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Abstract: The spectrometer SPI, onboard the INTEGRAL observatory, gives us a unique opportunity to study the hard
X-ray/soft gamma-ray diffuse emission. Based on a total observation time of ~10% s performed in more than 6 years
of operation, we have measured a detailed ridge spectrum and constrained the spatial distribution of the emission from
20 keV to 2.5 MeV. The interstellar part of the ridge emission can be explained by inverse-Compton scattering from
relativistic electrons on the cosmic microwave background and the Galactic infrared/optical radiation fields. The spectrum
and its spatial distribution is compared with predictions from GALPROP modelling. We show also the potential of SPI
data for determining the electron spectrum at low GeV energy where the solar modulation makes any direct measures of

the electron spectrum difficult to interpret.
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1 Introduction

In our previous work, described in [1, 2], we have presented
sky maps and spectra of the Galactic plane and demon-
strated the presence of a hard power-law continuum emis-
sion, which was interpreted as inverse-Compton emission
from cosmic-ray (CR) electrons and positrons upscattering
the Galactic interstellar radiation field (ISRF).

In the present analysis, we take advantage of the greatly
increased observational dataset and significant advances in
the analysis techniques to derive the spatial morphology
and the spectral shape of the Galactic diffuse emission.

2 Instument and observations

The European Space Agency’s INTEGRAL observatory
was launched from Baikonour, Kazakhstan, on 2002 Oc-
tober 17.

The SPI spectrometer is equipped with an imaging system
sensitive both to point sources and extended/diffuse emis-
sion with a field of view of 30° and 19 Ge detectors ([3];
[4]). Due to a non typical coded mask imaging system,
SPI’s imaging capability relies also on a specific observa-
tional strategy based on a dithering procedure [5].

Public data recorded between February 2003 and January
2009 with the INTEGRAL/SPI instrument are analyzed. It
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results in ~1.1 x 10® s observation livetime which corre-
sponds to ~ 39000 exposures or pointings, excluding data
contaminated by solar flares or the radiation belts.

3 Background and point sources variabilities
modelling

The SPI background pattern (i.e. relative count rates of
the detectors) is globally stable between Ge detector an-
nealings (performed twice a year), but its intensity varies.
However, this latter is quite stable on a ~ 6-hour timescale.

Many sources exhibit variability on time scales ranging
from one exposure (~2000 s) to years. For a given source,
we divide its total observation period into smaller meaning-
ful time intervals (“time bins” ) where it can be considered
to have a constant flux within the error bars, using a seg-
mentation code developped to achieve this task [6].

Due to the imaging system, it is imperative to process si-
multaneously a maximum of exposures (so-called mosaick-
ing of images is not possible with SPI) to probe the lowest
flux levels such as the diffuse emission. Finally, intensities
in the source “time bins” and background intensity (each
~6 hours) are the parameters fitted to the whole set of data
(through the response matrix) to maximize the likelihood
of the data as described in [7].
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Figure 1: 50-100 keV intensity sky map including both sources
and diffuse emission.

4 All-sky view of the Milky-Way

Point-sources contribution is extracted from the data, si-
multaneously with the diffuse and background compo-
nents, and hence a census of sources is also derived. The
resulting INTEGRAL/SPI all-sky survey allows us to detect
~ 260 point sources. Figure 1 shows the 50-100 keV all
sky map. Figure 3 compares the sum of sources emission
to the diffuse spectrum, between 20 and 2500 keV.

5 Galactic emission spatial morphology

The diffuse emission over the whole sky has been imaged
by extracting the flux contained in sky pixels. The pixels
size habe been chosen to be relatively large (> 6] = 15° x
0b = 2.6°) to avoid "cross-talk” effects with point sources.

We present our results in terms of longitude and latitude
profiles (fig. 2). They have been built by integrating the
flux measured for |b| < 6.5° in longitude or || < 23° in
latitude (respectively |b| < 8.2° and || < 60° for the 600-
1800 keV band).

A complementary analysis was performed in which the dif-
fuse continuum spatial morphology is modelled using sev-
eral template maps. Many combinations of templates were
tested, the detailled procedure is decribed in [8].

Finally, above 600 keV, the Inverse-Compton (IC) map
computed using GALPROP, (Section 7, hereafter IC ) fits
the data very well given the data statistics.

At energies below 600 keV, the situation is more complex.
In addition to the diffuse continuum, we have the annihila-
tion radiation spectrum whose bulge component is modeled
by a combination of 3.2° and 11.8° Gaussians centred at
I = —0.6° and b = 0.0° [7]. Good fits to the spatial mor-
phology emission are obtained with a combination of IC
and NIR/DIRBE 4.9 (corrected from reddenning, here-
after 4.9 ) maps ( plus a bulge component). Furthermore,
the 4.9 tracer is also consistent with the stellar origin for
the Galactic ridge emission in the X-ray domain proposed

by [11].

6 Spectral analysis of the diffuse emission

We have to fix a sky model to extract the spectral flux. Be-
low 600 keV, the diffuse spectrum morphology is modelled
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as a linear combination of a 4.9 and an IC map (Section
7) plus two Gaussians representing the bulge annihilation
radiation component. At energies above 600 keV, the mor-
phology is simply modelled by the IC map plus 3 spectral
lines (26A1 (1.8 MeV), 5°Fe (1.17 and 1.33 MeV)).

In a first step, the summed components (sum of IC, 4.9u
and annihilation component) spectrum is directly fitted as
a superposition of three expected physical spectral compo-
nents:

e “Unresolved sources” emission, which dominates
the emission below 50 keV, modelled by an expo-
nential cutoff power-law spectrum.

e Annihilation radiation spectrum modelled by a Gaus-
sian centered at 511 keV with 2.5 keV FWHM plus
positronium continuum [10].

o Diffuse continuum mainly attributed to interstellar
emission, modelled by a power law.

The power law component corresponding to the diffuse
continuum, thought to be of interstellar origin, is then best
fit by a power law of index ~ 1.4-1.5 (fig. 3). This result is
consistent with our previous work [1].

In a second step, each diffuse spatial component is directly
decomposed into the three spectral components described
above. From this analysis, the diffuse continuum power is
seperated into two spatial components; the IC component
having a power law index of 1.8 and the 4.9u having a
much harder power law index of ~1. For the 4.9 , a cutoff
is introduced in order to steepen its contribution at higher
energies (above 1 MeV).

The bulge annihilation radiation and the unresolved sources
components are modelled as described above. An addi-
tional component, related to annihilation radiation emis-
sion disk spatial morphology is fitted by a combination of
IC and 4.9p maps. It cannot be properly separated from
the power-law continuum, but it can be inferred from the
model-fitting of the combined spectrum. The range of un-
certainty of each extracted physical component is shown as
a shaded area in fig. 3.

7 Modelling the diffuse emission

The GALPROP code [12] including a new model for the
Galactic interstellar radiation field (ISRF) has been used to
predict Galactic diffuse emission in the energy range from
keV to TeV energies, thus covering more than 10 orders of
magnitude in energy [2].

We use a model (GALPROP ID 54_z04LMS) based on the
electron (plus positron) spectrum measured by Fermi-LAT
[9], but not adjusted to Fermi-LAT gamma-ray data. It has
a halo height of 4 kpc and includes CR reacceleration; for
further details see [13].

Figure 4 compares the standard GALPROP model
(54_z04LMS) with the spectrum measured by SPI; the
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Figure 2: Longitude and laitude profiles of the Galactic Ridge emission in different energy bands, observed with INTE-
GRAL/SPI(crosses). The best fit template maps consiting of a combination of GALPROP Inverse-Compton (IC) distribution, 4.9
and annihilation radiation contribution is shown in blue. 4.9 (stellar emission) and IC contributions are shown respectively in red and
green. The pink dash-dotted line is the annihilation radiation contribution in the 200-600 keV energy band. The orange thin line (best
absolute model) is a model consisting of IC plus 4.9u for energy below 49 keV and IC plus 60u emission map between 49 keV and
200 keV. For this analysis, the channels containing 26 Al and %°Fe lines are excluded from the data.

agreement with the spectral shape and in absolute flux is
satisfactory given the uncertainties. Nevertheless, a bet-
ter agreement with SPI is obtained with a higher electron
spectrum (producing more IC emission) with the model
54_z04LMS _efactorS, where the spectrum is increased by
a factor 2 over the standard model based on the electrons
(plus positrons) measured by Fermi-LAT. This justifies the
choice of model 54_z04LMS _efactorS as the standard in-
verse Compton model used throuhout this analysis. This
can either be interpreted as the locally-measured spectrum
being not typical of the global average at the solar position,
but also as a cosmic-ray distribution more peaked towards
the inner Galaxy than the (SNR and pulsar-based) distribu-
tion used in the standard GALPROP model.

Fig 4 shows other possibilities to increase the IC com-
ponent, either by increasing the Galactic cosmic-ray halo
height from 4 kpc to 10 kpc, or by increasing the ISRF
by a factor of 10 in the Galactic bulge. A larger ISRF
is suggested by a new analysis of COBE/DIRBE data T.
Porter, private communication). The radial distribution of
electrons is not well known or constrained, and a factor 2
increase of the electrons in the inner few kpc is still pos-
sible. The same effect could be obtained with secondary
positrons if their progenitors (CR protons) increased by a
similar factor. In anothe side, a larger halo is suggested
by analysis of cosmic-ray data [14] and gamma rays [13].
Unfortunately, the morphology of these components would
not be distinguishable by INTEGRAL/SPI.

Moreover, the photon energy range from 50 keV to 2 MeV
is sensitive to IC from electrons below about 5 GeV, as it
suppresses most of the photons in the SPI energy range.
This demonstrates the potential of SPI data for determin-
ing the electron spectrum at low GeV energies where solar
modulation makes interpretation of the directly-measured
electron spectrum problematic. In fact observations of
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gamma-rays in this range could eventually be used to con-
strain models of solar modulation.

8 The ‘Fermi bubbles’

Using Fermi-LAT data, a claim has been made for two large
gamma-ray ‘bubbles’, extending 50° above and below the
Galactic center, with a width of about 40° in longitude [15].
Above 50 keV, we found no emission corresponding to the
bubbles (the 20 upper limits for north or south bubble are
1.8, 1,3, 1.5 and 1.2 10~3ph em™2 s~ respectively in the
50-100, 100-200, 20-600, 600-1800 keV bands).

9 Summary

The diffuse emission intensity in the central radian region
(1] < 30°, |b] < 15°) is estimated to be one tenth of the
total emission (including sources) below 100 keV and one
third in 100-300 keV band while the annihilation radiation
spectrum dominates the sky emission between 250 and 511
keV. The diffuse emission spectrum has the following main
features:

e The diffuse continuum spectrum (apart from positro-
nium) is fitted by a power law of index 1.4 - 1.5,
with a flux at 100 keV of 1.1 x10~* ph cm=2 s~}
keV~! . This power law, thought to be related to
interstellar emission, can be decomposed into two
spatial components: the IC component with a power
law of index 1.8 and a flux at 100 keV of ~ 10~*
phem™2 57! keV~! | and an additional component
which can be modelled with the 4.9, template, and
whose spectral shape is a power law with an very soft
index of ~ 1 and a flux at 50 keV of ~ 3 — 4 x 107
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Figure 3: Spectra of the different emission components in the
central radian of the Galaxy (|I| < 30° and |b] < 15°). SPI
measurements are black crosses. Violet squares: total emission
of resolved sources. Violet line: power law fit to the resolved
sources emission (power law index is 2.9 and flux at 100 keV is
4% 107* phem™? s7! keV~!). Blue: total diffuse emission —
Magenta: annihilation radiation spectrum (line + positronium) —
Red: Emission of low energy “unresolved” sources. The possible
range of variation of these components are represented with the
shaded area. Dark green line — is the deduced continuum emission
thought to be dominated by interstellar particle interaction. The
diffuse continuum best fit spectrum based both on spatial mor-
phology and spectral decomposition is indicated by the dashed
cyan (4.94 spatial component) and green dashed lines (IC com-
ponent). The sum of these two components is the brown dashed
line which compared to the power law fit of index 1.44 based
solely on spectral decomposition (dark green line).

T T TTTHW T T TTTW T T TTTTTW T T
S
S 0010 =
) F A
kY L g
] - Ly
& L P Rt
-
L [ //’ b
_‘z’ L -~ 4
g ;
Al ”’
£ 0001 -2 .
x B 1
y L-~ ]
1 1 lllHM 1 1 llllHl 1 1 1111“1 1 1
0.01 10 1.00 10.00
ENERGY(MeV)

Figure 4: Same as figure 6 with different GALPROP config-
urations. The dashed dotted lines are IC models. Primary elec-
tron spectrum of fig 7 (dark green), primary electron spectrum in-
creased by a factor 2 of fig 8 (black), increased halo height from
4 kpc to 10 kpc (red) and increased ISRF in the Galactic bulge (x
10) (orange) and both increased halo height from 4 kpc to 10 kpc
and ISRF in the Galactic bulge (x 10) (magenta).

ph ecm=2 s7! keV~! . This additional componentt
steepens above ~ 1 MeV (cutoff at ~ 3.4 MeV) and
is weak below 200 keV compared to the IC compo-
nent.

e The diffuse continuum flux around 1 MeV is found
compatible with the COMPTEL/CGRO measure-
ment.
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e The IC emission distribution predicted by the GAL-
PROP code is in fair agreement with the data, but a
model with an electron spectrum increased by a fac-
tor 2 over the standard model based on the electrons
(plus positrons) measured by Fermi-LAT agrees bet-
ter. An increased ISRF in the Galactic bulge or a
large Galactic CR halo are other possibilities to ob-
tain the increased flux.

e An additional component is required below 50 keV.
This excess over the IC emission is well modeled
with the NIR/DIRBE 4.9y map. This low-energy
component has an exponential spectrum with a cut-
off at 8 keV and a flux at 50 keV of ~ 2 x 1074 ph
cm~2 s~ keV~! . It can thus be directly interpreted
in term of stellar origin as proposed by [11].

In addition, we found that our global diffuse spectrum is
consistent through the measured characteristics of nuclear
lines (26Al, 59Fe) and annihilation radiation spectrum.

There is no detection in the SPI energy range of the ‘Fermi
bubbles’.

In the future, SPI will continue to provide new data for,
at least, the next 3 years. Meanwhile, the Fermi Gamma
Ray Space Telescope is providing new information on the
Galactic spectrum at higher energies, and INTEGRAL gives
complementary measurements related to the same physi-
cal processes. Taken together the data from the two mis-
sions, and including already existing data, will constrain
the cosmic-ray electron spectrum at all energies and help
to give an unambiguous decomposition of the diffuse vy-ray
sky.

References

(1]
(2]
(3]
(4]
(3]
(6]
(7]

Bouchet, L. et al., ApJ , 2008, 679, 1315
Porter, T. et al., ApJ , 2008, 682, 400
Roques, J.P.etal., 4 & 4,2003,411, L91
Vedrenne, G. etal.,, 4 & A, 2003, 411, L63
Jensen, P. L. etal., 4 & A ,2003, 411, L7
Bouchet, L., et al., 2011, in preparation
Bouchet, L., Roques, J. P., & Jourdain, E., 4pJ , 2010,
720, 1772
[8] Bouchet, L., et al., ApJ , 2011, submitted
[9] Abdo, A. A, et al., Phys. Rev. Lett., 2010, 104, 10, id.
10110
[10] Ore, A. & Powell, J. , Phys. Rev., 1949, 75, 1696
[11] Krivonos, R., etal., 4 & 4, 2007, 463, 957
[12] Strong, A. W., Moskalenko, I. V., & Ptuskin, V. S.,
Ann. Rev. Nucl. Part. Sci., 2007, 57, 285
[13] Strong, A.W., 2010, Proceedings of the ICATPP Con-
ference on Cosmic Rays for Particle and Astroparticle
Physics, to be published by World Scientific (Singa-
pore), arXiv:1101.1381.
[14] TrottaR. L., etal., ApJ , 2010, 729, 106
[15] Su, M., Slatyer, T. R., &Finkbeiner, D. P., 4pJ , 2010,
724, 1044

7,43



0G.2.2: Galactic sources (Binaries, micro quasars, pulsars, SN rem-
nants, molecular clouds, etc.)

Vol. 7, 44



