result of the interaction of low-energy cosmic ray electrons with matter in the GMCs,
has also been proposed (Valinia et al., 2000; Yusef-Zadeh et al., 2002; Dogiel et al., 2009;
Yusef-Zadeh, 2013). Both scenarios will equally be affected by the clumping of gas inside
Sgr B2 discussed in this work. The two cases can however be differentiated by considering
of the different energy deposition rates resulting from either X-ray or cosmic ray propaga-
tion, and by the speed of propagation of the Fe K-α front. In particular, the observation
of a superluminal echo (Sunyaev & Churazov, 1998; Sunyaev et al., 1999a; Ponti et al.,
2010) in the 6.4 keV brightness cannot be explained by any model of line excitation other
than the one resulting from illumination by an external source. In addition, studies of the
polarisation and spectral absorption edges in the X-ray continuum, both of which would
be expected in the reflection scenario but not in the cosmic-ray one, can further help dis-
tinguish the two effects. NuSTAR-type hard X-Ray grazing incidence telescopes should be
able to detect absorption edges for a few heavy elements, including Fe and Ni.

Both the continuum and fluorescent spectral features of the reflected X-ray spectrum
are dependent on the structure and composition of the gas itself, as well as on the properties
of the X-ray source illuminating the gas, and on the relative position of the source and the
gas with respect to the observer. They therefore contain a wealth of information both on
the source itself and on the gas structures surrounding it.
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Several models (Sunyaev & Churazov, 1998; Murakami et al., 2000; Churazov et al.,
2002; Odaka et al., 2011; Marin et al., 2014a,b; Marin, 2015; Marin et al., 2015) have been
developed to simulate the reflection of Sgr A∗ flares by Sgr B2, the brightest of the CMZ
XRNe. These models considered different relative positions of the GMC with respect to
the source, different total masses of the GMC and different density gradients of its gas.
In this work, we wish to expand on these models to investigate how more realistic models
of the substructure of molecular clouds, in particular their clumpiness, would affect the
reflected X-ray signal. (From now on we refer to both clumps and cores as clumps for
simplicity, as the latter term merely refers to the low-mass end of the same population of
overdensities.)

We use a 3D grid-based Monte Carlo radiative transfer code to compute the reflected
energy spectrum and polarisation of Sgr B2’s X-ray emission. In Section 4.2 we discuss the
physical processes accounted for and the Monte Carlo method used in our calculations. In
Section 4.3, we discuss the models for Sgr B2 considered, including the parameters used
and the assumptions made in simulating its clump population (Section 4.3.1). In Section
4.4 we discuss the results obtained.

Finally, in Section 4.5, we discuss the time-variability of the X-ray morphology of XRNe
in the case of clumps. We suggest that, under illumination by a non-persistent, flaring
source such as Sgr A∗, the evolution of reflected X-ray intensity can reveal information
about the location of the clumps along their line of sight, and therefore about the 3D
distribution of these substructures inside GMCs.

Even though we simulate the particular case of Sgr B2, our results are more generally
applicable to other GMCs in the Galaxy when illuminated by other X-ray sources such as
X-ray binaries. Notice that in such cases, however, the polarisation of the primary radiation
due to scattering onto the corona and accretion disk, as well as due to relativistic effects,
would need to be carefully taken into account (Meszaros et al., 1988; Haardt & Matt, 1993;
Poutanen & Vilhu, 1993; Taverna et al., 2014). Assumptions on the polarisation state of
Sgr A∗ flares assumed in our calculations are discussed in Section 4.4.

4.2 Monte Carlo simulation of X-ray propagation in

inhomogeneous media

In this Section, we describe the physical processes accounted for to simulate the propagation
of X-ray photons in neutral gas (Section 4.2.1) and the the Monte Carlo radiative transfer
code used (Section 4.2.2).

4.2.1 X-ray interaction with neutral matter

X-rays interaction with atoms and molecules in the interstellar gas takes place through
two processes: scattering and absorption through photoionisation.
Scattering processes of X-ray photons on bound electrons are classified as Rayleigh in the
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case of elastic scattering, Raman for scattering that results in the excitation of electrons
in the atom or molecule, and Compton for scattering that results in the ionisation of the
atom (Sunyaev & Churazov, 1996). In our code, we account for these scattering processes
on neutral HI, H2 and He using the results for the doubly differentiated cross section of
Vainshtein et al. (1998). The contribution of heavier elements to the total scattering cross
section, for which such results are not currently available, is accounted for by approximating
the interaction of X-rays with their electrons as if they were unbound. We also include the
effect of polarisation in Rayleigh and Compton scattering processes using the prescription
of Namito et al. (1993). For simplicity, we ignore the polarisation dependence of Raman
scattering, which can cause a depolarisation of the scattered radiation (Allemand, 1970;
Szymanski, 1970). Raman scattering contributes less than 1% to photons observed after a
single scattering for the geometry considered in this work (average angle ∼ 90◦), and will
only contribute 10-15% in a narrow (∼ 20◦) angular range in the scattering of secondary
photons. This approximation therefore will not significantly affect our results, although it
may affect the polarisation of the reflected spectrum under a different geometry.
Photoionisation, on the other hand, takes place through the ionisation by X-ray photons
of tightly bound electrons in the atoms’ innermost shells, which results in the release of
a free electron. We use cross sections from Verner & Yakovlev (1995), and include both
K- and L-shell photoabsorption. The unstable electron configuration of the ionised atom
prompts the filling of the K-shell vacancy by an electron in one of the higher energy levels,
which causes a release of energy. This energy can either be released through the emission
of a photon in the X-ray range (fluorescence) or be transferred to another electron, which
is then ejected from the atom (Auger effect). The probability of either process taking place
varies depending on the atomic configuration and on the original energy level of the electron
that fills the K-shell vacancy. The probability of fluorescence is called the radiative yield
(Y ). In our calculation, K-shell fluorescence yields are taken from Krause et al 1979, and
K-β-to-K-α ratios are taken from Ertugral et al 2007. K-α2-to-K-α1 ratios are decided by
the degeneracy of 2p1/2 and 2p3/2 levels, which we fix to 0.5. The energies of the fluorescent
lines are taken from Thompson et al 2001.
We assume a chemical composition of the Sgr B2 cloud given by a factor of 1.5 compared
to protosolar abundance, as estimated by Lodders (2003).

4.2.2 Photon weighing method

We use a Monte Carlo grid-based radiative transfer code to simulate the propagation
of X-ray photons through a cloud of complex internal structure, containing both diffuse
and dense regions. We use an octree-based approach (Meagher, 1980) to grid the cloud’s
internal structure, which allows us to have finer grids in high density regions.
The Monte Carlo code makes use of the Pozdnyakov et al. (1983) prescription for Monte
Carlo methods of X-ray propagation. This applies a weight-based approach to the radiative
transfer, in which photon packages, rather than individual photons, are followed. Each
package is described by a statistical weight w, which reflects the relative probability of
photons undergoing different types of interactions, a position, r, a direction of travel, Ω,
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and an energy, hv.
Photon-packages are initially emitted by the source with weight 1. Their starting position
is the source’s own position, and their energy is randomly sampled from the source’s
spectrum. Finally, their initial direction is randomly sampled from an isotropic distribution
(assuming the source radiates isotropically).
To compute the propagation of photon packages in our grid, we estimate the relative
probability of different processes occurring at each step. A photon package P, found in a
given grid-cell g, has, in fact, a probability of:

• escaping the grid-cell g, (L);

• not escaping the grid-cell g, (1− L);

and, if not escaping the grid-cell g, a probability of:

• being scattered, (pscatt,Z);

• being absorbed by a K or an L shell, (pabs,Z = pKion,Z + pLion,Z);

By considering photon packages rather than single photons, we are able to account for
all the above events at once by splitting the initial photon package weight w as follows:

• wu = wL is the probability of P crossing the grid-cell without undergoing any inter-
action;

• ws = w(1−L)pscatt,Z is the probability of P undergoing a scattering event inside the
grid-cell;

• wfluo,Z = w(1−L)pKion,ZY is the probability of P photoionising the K shell of element
Z,resulting in a fluorescent emission;

We can account for these events by assigning their weight to secondary packages Pu,Ps,
and Pf ,Zs, which will represent the relative probability of each one of those physical events
taking place. Parameters r, Ω and hv in Pu,Ps, and Pf ,Zs of course have to be updated,
each according to the physical processes that are relevant for that secondary package.
Once all the parameters have been updated, the calculation is iterated by taking each one of
the secondary packages as an initial package P, and so on, for the secondary packages that
are then produced. To limit the number of secondary photon packages that the code has to
follow, we define a statistical threshold ε, below which secondary packages are discarded.
We note that other possible events, for example the emission of an Auger electron, which
is not listed above, as well as any secondary processes they may cause, will not result in
the emission of X-ray radiation, and can therefore be safely ignored in the processing of
the X-ray radiation field. They will however contribute to the deposition of X-ray energy
to the interstellar gas. The convergence of the code with respect to the threshold ε and
other parameters was verified, as well as the consistency of our results with those of Odaka
et al. (2011) (for the energy spectrum) and Churazov et al. (2002) (for the polarisation
spectrum).
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4.3 Sgr B2 model

Sgr B2 is not only one of the most massive, but also one of the most complex molecular
structures observed in our Galaxy, containing ∼10% of the molecular mass in the CMZ
(Gordon et al., 1993). It is also one of the brightest XRNe observed, making it an ideal
target for our study.
Located at a projected distance from the GC of ∼ 100 pc, its exact position on the line of
sight still remains uncertain. In a coordinate system in which the GC is located at (0,0,0),
the observer at the Sun’s location (0,-8kpc, 0), and the Galactic longitude is defined in the
direction of the positive y axis, we assume a fixed position of the GMC at (0,100 pc,0), so
that the angle between the source, the cloud and the observer is ∼ 90◦. Discussions on
how different geometries affect the reflected X-ray signal can be found in Churazov et al.
(2002), Odaka et al. (2011) and Marin et al. (2014a).
Studies of the large scale morphology of Sgr B2 (Lis & Goldsmith, 1990) show it is sur-
rounded by a diffuse gas envelope, extending up to 22.5 pc in radius, with a near-uniform
density of nH2 ∼ 103cm−3. What is generally referred to as the Sgr B2 cloud, and where
most of the reflected X-ray signal originates, is a dense region within this envelope, of
density nH2 ∼ 104−5cm−3 and extending out to a radius of 10 pc (Hasegawa et al., 1994).
Within this region, multiple dense clumps can be observed. The Sgr B2 GMC contains
three well-known dense clumps, named B2(N), Sgr B2(M) and Sgr B2(S). These are known
to host clusters of compact HII regions, which provide evidence for star-formation activity
within this GMC (Gordon et al., 1993). Two of these cores, SgrB2(N) and SgrB2(M) (with
masses of 3313M� and 3532 M� (Qin et al., 2011) and radii 0.47 pc and 0.62 pc (Etxaluze
et al., 2013) respectively), have been resolved at a subarcmin scale in X-rays (Zhang et al.,
2015) and at a subarcsec scale using the Submillimeter Array (SMA) by Qin et al. (2011).
The high angular resolution reached by the latter study reveals a remarkable difference in
the internal structure of the two cores, with SgrB2(M) appearing to be highly fragmented
into 12 sub-cores and SgrB2(N) appearing to be divided into only two sub-cores, one of
which contains most of the mass. The very different morphologies of the two have been
speculated as evidence in support of the idea that the two cores may represent different
evolutionary stages of basically the same core, given that SgrB2(N) and SgrB2(M) are of
comparable size and mass.
In our calculations, we assume Sgr B2 to have a mass of MB2 = 2.5× 106M� within radius
10 pc, and a diffuse H2 envelope around it as described above. In our calculations, we
approximate this envelope following Odaka et al. (2011)’s prescription, by considering an
initial absorption to the incoming spectrum owing to a column density of NH2 = 6× 1022

cm−2. We note that this initial absorption will only affect the incoming spectrum below
∼ 4 keV energies.
Given this mass and size, we then consider different possible models for the clump popula-
tion inside the cloud, as discussed in the next section. The gas is assumed to be cold and
neutral.
In our model, the optical depth of the gas located between Sgr A∗ and Sgr B2 is assumed
to be negligible. This is a clear simplification of the gas distribution in the Galactic centre
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region, and there is indeed a possibility that part of other important molecular structures
located in the vicinity of Sgr B2, such as the Bridge, the MC 2, or the G0.11-0.11 cloud,
could intervene between the two (Capelli et al., 2012; Clavel et al., 2013; Ponti et al.,
2010, 2014). If the optical depth of the intervening gas were significant, it would obviously
contribute towards the absorption and scattering of the incoming radiation. This would
modify the radiation reaching Sgr B2, whose illumination would then become dependent
on the morphology of the intervening gas. In particular, different parts of Sgr B2 would,
in this case, be illuminated by X-rays described by different spectral energy distributions.
We however do not consider such complications in the present work.

4.3.1 Simulating Sgr B2’s clump population

Since the outset of this field, statistical descriptions of the internal structure of GMCs
have been formulated in terms of discrete over-dense regions within GMCs (i.e. clumps
and cores). More recently, a growing number of studies have adopted a different approach
and described these density fields in terms of fractals, placing emphasis on the self-similarity
of structural features at all scales (see Williams, 1999). In our work we will use the former
approach.
The statistical study of these discrete over-dense regions has been applied to a number
of nearby Galactic plane GMCs, such as Orion and W51 (eg. Parsons et al., 2012). This
has led to the formulation of standard population properties and relations, which have
been generalised from studies of Galactic molecular clouds (eg. Larson, 1981): the clump
mass function (CMF) and mass-size relation of individual clumps. These studies, along
with simulations, suggest that similarities exist both in the CMF and mass-size relations
between different GMCs, and therefore point towards a universal structure of GMCs in
the Galactic plane. The internal structure of GMCs in the CMZ, on the other hand, is
likely to differ greatly from that observed in Galactic plane GMCs, because of the extreme
environment, both in density (Lis & Goldsmith, 1990) and pressure (Kruijssen et al.,
2014). Understanding how the clump population of these objects differs from the ones
found in Galactic plane GMCs, would, therefore, provide an important insight into how
environmental factors affect the process of internal structure formation.
As previously discussed, the studies of GMCs in the CMZ are rather more difficult to
perform, on account of the large distance and mass of these complexes: catalogues of
clump and core populations in these GMCs are known to be incomplete, and therefore
don’t allow for a reliable estimate of their statistical properties.
In our calculations, we consider the different possible shapes of the CMF and mass-size
relation. We also consider the different levels of fragmentation of the cloud into clumps
by considering different possible values of the dense gas-mass fraction, or the fraction of
the cloud’s mass found in clumps, fDGMF (see Fig. 4.1). In particular, we investigate the
effects of the following clump population model parameters on the XRNe’s X-ray emission:

• Slope of the clump mass function (α);

• Minimum clump mass in the clump mass function (mmin);
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• Fraction of the total cloud’s mass found in clumps, or dense gas mass fraction
(fDGMF);

• The mass-size relation of individual clumps (m = mnorm(r/pc)γ);

The simulation of different clump population models for Sgr B2 is then performed
as follows: given a fDGMF and CMF, we sample the clumps’ masses from the CMF in
the mass range mmin − mmax, with mmax = 104 M�, until we obtain a total mass of
MDGMF ∼ fDGMF ×MB2. We then proceed to assign each clump with a size that is based
on its mass assuming a mass-size relation. Finally, we uniformly distribute the resulting
clumps inside the cloud and calculate the interclump density using the ‘left-over’ mass,
Minterclump ∼ (1 − fDGMF) ×MB2 and the ‘empty’ (i.e. not occupied by clumps) volume,
assuming the interclump density is homogeneously distributed.
In the following sections, we discuss the details of this procedure, together with the range
of parameters that we considered and the assumptions made in doing so.

Clump mass function

The clump mass function (CMF) of clump populations, which can be observed in Galactic
plane GMCs, takes the following form (McKee & Ostriker, 2007):

m
dN

dm
∝ m−α (4.1)

The slope of the clump mass function is similar to that for GMCs as a whole, possibly
because both are determined by turbulent processes within larger, gravitationally bound
systems (McKee & Ostriker, 2007). The parameter α takes different values in different
mass ranges. The low mass end of the function is known as the core mass function. Its
shape is particularly important in relation to the initial mass function (IMF) of stellar
populations (McKee & Ostriker, 2007). Evidence of similarity in the core mass function
with the IMF were first studied by Nutter & Ward-Thompson (2007) in the Orion complex,
which for the first time observed a turnover at ∼ 1.3M�, which mimics the turnover seen in
the stellar IMF at 0.1 M�. Fitting the data with a three-part power law function similar
to that observed in the stellar IMF, they obtain the following parameters:

α =


−0.3 if 0.4M� < m < 1.3M�

0.3 if 1.3M� ≤ m ≤ 2.4M�

1.35 if m > 2.4M�

(4.2)

for clump mass ranges below 100M�. The physical significance of the turnover mass is
not clear, since the same work highlights that similar studies in the lower-mass and nearer
cloud complex ρ Ophiuchi showed no turnover in their CMF (Motte et al., 1998). Later
studies on the low-mass end of the CMF in the Aquila rift cloud complex also confirmed
a variation in this parameter: Könyves et al. (2010) found a turnover mass of ∼ 0.6M�
in the starless core sample, and ∼ 0.9M� prestellar (starless and gravitationally bound)



4.3 Sgr B2 model 57

Figure 4.1: Cumulative column density (NH2) along line of sights, excluding ISM and diffuse
envelope contributions. The maps show Sgr B2 models with fixed parameters α = 1.35,
mmin = 10M� and Sgr B2 mass-size relation, and two values of fDGMF. The concentration
of mass into small dense regions reduces the interclump density, as seen from the figures.
In the case of fDGMF = 0.8, we also show clump populations with mass-size relations tuned
to obtain a volume-filling fraction of µ = 0.01 and µ = 0.1. At a distance to the centre of
Sgr B2 of ∼ 8000 pc, 1 arcmin corresponds to a size of ∼ 2.3 pc.
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Figure 4.2: Clump mass functions for different α with fDGMF = 0.4. The grey solid lines
show the distributions sampled, while the coloured lines show the actual realisation. The
vertical lines show the values at which the CMF changes in slope. As the slope of the
function steepens, more clumps are selected from the lower-mass range. This leads to a
progressive increase in the numerical noise in the sampled population at higher masses
with increasing α, as seen in the plot.

sub-sample.
The similarity of the CMF with the Salpeter (1955) stellar IMF has been further confirmed
in higher mass ranges by Tsuboi & Miyazaki (2012) (range > 900 M�) and Parsons et al.
(2012) (range > 200 M�).
Despite the fact that the CMF appears to be consistent throughout Galactic plane GMCs,
the extreme environment of Sgr B2, as previously discussed, suggests the CMF for this
GMC could be significantly different. Unfortunately, because of a lack of exhaustive data,
how this function could differ is not obvious. We therefore adopt the Nutter & Ward-
Thompson (2007) three-part power-law fitting, but consider different α values in the highest
mass interval. In particular, we consider α = 1.35 (i.e. Galactic plane value), 1, 0.5, 1.8
(see Fig. 4.2). We sample this range up to clump masses 104M�, to be consistent with
the observed massive cores in Sgr B2 (eg. Qin et al., 2011). We maintain the low-mass
threshold of the CMF as a parameter in the model, mmin, and investigate its effect on the
reflected X-ray signal.

Clumps mass-size relation

The mass-size relation of individual clumps is particularly important for our study, as it
determines the volume-filling fraction, µ, of the clump population given its α, mmin and
fDGMF parameters. The volume-filling fraction, in return determines how effectively clumps
‘hide’ part of the cloud’s mass, by concentrating it into small volumes which X-rays have
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a low probability of intercepting.
For clumps formed inside GMCs via turbulent fragmentation, we would expect to find a
mass-density, or similarly a mass-size, relation (Donkov et al., 2011). A first suggestion of
this relation based on observations was formulated in the seminal paper of Larson (1981),
which claimed a universal power-law mass-size relationship should describe all clouds and
clumps found in the Galaxy. This is commonly referred to as “Larson’s third law”, and it
suggested that the relation should go as

m = mnormr
γ (4.3)

with γ = 2. Since being first formulated, this empirical observation has been extensively
studied both in observations (eg. Kauffmann et al., 2010; Lombardi et al., 2010) and in
simulations (Shetty et al., 2010; Donkov et al., 2011), which all find a deviation from the
power of 2 originally found by Larson (1981). The latter two studies find that on scales
< 1pc, the mass-size relation studied in 11 different GMC structures in the Galactic plane,
can be described as m(r) = 400M�(r/pc)1.7 and m(r) = 380M�(r/pc)1.6 respectively. By
looking at these clouds individually, Lombardi et al. (2010) find that these clouds have
quite similar exponents, but rather different normalisation masses (ranging from 170 to
710 M�).
Although these studies haven’t been performed for the clump population of Sgr B2, we
can use observational data that is currently available to get a rough estimate of what this
relation would look like for this GMC.
We use the data available from the 14 cores within Sgr B2(N) and SgrB2(M) which are
resolved in the subarsec observations of Qin et al. (2011) to infer a mass-size relation for
Sgr B2. Assuming a homogeneous density distribution inside the clumps, we fit the power
law to these observations and find:

m(r) = 4.68× 105M�(r/pc)1.77 (4.4)

which we refer to henceforth as the ”Sgr B2 mass-size relation”. We find that the exponent
is consistent with the results of Lombardi et al. (2010), but that the normalisation mass is
considerably higher. This is somehow to be expected, considering that the average density
in Sgr B2 is considerably higher than that found in Galactic plane GMCs. We note that
the range of sizes of these cores is considerably below the Lombardi et al. (2010) range.
Furthermore, the assumption of gas being homogeneously distributed inside the clumps is
also a clear simplification, which could have an impact on our results (see Odaka et al.
(2011) for considerations on the effect of density gradient on reflected X-ray emissions). In
our model, we assume this relation, inferred in a somewhat limited mass range, holds for
all possible clump masses.
As already mentioned, the mass-size relation is particularly important for our study as it
effectively determines the volume-filling factor of a given population. The volume-filling
factor, µ, can be expressed in terms of other clump population parameters as follows:

µ =
4π

3VSgrB2

C

m
3/γ
norm

[m−α+3/γ]mmax
mmin

−α + 3/γ
(4.5)
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where

C =

{
MDGMF (1− α)([m−α+1]mmax

mmin
)−1 if α 6= 1

MDGMF [lnm]mmax
mmin

if α = 1
(4.6)

Using Eq. 4.5, and assuming the mass-size relation given in Eq. 4.4,we obtain a maximum
filling fraction of only 10−4 (see Fig. 4.3) among all fDGMF, α and mmin values considered.
Therefore the probability of X-rays intercepting the clumps is extremely low. Hence, we
don’t expect parameters related to the mass distribution of the clumps, i.e. α and mmin, to
significantly affect the X-ray signal when assuming this mass-size relation. We also consider
how the X-ray signal could be affected by increasingly large values of µ, by varying the
mnorm value in the mass-size relation accordingly (see Section 4.4.2).
The mass-size relation can be alternatively expressed as a column density-mass relation to
the centre of the cloud. Defining τH2 = rnH2σ, this takes the following form:

τH2 = m2/γ
norm

3σ

m4π
m−2/γ+1 (4.7)

The effect of the mass-size relation on the clumps’ contribution to the column density of
the GMC is shown in Fig. 4.1.

Dense gas mass fraction

Studies of this parameter in Galactic GMCs, eg. in W51 (Battisti & Heyer, 2014; Ginsburg
et al., 2015), show a variety of possible stages of fragmentation in different clouds, which
reflects the different evolutionary stages GMCs can be found in. We therefore span a wide
range of fDGMF values: fDGMF = 0.2, 0.4, 0.6, and 0.8.

Spatial distribution of clumps

In our model we assume clumps are not overlapping and are isotropically distributed inside
the cloud.
The latter assumption is a clear simplification of what is currently being observed in CMZ
GMCs (eg. Chen & Ostriker, 2015). In the case of very low volume-filling factors, as in the
case of clumps that follow the Sgr B2 mass-size relation, this assumption should have a
negligible effect on the reflected signal. On the other hand, this may become relevant in the
case of larger volume-filling factors. The percolation of the X-ray photons is dependent on
the projected area filling on the plane perpendicular to the source-cloud direction, rather
than on the volume-filling factor itself. The maximum possible projected area occupied by
the clumps, in the case where no line of sight from the source intercepts more than one
clump, is ∝ π

∑N
i=1 v

2/3
i , where vi is the volume of the single clump i, and N is the total

number of clumps. The minimum possible project area on the other hand, in the case
where all clumps are centred along a single line of sight, is ∝ πv(rmax)

2/3, where v(rmax)
is the volume of the largest clump in the population. The actual value of the projected
area occupied by the clumps will be somewhere between these two extremes, and will be
determined by the distribution of the clumps inside the cloud. We defer an investigation of
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Figure 4.3: Normalisation parameter mnorm in the mass-size relation as a function of the
volume-filling factor µ, calculated using Eq. 4.5, for different fDGMF at fixed α = 1.35,
mmin = 100M� and γ = 1.77. We also show the µ values, obtained using the fixed Sgr B2
relation. Note that for high µ and low fDGMF values, we obtain mass-size relations yielding
clump populations where the least dense clump, given by the clump with the highest mass
(mmax), is less dense than the interclump density ninterclump, in contradiction with the very
definition of a clump as an overdensity; we clearly indicated these models in red in the
plot. We will use the fDGMF value that allows us to explore a widest possible range of µ,
fDGMF = 0.8, to investigate the impact of increasing µ on the reflected X-ray signal (see
Fig. 4.8).

how the spatial distribution of discrete over-dense regions affects the reflected X-ray signal
to a later study.

4.4 Results

We consider a persistent, unpolarised Sgr A∗ flare of luminosity 1.3×1039 erg/s (Revnivtsev
et al., 2004), modelled with a power law photon index of 1.8 (Baganoff et al., 2001). The
photon index assumed in this work allows for a direct comparison with the results of other
works on the reflected Sgr B2 X-ray emission (Churazov et al., 2002; Odaka et al., 2011).
While more recent works seem to support a somewhat steeper slope (2.5 ± 0.3) of the
incoming spectrum (Porquet et al., 2003a, 2008; Nowak et al., 2012), features like the
width of the shoulder relative to that of the line, which are important for morphological
studies, are not very sensitive to the slope of the initial spectrum. The initial spectrum also
wouldn’t affect the variation of these features due to variation in the density structures,
which are the main focus of this work. Finally, the inclusion of considerations of the
polarisation fraction of the reflected emission can help break some of the degeneracy of
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the reflected spectrum with the incoming one. We therefore believe the assumption of a
1.8 slope to be justified in this work. We note that, while we assume the source to be
unpolarised for simplicity, there is a possibility that X-ray emission of Sgr A∗ could be
partially polarised. In this work, however, we limit the scope of the parameters that we
investigated to those of the molecular structure, and postpone the investigation of the
effect of the source’s initial level of polarisation to a later study.

For each model considered, we plot the energy spectrum and polarisation fraction of
the reflected X-ray emission. The polarisation fraction is calculated as the fraction of the
Stokes Q parameter (with the frame of reference chosen so that U=0) intensity over the
total intensity reaching the observer.
First, we consider the case where the mass-size relation of the clumps is the Sgr B2 relation
discussed in Section 4.3.1. We then consider, for fixed fDGMF, α and mmin parameters, the
effect of varying the normalisation of the mass-size relation, and therefore the volume-filling
factor of the clump population, on the reflected signal.

4.4.1 Fixed Sgr B2 mass-size relation

We consider a fiducial model given by fDGMF = 0.4,mmin = 10M�, α = 1.35, and vary each
parameter individually around it while maintaining the mass-size relationship constant at
mnorm = 4.68× 105M� and γ = 1.77 according to Eq. 4.4.

In Fig. 4.4, we compare the reflected X-ray emission for different values of the frag-
mentation parameter fDGMF. For all models considered, we observe that an increase in the
fragmentation level of the cloud into clumps results in: a slight increase in the flux of low
energy photons, a decrease in the flux of higher energy photons, and a decrease in the Fe
shoulder’s flux (see Figs. 4.5 and 4.6).

These three effects can all be accounted for by considering percolation: because the
probability of intercepting the clumps is extremely low, owing to the small (< 10−4) volume-
filling fraction of the clumps, the X-ray photons will mainly interact with the atoms and
molecules in the interclump medium. The resulting reflected spectra will therefore be
consistent with those resulting from reflection off homogeneous clouds with the same size,
and density equal to the interclump density. In Fig. 4.7 we compare the X-ray emission
obtained from cloud models where a fraction fDGMF of the total cloud’s mass is found in
clumps and homogeneous cloud models with a total mass of MB2 × (1− fDGMF). We find
indeed that the fractional difference between the two cases is negligible for all energies,
and that the fDGMF = 0.2, 0.4, 0.6 and 0.8 models can be approximated by homogeneous
clouds with τHI ∼ 0.32, 0.24, 0.16 and 0.08 respectively (where τ = R× nHI × σThoms).

The decrease in the number of scatterings that resulted from an increase in the dense
gas mass fraction can also be observed in the plots of the polarisation fraction of the
reflected spectra (Fig. 4.4). An analytic approximation to the polarisation fraction of an
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X-ray photon that is undergoing n scatterings is given by (Churazov et al., 2002):

Pn =
1− η2

1 + η2 + 20
15

((
10
7

)n−1 − 1
) (4.8)

where η = cos(θ) and θ is the average scattering angle. From this analytic prescription, it
is indeed for the geometry considered in these calculations, the polarisation fraction should
be close to unity for singly scattered photons, in the case of scattering close to 90◦ as is
the case here, as and should progressively decrease from unity as the number of scatterings
increases. With increasing energy the absorption optical depth decreases and the relative
contribution to the radiation escaping from the cloud from multiple scatterings increases.
This is evident in Fig. 4.4 as a decrease in the degree of polarisation of the spectrum with
increasing energy.

In Fig. 4.4, we can clearly see that the polarisation fraction of the shoulder progres-
sively increases with the dense gas mass fraction. This means that the higher the fraction
of the cloud’s gas found in dense regions, the lower the number of multiple scatterings that
photons experience, which is in agreement with a picture of an increasing rate of perco-
lation. Fluorescent photons, on the other hand, are emitted isotropically by photoionised
atoms, and therefore are completely unpolarised. For varying α and mmin parameters we
find that, on the other hand, these have no effect on the overall reflected signal. This
reinforces the idea that the dominant effect of clumping within the XRN (in the case of
the Sgr B2 mass-size relation) is percolation, and that the mass concentrated in clumps is
effectively ”hidden” from incoming X-ray photons because of the small volume it occupies.

4.4.2 Variable mass-size relation

Of course the picture painted in Section 4.4.1 of course only holds if the volume-filling
fraction of the clump population is low enough to effectively reduce the probability of
interaction between photons and overdensities to a negligible value. Should the volume-
filling fraction increase, as would result from a variation in the mass-size relation of the
clumps (see Section 4.3.1), then X-rays should start intercepting the clumps at a more
significant rate, with consequences to the reflected energy and polarisation spectrum.
In particular, an increase in the absorption probability should result in an increase in the
fluorescent lines, while an increase in the scattering probability should result in an increase
in the fraction of fluorescent photons scattered, and therefore of the flux of the fluorescent
line’s shoulder. In Fig. 4.8, we show the energy and polarisation spectrum around the 6.4
keV K-α line for cases of increasing high volume-filling factor. We find that, as expected,
both the line and the shoulder’s flux increase with increasing µ.
Once the probability of intercepting clumps increases, we expect properties of the clump
populations such as mmin and α to play a more significant role in shaping the reflected
X-ray signal. In Fig. 4.9, we compare the reflected signal in the case of varying α and
mmin parameters, respectively, for fixed µ = 0.01. Indeed, for this volume-filling fraction
we already observe that the slope shows a dependence on the two population parameters:
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Figure 4.8: Reflected energy (left plot) and polarisation (right plot) around the 6.4 keV
Fe K-α line for varying µ, shown with a resolution of 5 eV. The values of µ illustrated
were obtained by adjusting the mnorm parameter in the mass-relation of clumps using Eq.
4.5. As expected, for increasingly large volume-filling factors, the probability of fluorescent
photons intercepting the clumps increases, resulting in an increase in the shoulder’s flux.
Note that, because the X-ray signal is really dependent on the projected area (see Section
4.3.1), which roughly goes as µ2/3, we would expect a volume-filling factor of µ ∼ 0.001
(project area ∼ 0.01) to already produce a visible signature in the X-ray spectrum. Indeed,
from the polarisation fraction plot, it is clear that at µ = 0.001 the signal starts deviating
from the virtually homogeneous case.

a higher CMF slope results in a higher number of clumps with larger masses (and hence
radii) being selected. Because these are more likely to intercept the incident X-rays, we
expect an increase in the Fe shoulder’s flux in correspondence with increasing α, as it
is indeed observed in the figure. A decrease in mmin puts more mass in smaller clumps,
resulting in a decrease in the fluorescent lines and shoulders in Fig. 4.9. However, a photon
which is emitted inside a denser clump is also more likely to be scattered before it escapes,
and therefore the ratio of the shoulder to line increases with decreasing mmin, as seen in
the equivalent width (EW) ratio plot in the same figure.
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Figure 4.9: Reflected energy (left plots) and polarisation (right plots) around the 6.4 keV
Fe K-α line (shown with resolution of 5 eV) for varying α (top plots) and mmin (bottom
plots) parameters at fixed µ = 0.01. Values of µ illustrated were obtained by adjusting
the mnorm parameter in the mass-relation of clumps using Eq. 4.5. For increasing α, we
expect an increase in the number of clumps being sampled from the higher mass range,
resulting in a greater average size of the clumps in the population. In return, this results
in an increase in the probability of X-rays intercepting them. Indeed, an increase in the Fe
shoulder for increasing α is observed both in the energy and polarisation spectrum. The
fragmentation of the clumps to lower and lower mmin, on the other hand, results in a larger
projected area of the clump population, which increases the probability of interaction with
incoming X-rays. This effect in also observed in the plots.
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4.5 Time-evolution of the XRN morphology as a probe

of the 3D distribution of substructures
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Figure 4.11: Schematic representation (not to scale) of parameters used in Eq. 4.9

As a result of the finite speed of light, the illumination by a flare of duration shorter
than the light-crossing time of the cloud results in different regions of the GMC being
visible to the observer, in the form of reflected X-ray emission, at different times. The
evolution of the reflected X-ray intensity, therefore, acts as a scan of the density structure
of the cloud as the wavefront propagates through it (Sunyaev & Churazov, 1998). In this
section we discuss the importance of this effect in the context of the study of the GMC’s
clump properties and distribution.

For these calculations we focus on three of the Sgr B2 models that were considered in
the previous sections:

• the fiducial model, which assumes parameters fDGMF = 0.4, mmin = 10M�, α = 1.35
and the Sgr B2 mass-size relation that is consistent with observations of real Sgr
B2 clumps (see Section 4.3.1), which corresponds to a volume-filling fraction of µ ∼
1.3× 10−5. We refer to this model as the Sgr B2 mass-size model;

• the homogeneous model, where we assume no clumps at all;

• a more ‘visible’ clump population model, which considers a case in which most of the
gas (fDGMF = 0.8) is contained in relatively massive (mmin = 100M�) clumps, which
are described by a mass-size relation that is constrained to obtain a volume-filling
fraction as large as µ = 0.01 (see Section 4.3.1). This case ensures clumps will be
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numerous and voluminous enough to be easily recognisable in our calculations. We
refer to this model as the ”µ = 0.01” model;

While these calculations were being performed, NuSTAR was able to resolve the Sgr B2
clumps Sgr B2(N) and Sgr B2(M) in X-rays for the first time (Zhang et al., 2015). This
new result shows the feasibility and potential that high-resolution studies of the X-ray
morphology of GMCs in the CMZ have in the study of the internal structure of these
XRNe. We emphasise, however, that the mass-size relation assumed in our Sgr B2 mass-
size model makes use of the Qin et al. (2011) observations of the clumps, which were able to
resolve the Sgr B2(N) and Sgr B2(M) clumps into distinct and independent substructures.
The clumps for this model that we obtained in our simulation are therefore more compact
than the region of gas considered by the Zhang et al. (2015) observations.

In a single scattering approximation, the distance D along the line of sight (l, b) at
which light has to be scattered to reach the observer at time t, defined such that t = 0 is
the time at which the flare was last observed directly, is given by

D(t, t′) =
ct2 −O2

x + 2ct(|Ox| − t′c) + (|Ox| − t′c)2

2(ct+ (|Ox| − t′c) +Oxcos(b)cos(l))
(4.9)

where Ox = −8 kpc is the Sun’s location with respect to the emitting source (assuming
Oy = Oz = 0), and −T ≤ t′ ≤ 0 is the time during the flare of duration T at which the
photon was emitted, as illustrated in Fig. 4.11. The region illuminated at a given time is
therefore an ellipsoid, with its focus at the observer’s position. For the case of an observer
located at the Sun’s position, this can be approximated, in the proximity of Sgr B2, by a
paraboloid (Cramphorn & Sunyaev, 2002). The propagation of the section of the ellipsoid
on the x-y plane is illustrated in the left panel of Fig. 4.12 for the case of an instantaneous
flare (T = 0).

In the case of a flare with finite duration, i.e. T > 0, the duration of the flare deter-
mines the ‘thickness’ of the ellipsoid, or in other words the thickness of the region that is
simultaneously visible to the observer, as illustrated in the right panel of Fig. 4.12.

The surface brightness observed along a line of sight at a given moment, I(l, b, t), will
therefore be determined not by the total optical depth of the cloud in that direction,
but rather by the surface density in the section of the cloud that is delimited by the
thick paraboloid (Sunyaev & Churazov, 1998), whose boundaries are determined by the
beginning and end of the flare. The reflected intensity can therefore be described, under a
single scattering approximation, as:

I(l, b, t, ν) =

∫ 0

−T

∑
Z

ρ(ν)

4πR2
nZ

dσZ
dΩ

exp(−τZ)cdt′ (4.10)

where ρ(ν) is the number of photons/(s keV) emitted by the source, R is the distance from
the source to the point of scattering, nz is the density at the point of scattering, dσZ

dΩ
is the

singly-differentiated cross section, computed using the public library xraylib (Schoonjans
et al., 2011) and:

τZ = NHI(σabs,Z + σscatt,Z) (4.11)
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Figure 4.12: Left plot: Regions of the x-y plane visible to the observer at different times
through scattered X-ray photons, in the case of photons originally emitted by an instan-
taneous flare of Sgr A∗ (i.e. all photons emitted at t = 0). Right plot: Regions of the
x-y plane visible to the observer through scattered X-rays at time t = 320 yrs in the case
of an instantaneous flare (dashed line) and in the case of flares of duration T (coloured
maps). The longer the duration of the flare, the thicker the region of the sky observable
simultaneously.

is the total optical depth, from the point of emission to the point of observation. To
speed-up the calculations, we ignore the contribution of Raman scattering to σscatt, whose
contribution is negligible for this particular geometrical set-up (i.e. for an average scattering
angle of ∼ 90◦).

Owing to their higher average density, clumps are able to contribute significantly to-
wards I, by scattering more X-ray flux towards the observer compared to the interclump
medium, and hence should be clearly recognisable in the morphology of the XRN at times
when they are intercepted by the propagating paraboloid, as first suggested by Sunyaev &
Churazov (1998). Once the paraboloid has passed them, the clumps should significantly
contribute towards the intervening column density NHI, and therefore still be visible in
the morphology of the XRN as regions of absorption.

In Fig. 4.13, we illustrate this in the case of the three clump models that are described
at the beginning of the section, both in the case of a short (T = 1 yr) and longer (T = 20
yr) flare, in a snapshot at time t = 320 yr. The intensity and column density for the
equatorial, vertical and edge profiles that are indicated on the maps are shown in Figs.
4.14 and 4.15, respectively.

On the maps, the main visible effects are as follows:
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• the contribution of clumps towards the scattered intensity is indeed clearly visible in
the form of bright spots, consistently with the findings of Zhang et al. (2015);

• intervening clumps located between the source and the point of scattering, or between
the point of scattering and the observer (see Fig. 4.15) contribute considerably to
the absorption of the X-ray radiation, and are, therefore, observable as regions of
absorption in the maps;

• The effect of the duration of the flare is also recognisable: the longer the duration
of the flare, the thicker the region of the cloud that is probed by the ellipsoid at the
same time, hence the higher the number of clumps that are probed by the paraboloid
simultaneously, as clearly seen in the µ = 0.01 model maps.

• In the case of clumps with Sgr B2 mass-size relation, the very small volume they
occupy means the probability of a short flare intercepting them is very low, and in
fact very few clumps are intercepted at all for this particular distribution, and most
clumps are therefore only seen in absorption;

• the intensity of the interclump regions in the Sgr B2 mass-size model (average density
nH2 ∼ 1×103 cm−3), is higher than that of the homogeneous model (average density
nH2 ∼ 1 × 104 cm−3) in the central region of the cloud. This is due to the fact
that, although contributing a larger surface density within the thick paraboloid, the
homogeneous cloud also results in a larger absorbing column density, as shown in
Fig. 4.15;

The reflected intensity at a given time can therefore reveal information on the column
density of both the clump and the interclump medium. But it also contains information
on the distribution of the clumps inside the cloud.
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Figure 4.13: Analytic, single scattering approximation of the 3-20keV reflected X-ray in-
tensity observed at time t = 320 yrs for the three cloud models discussed in the text, and
for the case of a short (1 yr) and long (20 yr) flare.
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Figure 4.14: Scattered intensity profiles for the homogeneous and µ = 0.01 model for the
T = 1 yr (thick lines) and T = 20 yrs (thin lines).
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Figure 4.15: Column density from the source to the point of scattering (darker colours)
and from the point of scattering to the observer (lighter colours) along profiles indicated
in Fig. 4.13 (diffuse envelope not included). The plots show the case of minimum column
density (t′ = 0) at time t = 320 yrs.
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Figure 4.16: Left plot : projected location of the clumps inside Sgr B2 and regions inside
Sgr B2 visible to the observer at times when the substructures should become visible
(assuming illumination by an instantaneous flare). Right plot : Projected regions inside the
cloud observed simultaneously at time 320 yrs by flares of different durations T (where
the black region corresponds to illumination by an instantaneous flare). In the case of the
three clumps considered in Fig. 4.17, the minimum flare duration required for the two
most further apart clumps (shown with solid red lines in the plot) to both be visible to
the observer at the same time is T ∼ 40 yrs. In the case in which both substructures are
visible simultaneously in the reflected X-ray intensity maps, one can infer that the source’s
flare must have lasted at least T ∼ 40 yrs.

In the case of a short flare, the distance along the line of sight that is observed at a
given time is uniquely defined by the time of observation, since D(t, t′) ∼ D(t, t′ = 0).
In this case, by comparing the time at which a clump becomes visible on the reflected
intensity map with its location on the sky, it is possible to constrain its position D along
the line of sight, as illustrated in the left panel of Fig. 4.16. This kind of analysis could
therefore prove to be important when studying the 3D distribution of substructures within
GMCs.

For flares of finite duration, on the other hand, a range of distances will be observable
at the same time along a given line of sight, as photons are emitted by the source over
a period of time T , which determines the ‘thickness’ of the region observed at a given
time. In the case of the known duration of flares, as is the case for many X-ray sources in
the Galaxy, the time-evolution of the reflected intensity could still be used in this kind of
analysis. On the other hand, in the case of illumination by a flare of unknown duration,
on the other hand, it would be impossible to constrain the distance D of each clump along
its line of sight, since the range of possible values will be proportional to the duration of
the flare itself. On the other hand, if the position of at least two clumps is known, it would
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be possible to reverse the problem and infer a lower-bound to the duration of the flare, as
illustrated in Fig. 4.16.

The visibility of clumps in the reflected X-ray intensity, their localised nature, and the
non-persistent illumination from external flaring sources such as Sgr A∗, make the time-
evolution of the X-ray morphology of Sgr B2 and similar XRNe an ideal target in the study
of the spatial distribution of clumps within them. We leave the study of the intensity light
curve of individual clumps, as a function of photon energy, for different clump sizes and
optical depths, for future work.

4.6 Conclusions

We studied the effect of clumps on the X-ray emission of GMCs that act as XRNe by
modelling Sgr B2, one of the brightest and most massive XRNe in our Galaxy.
In particular, we studied the effect of the internal structure of GMCs on the properties
of X-ray spectrum, polarisation and morphology reflected from them. We have considered
both persistent sources and transients, in particular giant flares, as the source of incident
X-rays. We use Sgr B2 as a case study, but most of our results are generally applicable to
any GMC in the Galaxy. We defined a simple clump model for simplicity. We investigated
the effect of different clump population model parameters on the reflected X-ray energy
and polarisation spectrum. The parameters that we investigated included the fraction of
the total mass of the cloud contained in clumps (fDGMF), the slope of the clump mass func-
tion (α), the minimum mass of clumps found in the population (mmin), and the mass-size
relation of individual clumps (m = mnorm(r/pc)γ). First, we considered a fixed mass-size
relation that was consistent with the clumps observed in Sgr B2, and varied each of the
remaining parameters around a fiducial model given by DGMF = 0.4, mmin = 10M�, and
α = 1.35, assessing their effect on the overall reflected X-ray spectrum.
In this case, the volume-filling fraction of the clumps, and therefore the relative proba-
bility of X-rays being scattered by gas in clumps compared to the interclump medium, is
negligible. The cloud therefore appears in X-rays as having a mass smaller than the total
mass by the amount that is clumped. The extremely low volume-filling fraction, which was
obtained when assuming the mass-size relation observed in Sgr B2, allows these clumps
to effectively ‘hide’ a fraction fDGMF of the cloud’s mass in an extremely small fraction of
the cloud’s volume. We explicitly check this hypothesis by considering the case of homo-
geneous clouds containing (1-fDGMF) of the cloud’s original mass and no clumps at all. In
cases where the mass-size relation of clumps means these occupy a much higher volume-
filling fraction, we find that clumps do contribute towards reflection, and that the reflected
X-rays contain information about the internal structure of the cloud. The parameters of
the clumping model could therefore be constrained by X-ray observations.

We also investigated how the time evolution of the spatially-resolved images of the
reflected X-ray intensity can be used to probe the location of individual substructures
along the line of sight in the case where the incident X-rays have a transient origin, such as
a short-duration flare from a X-ray binary or the supermassive black hole at the centre of



4.6 Conclusions 79

Figure 4.17: Top plot : Column density map of three simulated clumps within Sgr B2,
found in a small region of the sky (labels in plot indicate the clumps’ distance from the
centre of the cloud, approximated as D−DSgrB2). Second, third and fourth plot : reflected
X-ray intensity reaching the observer at different times. Despite the apparent proximity
of the clumps on the sky, because of the different distance at which they are located along
the line of sight, the clumps are visible through their reflected X-ray emission at different
times, so that when one is visible, the others are not.
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our Galaxy. We have shown that in the case of transient sources, the timing information,
retrievable both in emission and in absorption, can be used to probe the third dimension
along the line of sight, opening up the possibility of 3D tomography of the cloud. Future
X-ray observatories such as Astro-H (Takahashi et al., 2010), Athena (Barcons et al., 2012),
and the X-ray Surveyor (Weisskopf et al., 2015) could therefore open up a new probe of
the internal structure of GMCs. The recent pre-selection of the X-ray polarimeters IXPE
(Weisskopf et al., 2014), XIPE (Soffitta et al., 2013), PRAXyS (Jahoda et al., 2015) or the
XTP (Wang et al., 2014) instruments could further complement spectrographic studies to
polarimetric ones.



Chapter 5

ISM distortion of the CXB spectrum

5.1 The CXB emission

In Chapter 2, I discussed the nature of the two large-scale, apparently diffuse X-ray emission
components that are observed across the sky: the GRXE, which is highly anisotropic
and characteristically concentrated on the plane of the Galaxy, and the CXB, which is
remarkably isotropic in the 3-300 keV band on subarsec scales. While the former is believed
to result from the direct and, as demonstrated in this thesis, indirect contribution of sources
located in the Galaxy (see Chapter 2), the latter is believed to result from the superposition
of a large number of extragalactic sources (Giacconi et al., 2002). In particular, the CXB
is believed to represent the radiative imprint of the growth of supermassive black holes
across cosmic time, as they shine inside AGN (Gilli, 2013). We can, therefore, use the
CXB to quantify the efficiency of accretion, which is believed to drive the majority of
SMBH growth, throughout the Universe’s evolution (Brandt & Alexander, 2015; Harrison
et al., 2015).

When studying this emission, we are, however, limited by the fact that photons emitted
by extragalactic sources must travel through the Galactic ISM before being observed inside
the Galaxy. The image of the CXB that we observe therefore contains the imprint of the
interaction photons had with this interstellar gas. This interaction may indeed result
in distortions which need to be quantified in order to differentiate the original spectral
properties of the sources from the effect of photon propagation inside the Galaxy. In this
Chapter, we provide a quantitative estimate for what this distortion should be, and discuss
its relevance in potentially giving rise to anisotropies in the CXB emission.

5.2 CXB interaction with the ISM

If we assume that the emission is isotropic, CXB photons illuminate the gas in the ISM with
equal intensity from all directions. This results in an equal probability of the incoming
radiation being scattered away from, and into, the line of sight of the observer by the
intervening gas, as illustrated in Fig. 5.1. In the case of elastic scattering, this causes



82 5. ISM distortion of the CXB spectrum

Observer’s line of sight

hv1

hv2

hv1

hv2

θ θ

Figure 5.1: Diagram describing the effect of ISM scattering under illumination by an
isotropic emission such as the CXB. Because the probability of scattering at angle θ is
the same for all incoming (hv1) photons, the probability of a photon being scattered away
from the observer’s line of sight (blue in the diagram) is the same as that of a photon
coming from a different direction being scattered into the observer’s line of sight (red in
the diagram). If the scattering process is elastic, that is hv2 = hv1, the interaction leaves no
observational signatures. If, on the other hand, the scattering is inelastic, and hv2 6= hv1,
the observed spectrum along that line of sight will be distorted by its interaction with the
ISM.

the interaction of CXB photons with the gas to leave no observational signature on the
emission as it propagates through the scattering medium, even though the ISM is highly
anisotropic and mostly concentrated in the Galactic plane. Inelastic scattering, on the
other hand, would result in a net distortion of the original CXB spectrum, and therefore
leave an observable imprint on the radiation. This process is similar - but opposite - to the
distortion of the cosmic microwave background (CMB) spectrum caused by upscattering
of cold CMB photons by the energetic electrons (e.g. in clusters of galaxies) through
inverse Compton scattering, known as the Sunyaev-Zeldovich effect (Zeldovich & Sunyaev,
1969). In this chapter, we briefly consider and quantify this effect by studying the possible
distortions in the spectral emission resulting from the Compton scattering of CXB photons
by electrons in the Galaxy’s ISM.

In our calculations, we assume an initial spectrum described by the exponential ×
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Figure 5.2: Difference between the original and distorted CXB specific intensity ∆FCXB(E)
in units of keV cm−2 s−1 sr−1 keV−1, for τmax = 0.1 (blue), τmax = 0.2 (red), τmax = 0.5
(green).

power-law fit suggested by Gruber et al. (1999), described by:

3− 60keV : FCXB(t = 0, E) =7.877

(
E

1keV

)−0.29

e(−E/41.13keV) keV

keV cm2 s sr
(5.1)

> 60keV : FCXB(t = 0, E) =0.0259

(
E

60keV

)−5.5

+ 0.504

(
E

60keV

)−1.58

(5.2)

+ 0.0288

(
E

60keV

)−1.05
keV

keV cm2 s sr
(5.3)

We calculate the time evolution of the CXB spectrum, FCXB(t, E), by making use of
Eq. 25 in Illarionov & Syunyaev (1972), which includes relativistic corrections, derived in
Cooper (1971), to the kinetic equation for Compton interaction of Maxwellian electrons
with an isotropic radiation field calculated in Kompaneets (1957). The effect of electrons
being bound in atoms will only be significant at a photon energy ∼ 1 keV, and can therefore
be assumed to be negligible at the energy range considered here (3-300 keV). The equation
we solve is the following:

∂f

∂t
=
σTNe

mec

E2

1 + βE + γE2

∂f

∂E
(5.4)

where f = EFCXB(t, E)/(1 + βE + γE2), Ne is the electron density, σT is the Thomson
scattering cross section, me is the electron mass, and constant factors have values β =
9 × 10−3keV−1 and γ = 4.2 × 10−6keV−2, as estimated in Illarionov & Syunyaev (1972).
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Figure 5.3: Distortion in the CXB spectrum due to ISM Compton scattering, plotted as
the fractional difference d(E) between the initial and final spectra for τmax = 0.1 (blue),
τmax = 0.2 (red), τmax = 0.5 (green).

By substituting τ(t) = σTNect into Eq. 5.4, this reduces to:

∂f

∂τ
=

1

mec2

E2

1 + βE + γE2

∂f

∂E
(5.5)

We find an approximate analytic solution for this equation following a method analogous
to the CMB y-distortion solution of the Kompaneets equation (Zeldovich & Sunyaev, 1969).
The average fractional energy transferred in each scattering is ∼ hν/mec

2, where hν ∼ 20
keV is the average photon energy; since τ represents the average number of scattering
processes undergone by each photon, the total change in the signal can be parametrised as
yX = τ × (hν/mec

2).
Assuming the deviations from the original spectrum are small, we can approximate

the solution by considering a zeroth order expansion of the spectrum around τ = 0 and
integrating Eq. 5.5 over the time dependent variable. Because the average change in the
spectrum is parametrised by yX ∝ τ , we would then expect the error in this approximation
to be linear in yX .

By applying this method, we obtain the following linear approximation to the change
in the spectrum ∆FCXB:

∆FCXB =
τE

mec2

∂

∂E
f(0, E)

[
b− cE − dE2 − eE3

(1 + βE + γE2)2

]
(5.6)

where b, c, d, and e are constants fixed by initial conditions.
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This is shown for values of τ = 0.1, 0.2, 0.5 in Fig. 5.2. These values correspond to
relatively high optical depths, which are only found in the most extreme Galactic environ-
ments, such as GMCs in the Galactic centre region (see Chapter 4). The distortions in
the CXB spectrum considered at these optical depths can therefore be considered to be an
upper-bound to the possible distortion effect.

For the same values of τ , we also show (see Fig. 5.3) the fractional difference d(E)
between the spectrum at a time tf = tf(τ) and the initial spectrum at τ = 0, as follows:

d(E) = |FCXB(tf, E)/FCXB(0, E)− 1| (5.7)

5.3 Conclusions

From Figs. 5.2 and 5.3, we notice that there is a change in the sign of the distortion of the
photon spectrum at E ∼ 20keV, where the distortion changes from positive to negative as
photons lose energy to the ISM. This is in itself a demonstration of the fitness of the yX
parametrisation in the description of the Compton scattering effect. We also notice that the
maximum possible distortion to the spectrum that we would observe due to the travelling
of photons through some of the most dense regions of the Galaxy (eg. for τ = 0.5), is
very small: the greatest distortion obtained at this optical depth is ∆CXB = 0.025 keV
cm−2 s−1 sr−1 keV−1 at 70 keV. This small effect could not be observed with present day
instruments. This interesting effect is unfortunately very small even for relatively large
optical depths, and will therefore be extremely challenging to observe.

In conclusion, our modelling indicates that the Galactic ISM does not have a significant
effect on the observed CXB spectrum.
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Chapter 6

Conclusions

In this thesis, I have endeavoured to illustrate the versatility offered by models of the
interaction between X-rays and the ISM. I have discussed a number of applications relevant
on all galactic scales, and involving a wide range of X-ray sources. In this section, we
summarise the main results discussed in this thesis, and discuss future work relevant to
each case.

A truly diffuse component of the Galactic Ridge X-ray emission

• The reprocessing by the ISM of X-rays emitted by the brightest class of X-ray sources
in the Milky Way, XBs, gives rise to a Galactic-scale diffuse emission whose surface
density is dependent on the total luminosity of the XB population averaged over the
past 1000-10000 yrs.

• This emission should constitute a truly diffuse component of the GRXE, until now
believed to be of discrete origin and to result solely from the the cumulative emission
of low-luminosity stellar sources in the Galaxy, namely CVs and ASBs (Revnivt-
sev et al., 2009). The lower bound on the relative contribution of the truly diffuse
component is 10-30% of the stellar one on the Galactic plane in the 3-20 keV range.

• The diffuse and discrete components are distinguishable by the morphology of the gas
and stellar mass distribution from which they respectively originate. In particular:
a) the different scale height of the two components, due to the scale height of the
gaseous disk (∼ 80 pc) being lower than that of the stellar disk (∼ 130 pc) and b)
the sub-degree fluctuation of the scattered component due to the clumping of atomic
and molecular gas in the Galaxy, which cannot occur in the case of contribution from
discrete sources (Sugizaki et al., 2001).

• The quantitative comparison of the discrete and diffuse components can help con-
strain the population properties of XBs, CVs and ASBs in the Milky Way. In par-
ticular, we have shown that current observations of the GRXE are consistent with
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an average Milky Way XB activity more similar to those of other galaxies than it is
possible to directly observe.

• Future work: The contribution of the stellar component to the 6.4keV neutral-iron
fluorescent line is believed to be insufficient in explaining its observed equivalent
width (EW) in the GRXE spectrum (Warwick, 2014). The scattered component is
expected to contribute significantly towards this line, as a result of the photoionisa-
tion of the cold ISM by hard X-ray photons. However, theoretical predictions of this
contribution are presently not available. Future work should focus on obtaining an
estimate of the 6.4keV line contribution from the scattered GRXE. This would allow
us to a) compare the contribution of the scattered component to the 6.4 keV line’s
EW in regions of the sky in which both GRXE observations and estimates of the
stellar contribution are available. And b) obtain a Galactic-scale morphology of the
line that can be compared to those of other emission lines - mainly contributed to by
the stellar GRXE - as a probe of the relative contribution of the two components at
different locations.

Contribution of XBs to the ISM heating

• The illumination of the ISM by XB radiation results in the heating of the gas through
photoionisation and inelastic scattering. The energy deposition rate is comparable to
that of cosmic rays, although its distribution is morphologically extremely different,
as it is highly localised around bright sources, whereas cosmic-rays, due to the fact
that they propagate for a long time, deposit energy in a more uniform way throughout
the Galaxy.

• Future work: Studies of the chemical composition of GMCs in the Central Molec-
ular Zone (CMZ) of the Milky Way, in particular within the dense cores of Sgr B2,
have revealed a far more complex chemistry than initially expected (eg Belloche et
al 2009). In order to understand the formation process of these molecules within the
dense regions of Sgr B2, it is necessary to understand the role that heating played
in the evolution of the cloud. Sources of heating normally considered include UV
radiation from nearby young stars, shocks, and cosmic rays. But another important
source of heating, which must have contributed towards the chemical evolution of
Sgr B2, is the supermassive black hole at the centre of the Galaxy, Sgr A∗. Although
presently under-luminous, indirect evidence suggests that Sgr A∗ must have been
brighter in the past (eg. Ponti et al 2013), and emitted bright X-ray flares which
illuminated the surrounding GMCs. X-ray photons emitted during such flares should
have reached the cloud and, due to their relatively long mean free path, penetrated
deep into the dense regions of gas which would have otherwise been screened from
all sources of heating but cosmic rays.

In this thesis, I have shown that, in a general context, heating by hard (& 1 keV)
photons should dominate heating by cosmic rays in the proximity of X-ray sources.
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An important next step would therefore be to model the Sgr B2 - Sgr A* system
itself, to determine if Sgr A* is a dominant source of heating in this specific case. This
would allow us to investigate the morphology of the energy deposition distribution
for different models of the cloud’s internal structure and of the flaring activity of Sgr
A∗, and to compare it to other sources of heating. The comparison of the resulting
X-ray heating morphology with that of other sources of heating (eg Etxaluze et al.
(2013)) could further provide us with an indirect probe of the past flaring activity of
Sgr A∗.

Probing the clumping structure of Giant Molecular Clouds through the spec-
trum, polarisation and morphology of X-ray reflection nebulae

• The clumping structure of GMCs which act as XRNe has an observable effect on
the polarisation and energy spectrum of the reflected X-ray emission, and should
therefore be accounted for in models of this phenomenon.

• For mass-size relations observed in clumps inside Sgr B2, the most massive XRN in
the Galactic centre region, the reflected X-ray emission is expected to only be sensitive
to the interclump medium inside the XRN. By comparing estimates of the interclump
mass obtained from the reflected X-ray emission with independent estimates of the
overall mass of the XRN, it should therefore possible to obtain estimates for the
fraction of mass of the XRN inside overdense regions, fDGMF.

• The volume filling fraction of dense regions within these molecular complexes can be
estimated from considerations of the relative EWs of the Fe K-α’s shoulder and line
in the reflected spectrum.

• For mass-size relations yielding volume filling factors larger than those observed in Sgr
B2, the reflected X-ray emission becomes sensitive to clump population parameters
such as the CMF and minimum clump mass. Studies of the reflected X-ray energy
and polarisation spectra from XRNe can therefore help constrain these parameters.

• The time-evolution of the X-ray morphology of XRN under illumination by short
flares can be used to infer the 3D distribution of the clumps inside the cloud, which are
visible both as bright spots and regions of absorption in the GMC’s X-ray emission.

• Future work: Future X-ray polarimeters, such as IXPE, XIPE, PRAXyS or the
XTP, will also open up the possibility of observationally investigating such molecular
structures through their polarisation of the reflected emission. Theoretical models
investigating the polarisation of the reflected emission, however, have so far neglected
to include the effect of source polarisation on the reflected light. The polarisation
of the flares emitted by Sgr A∗ should have an, as yet unknown, effect on both
the observed polarisation and spectrum. This effect should be modelled in order
to quantify its impact and allow it to be incorporated into the analysis of future
observational studies.
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ISM distortion of the CXB spectrum

• The propagation of CXB photons through the ISM results in small distortions to
the spectrum, due to the inelastic scattering on electrons. Such distortions are char-
acterised by a small decrease of CXB flux above - and increase in the flux below -
∼ 20 keV, as energetic photons lose their energy to cold electrons through Compton
scattering.

• This effect is proportional to the optical depth of the ISM, and therefore introduces
an element of anisotropy in this extragalactic emission.

• For an optical depth of τ = 0.5, as it is observed in some of the most dense Galactic
environments, the maximum distortion obtained is ∆CXB = 0.025 keV cm−2 s−1

sr−1 keV−1 at 70 keV. This small effect could not be observed with present day
instruments.
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