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ABSTRACT

A recent redetermination of the nonthermal component of the hard X-ray to soft y-ray emission from the Galactic
ridge, using the SPI instrument on the International Gamma-Ray Astrophysics Laboratory INTEGRAL), is shown to
be well reproduced as inverse Compton emission from the interstellar medium. Both cosmic-ray primary electrons
and secondary electrons and positrons contribute to the emission. The prediction uses the GALPROP model and
includes a new calculation of the interstellar radiation field. This may solve a long-standing mystery of the origin of
this emission, and potentially opens a new window on Galactic cosmic rays.

Subject headings: cosmic rays — elementary particles — gamma rays: theory

Online material: color figures

1. INTRODUCTION

The Galactic ridge is known to be an intense source of con-
tinuum hard X- and 7-ray emission. The hard X-ray emission
was discovered in 1972 (Bleach et al. 1972), and interstellar
emission has subsequently been observed by HEAO-1, Tenma
(ASTRO-B), ASCA, Ginga, RXTE, OSSE (Worrall et al. 1982;
Koyama et al. 1986; Purcell et al. 1996; Kinzer et al. 1999, 2001),
and most recently by Chandra and XMM-Newton. The ~-ray
observations started with the OSO-II1 satellite in 1968, followed
by SAS-2 in 1972, COS-B (1975-1982), and COMPTEL and
EGRET on the CGRO (1991-2000). With COMPTEL and EGRET
the improvement in data quality was sufficient to allow such stud-
ies to be performed in much greater detail. The Galactic diffuse
emission is a major study objective for INTEGRAL (in orbit since
2002) and the GLAST LAT (to be launched in 2008) (Michelson
2007; Ritz 2007). Each of these experiments represents a sig-
nificant leap forward with respect to its predecessor.

Continuum emission of diffuse, interstellar nature is expected
in the hard X-ray and v-ray regime from the physical processes
of positron annihilation (through intermediate formation of pos-
itronium), inverse Compton (IC) scattering and bremsstrahlung
from cosmic-ray (CR) electrons and positrons, and via decay of
neutral pions produced by interactions of CR nuclei with the in-
terstellar gas. Positron annihilation in flight (continuum) may
contribute in the few MeV range (Beacom & Yiiksel 2006). For
the non—positronium continuum, hard X-rays from bremsstrah-
lung emission imply a luminosity in CR electrons which is un-
acceptably large (see e.g., Dogiel et al. 2002). Composite models
have been proposed which incorporate thermal and nonthermal

! Also Kavli Institute for Particle Astrophysics and Cosmology, Stanford
University, Stanford, CA 94309.

400

components from electrons accelerated in supernovae or the am-
bient interstellar turbulence (Valinia et al. 2000). At MeV energies
the origin of the emission is also uncertain (Strong et al. 2000).

Alternatively, the origin of the ridge emission could be attrib-
uted to a population of sources too weak to be detected individ-
ually, and hence would not be truly interstellar. In general, y-ray
telescopes have inadequate spatial resolution to clarify this issue.
For X-rays, important progress in this area was made by ASCA
(Kaneda et al. 1997) and Ginga (Yamasaki et al. 1997). More
recently, high-resolution imaging in X-rays (2—-10 keV) with
Chandra (Ebisawa et al. 2001, 2005) has claimed to prove the
existence of a truly diffuse component. Similarly, it has been
claimed from an analysis of XMM-Newton data (Hands et al.
2004) that 80% of the Galactic-ridge X-ray emission is prob-
ably diffuse, and only 9% can be accounted for by Galactic sources,
the rest being extragalactic in nature. However, more recently
Revnivtsev et al. (2006) with RXTE PCA data, and Krivonos
et al. (2007) using INTEGRAL IBIS and RXTE data, argue con-
vincingly that below 50 keV all the “diffuse” emission can be
accounted for by a Galactic population of sources, mainly mag-
netic cataclysmic variables; see also Revnivtsev & Sazonov (2007)
and Revnivtsev et al. (2007).

At higher energies, an extensive study of the diffuse Galactic
~-ray emission in the context of CR propagation models has been
carried out by Strong et al. (2000, 2004b). This study confirmed
that models based on locally measured electron and nuclei spectra
and synchrotron constraints are consistent with y-ray measure-
ments in the 30 MeV-500 MeV range; outside this range devia-
tions from the data are apparent. The puzzling excess in the EGRET
diffuse emission data above 1 GeV relative to that expected (Strong
etal. 2000; Hunter et al. 1997) has shown up in all models that are
tuned to be consistent with the locally measured CR nuclei and
electron spectra (Moskalenko et al. 2004; Strong et al. 2004b).
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The excess has shown up in all directions, not only in the Ga-
lactic plane. This implies that the GeV excess is not a feature re-
stricted to the Galactic ridge or the gas-related emission. A simple
rescaling of the components (7°-decay, IC, bremsstrahlung) does
not improve the fit in any region, since the observed peak is at an
energy higher than the 7%-peak. For recent reviews, see Moskalenko
et al. (2004) and Strong et al. (2007) and references therein.

Assuming that the GeV excess is not an instrumental artifact, 2
the so-called “optimized model,” which explains the GeV excess
in terms of CR intensity variations in the Galaxy, has been pro-
posed by Strong et al. (2004b). It reproduces the spectrum of the
diffuse y-rays in all directions, as well as the latitude and longi-
tude profiles for the whole EGRET energy range 30 MeV—50 GeV
at the cost of relaxation of the restrictions imposed by the mea-
surements of local CR proton and electron spectra. At lower en-
ergies, the predictions of this model have never been tested because
of the lack of good data.

The study of the Galactic-ridge continuum X-ray emission is a
key goal of the INTEGRAL mission. The high spectral resolution
combined with its imaging capabilities promises new insights
into the nature of this enigmatic radiation. Previous work based
on initial, smaller sets of INTEGRAL SPI observations have re-
ported the detection of diffuse emission at a level consistent with
previous experiments (Strong et al. 2003; Strong 2003). However,
statistical and systematic errors were large, due in part to the un-
certainty in the point-source contribution. Meanwhile, a new
analysis of INTEGRAL IBIS data (Lebrun 2004; Terrier et al.
2004) showed that, up to 100 keV, indeed a large fraction of the
total emission from the inner Galaxy is due to sources. Strong
et al. (2004c) used the source catalog from this work (contain-
ing 91 sources) as input to SPI model fitting, giving a more
solid basis for the contribution of point sources in such an anal-
ysis. This exploited the complementarity of the instruments on
INTEGRAL for the first time in the context of diffuse emission.
The SPI analysis by Bouchet et al. (2005) gave a rather lower
50-1000 keV power-law continuum than Strong et al. (2005),
but the errors were large in the early data sets. Now, a new anal-
ysis (Bouchet et al. 2008) with 3 times as much SPI exposure
gives better statistics, background handling, and point-source
subtraction.

In the present paper we focus on energies above 50 keV where
sources do not appear to be important because of the rapid cut-
off in the spectra of the majority, and the relatively small number
of hard-spectrum sources. We use the GALPROP model together
with a new model for the Galactic interstellar radiation field (ISRF)
to solve a long-standing mystery of the origin of the hard X-ray
emission—IC emission from CR electrons and positrons—and to
build a model of the Galactic diffuse emission in the energy range
from keV to TeV energies, thus covering more that 10 orders of
magnitude in energy.

Primary CR electrons are directly accelerated in CR sources
like supernova remnants or pulsars. Secondary electrons and pos-
itrons are produced via interactions of energetic nuclei with in-
terstellar gas, and are usually considered a minor component of
CRs. This is indeed the case in the heliosphere, where the positron
to all-electron ratio is small at all energies, e™/(e™ + ¢7),, ~ 0.1.
However, as we show, the combined secondary electron/positron
flux in the interstellar medium (ISM) is more than half of the
primary CR electron flux at ~1 GeV energies and below. This
leads to a considerable contribution by secondary positrons and

2 A discussion of uncertainties and possible sources of error associated with
determining the diffuse Galactic y-ray emission using EGRET data is available in
Moskalenko et al. (2007).

electrons to the diffuse y-ray flux via IC scattering and brems-
strahlung and significantly, by up to a factor of ~2, increases the
flux of diffuse Galactic emission below ~100 MeV. Secondary
positrons and electrons are, therefore, directly seen in hard X-rays
and ~y-rays.

2. GALPROP CODE

The GALPROP code (Strong & Moskalenko 1998) was cre-
ated to enable simultaneous predictions of all relevant observa-
tions including CR nuclei, electrons and positrons, y-rays, and
synchrotron radiation.

We give a very brief summary of GALPROP; for details we
refer the reader to the relevant papers (Strong et al. 2000, 2004b;
Moskalenko & Strong 1998, 2000; Moskalenko et al. 2002;
Strong & Moskalenko 1998; Ptuskin et al. 2006) and the dedi-
cated World Wide Web site.> The GALPROP code solves the CR
transport equation with a given source distribution and boundary
conditions for all CR species. This includes a galactic wind (con-
vection), diffusive reacceleration in the ISM, energy losses, nuclear
fragmentation, radioactive decay, and production of secondary
particles and isotopes. The numerical solution of the transport equa-
tion is based on a Crank-Nicholson (Press et al. 1992) implicit
second-order scheme. The spatial boundary conditions assume
free particle escape. Since the grid involves a three-dimensional
(R, z, p) or four-dimensional (x, y, z, p) problem (spatial variables
plus momentum) “operator splitting” is used to handle the im-
plicit solution. For a given halo size the diffusion coefficient, as a
function of momentum and the reacceleration or convection pa-
rameters, is determined by the boron-to-carbon ratio data. If re-
acceleration is included, the momentum-space diffusion coefficient
D,,, is related to the spatial coefficient D, (= 8Dy p°) (Berezinskii
et al. 1990; Seo & Ptuskin 1994), where 6 = % for a Kolmogorov
spectrum of interstellar turbulence or 6 = % for a Kraichnan cas-
cade, p is the magnetic rigidity, Dy is a constant, and 3 = v/c.
Production of secondary positrons and electrons is calculated using
a formalism described in Moskalenko & Strong (1998) with a cor-
rection by Kelner et al. (2006). The -rays are calculated using the
propagated CR distributions, including a contribution from sec-
ondary particles such as positrons and electrons from inelastic
processes in the ISM that increases the y-ray flux at MeV energies
(Strong et al. 2004b). Gas-related -ray intensities are computed
from the emissivities as a function of (R, z, E,) using the column
densities of H 1 and H, for galactocentric annuli based on 21 cm
and CO surveys included in the GALPROP model. Neutral pion
production is calculated using the method given by Dermer
(19864, 1986b) as described in Moskalenko & Strong (1998) or
using a parameterization developed by Kamae et al. (2005);
bremsstrahlung is calculated using a formalism by Koch & Motz
(1959) as described in Strong et al. (2000). The IC scattering is
treated using the appropriate cross section for an anisotropic ra-
diation field developed by Moskalenko & Strong (2000) using the
full angular distribution of the ISRF.

Cross-sections are based on the extensive LANL database,
nuclear codes, and parameterizations (Mashnik et al. 2004). Start-
ing with the heaviest primary nucleus considered (e.g., ®*Ni) the
propagation solution is used to compute the source term for its
spallation products, which are then propagated in turn, and so on
down to protons, secondary electrons and positrons, and anti-
protons. The inelastically scattered protons and antiprotons are
treated as separate components (secondary protons, tertiary

3 See http:/galprop.stanford.edu.
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Fic. 1.—SED ofthe MW ISRF in the Galactic plane: R = 0 kpc, black; R = 4kpc, blue; R = 8 kpc, red; and R = 12 kpc, magenta. Left: Maximum metallicity gradient,
Right: Minimum metallicity gradient. The CMB is included in both figures and dominates the SED for wavelengths 4 2 600 um. [See the electronic edition of the Journal

for a color version of this figure.)

antiprotons). In this way secondaries, tertiaries, etc., are in-
cluded. (Production of '°B via the '°Be-decay channel is impor-
tant and requires a second iteration of this procedure.) GALPROP
includes K-capture and electron stripping processes, where a nu-
cleus with an electron (H-like) is considered a separate species
because of the difference in lifetime, and knock-on electrons.
Primary electrons are treated separately. Normalization of pro-
tons, alphas, and electrons to experimental data is provided (all
other isotopes are determined by the source composition and prop-
agation). Gamma rays are computed using interstellar gas data (for
m0-decay and bremsstrahlung) and the ISRF model (for IC). The
synchrotron emission is computed using the Galactic magnetic
field model. Spectra of all species on the chosen grid and the
~-ray and synchrotron sky maps are output in standard astro-
nomical formats for comparison with data. Recent extensions
to GALPROP include nonlinear wave damping (Ptuskin et al.
2006) and a dark matter package to allow for the propagation
of WIMP annihilation products and calculation of the corre-
sponding synchrotron and ~-ray sky maps; an interface between
GALPROP and the DarkSUSY code (Gondolo et al. 2004) will be
implemented in the near future to allow direct calls of GALPROP
from within DarkSUSY.

The optimized model (Strong et al. 2004b) is used to calculate
the diffuse emission in the range 10 keV-TeV energies. The CR
source distribution is based on the Galactic pulsar distribution
(Lorimer 2004), while the Xcg-factors, Xco = N(H,)/Wco, are
variable, increasing toward the outer Galaxy, and fully compat-
ible with the expected variations based on the metallicity gradient
and COBE data (Strong et al. 2004d). Such a model reproduces
the diffuse Galactic «y-ray emission for the whole sky as well as the
radial gradient of diffuse Galactic y-ray emissivity.

3. INTERSTELLAR RADIATION FIELD

The Galactic ISRF is the result of emission by stars, and the
scattering, absorption, and reemission of absorbed starlight by
dust in the ISM. The most detailed calculation to date (Strong
et al. 2000), which includes spatial and wavelength dependence
over the whole Galaxy, has been widely used. The Strong et al.
(2000) model uses emissivities based on stellar populations based
on COBE DIRBE fits by Freudenreich (1998) and the SKY model
of Wainscoat et al. (1992) together with COBE DIRBE derived
infrared emissivities (Sodroski et al. 1997; Dwek et al. 1997). Sub-
sequent to this work new relevant astronomical information on

stellar populations, Galactic structure, and interstellar dust has
become available, motivating a reevaluation of the ISRF. We
briefly describe our calculation of the ISRF; further details can
be found in Moskalenko et al. (2006) and Porter et al. (2006).

The fundamental factors influencing the ISRF are the lumi-
nosity distribution from the stellar populations of the Galaxy and
the radiative transport of the star light through the ISM. The in-
terstellar dust absorbs and scatters the star light in the ultraviolet
(UV) and optical, and re-emits the absorbed radiation in the infrared.

In our model, we represent the stellar distribution by four spa-
tial components: the thin and thick disk, the bulge, and the spher-
oidal halo. We follow Garwood & Jones (1987) and Wainscoat
etal. (1992) and use a table of stellar spectral types comprising
normal stars and exotics to represent the luminosity function
(LF) for each of the spatial components. The spectral templates
for each stellar type are taken from the semiempirical library of
Pickles (1998). The normalizations per stellar type are obtained
by adjusting the space densities to reproduce the observed LFs in
the V- and K-band for the thin disk. The LFs for the other spatial
components are obtained by adjusting weights per component for
each of the stellar types relative to the normalizations obtained
for the thin disk LF.

We assume a dust model including graphite, polycyclic aro-
matic hydrocarbons (PAHs), and silicate. Dust grains in the model
are spherical and the absorption and scattering efficiencies for
graphite, PAHs, and silicate grains are taken from Li & Draine
(2001). The dust grain abundance and size distribution are taken
from Weingartner & Draine (2001, their best-fit Galactic model).
We assume a purely neutral ISM. We consider only coherent
scattering, and a Henyey-Greenstein angular distribution func-
tion (Henyey & Greenstein 1941) is used in the scattering cal-
culation. The stochastic heating of grains smaller than ~0.1 ym
is treated using the “thermal continuous” approach of Draine &
Li (2001); we calculate the equilibrium heating of larger dust
grains by balancing absorption with re-emission as described
by Li & Draine (2001).

Dust follows the Galactic gas distribution, and we assume
uniform mixing between the two in the ISM (Bohlin et al. 1978).
The dust-to-gas ratio scales with the Galactic metallicity gradi-
ent. Estimates for the Galactic [O/H] gradient vary in the range
0.04—0.07 dex kpc~! (Strong et al. 2004d and references therein).
The variation of the metallicity gradient influences the redistri-
bution of the mainly UV and blue component of the ISRF into
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FiG. 2.—Spectra of CR electrons and positrons in the Galactic plane, as predicted by the adopted optimized GALPROP model. Lefi: Total (primary+secondary) and
secondary electrons; Right: Secondary positrons. Interstellar spectra (IS): R = 0 kpc (long-dashed line), R = 4 kpc (short-dashed line), R = 8.5 kpc (black solid line), also
shown modulated to 600 MV. Secondary electrons are shown separately as magenta lines (IS and modulated) on the left panel at R = 8.5 kpc. [See the electronic edition of

the Journal for a color version of this figure.]

the infrared: increased metallicity implies more dust, which en-
hances the absorption of the star light. The variation in the in-
frared component affects the emission in the hard X-rays (see
below). Therefore, we consider two ISRFs corresponding to a
maximal case of 0.07 dex kpc™! and a minimal case with no
gradient.

The ISRF is calculated for a cylindrical geometry with azi-
muthal symmetry. The maximum radial extent is Rn.x = 20 kpc
with the maximum height above the galactic plane z,x = 5 kpc.
The radiative transport is performed using the so-called partial
intensity method (Kylafis & Bahcall 1987; Baes & Dejonghe 2001).

Figure 1 shows the spectral energy distributions (SEDs) in the
Galactic plane for selected galactocentric radii for the maximal
metallicity gradient (/eff) and no metallicity gradient (#ight). An
increased metallicity gradient reduces the UV in the inner Gal-
axy significantly—by up to a factor of 3 for 2 < 0.3 yum—which
is redistributed into the infrared. The infrared emission for the
inner Galaxy for the maximum metallicity gradient is a factor of
~2 higher than for the case of no metallicity gradient. For the
outer Galaxy the ISRFs calculated for the two cases differ less
dramatically. For the case of the maximal metallicity gradient
the UV emission is higher than the no gradient case because there
is less dust in the outer Galaxy. In turn, this results in less emis-
sion in the infrared than for the maximal gradient case.

4. RESULTS

We compare our results for the diffuse emission in the inner
Galaxy with the new SPI data, and COMPTEL and EGRET data.
The spectrum for each instrument is obtained by integrating over
deconvolved sky maps. Since the deconvolution of the data is
done based on the individual instrument response, cross-calibration
of the data between the individual instruments is not an issue.

Our comparison with the SPI data is with the diffuse emission
power-law component from Bouchet et al. (2008). We describe
the procedure used to obtain the diffuse emission and how we es-
timate the uncertainty on this component. In the method of Bouchet
et al. (2008) a source catalog is constructed using an iterative

algorithm taking into account variable source flux contributions
using templates for the spatial morphologies of the interstellar
emission: 8° Gaussian for the positron annihilation emission, and
DIRBE 4.9 im and CO maps for the continuum below and above
120 keV, respectively. The normalization factor for each of these
maps is adjusted during the fitting procedure. Following this initial
step, the source fluxes and template information are discarded with
only the source localizations retained. The source position infor-
mation is used in the next step of the analysis where the region
|/] < 100° and |b| < 30° is divided into cells with sizes that are
chosen to optimize the signal-to-noise ratio per cell, while still
being sufficiently small to follow the observed spatial variations.
A likelihood fit is done using the a priori source position infor-
mation to obtain the source fluxes and diffuse emission for each
“pixel” cell over the energy ranges 25-50, 50-100, 100-200,
200-600, 600-1800, and 1800-7800 keV, respectively. This
model independent “image-based” method establishes the ex-
tent of the diffuse emission. To extract the diffuse spectrum with
a better signal-to-noise ratio, the background templates (DIRBE
4.9 um, CO) are also fit for each energy range. The power-law
continuum is based on this model-dependent method, but there
is some error associated with the derived emission in this case
which is not directly estimated in Bouchet et al. (2008). To es-
timate the effect on the diffuse emission, we compare the inte-
grated latitude profiles obtained using the image-based method
and the fit results for the background template maps given in Fig-
ure 5 of Bouchet et al. (2008). We conclude that the intensities
could be up to 40% higher than the background template ones
used by Bouchet et al. (2008) to construct their spectrum.

The primary electron and secondary positron and electron
spectra from our propagation calculations are shown in Figure 2.
For energies <1 GeV, the combined secondary positron and elec-
tron flux in the ISM actually exceeds the primary electron flux.
This is due to the large ratio of CR nuclei to primary electrons.
The addition of the secondary electrons and positrons increases
by ~2.5 the total number capable of producing ~-rays via IC
scattering relative to the pure primary electrons.
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