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1. INSTRUMENTS, OBSERVATIONS AND DATA ANALYSISMETHOD

SPIl is a spectrometer which is equipped with an imaging system sensitive baintequrces
and extended/diffuse emission. Its atypical coded mask imaging systenaliie$oeof view of 30
and 19 Ge detectord|[1]}][2]). Because of this small number of dete@&’s imaging capability
relies on a specific observational strategy, which is based on a so-dihedng procedurd]3]. In
consequence, to process a large amount of data and to extract a maxifaumation, enhanced
data-reduction software have been developed to better handle seuigkility and background
variations, and to process all the data simultaneously.

Public data recorded between February 2003 and January 2009 withTE6&RAL/SPI in-
strument are analyzed. This results~i.1 x 10° s observation time ang 39000 exposures or
pointings, excluding data contaminated by solar flares or the radiation belts.

1.1 Instumental background modelling

The SPI background pattern (i.e. relative count rates of the detecardatively stable be-
tween Ge detector annealings (performed twice a year), but its intendig velowever, its inten-
sity is quite stable on & 6-hour timescale. In the present analysis, we compute the background
pattern per period between two detector annealing®(months) allowing its intensity to be vari-
able on a~6-hour timescale.

1.2 Better description of sourcesvariability

Many sources exhibit variability on time scales ranging from one exp@swe00 s) to years.
For a given source, it is necessary to divide its total observation pariodsmaller meaningful
time intervals (“time bins” ) where it can be considered to have a constantwitiin the error
bars. An algorithm, based on signal segmentatipn [4], has been detetpehieve this task.
It can also handle input information on source variability from other erpants, for example
INTEGRAL/IBIS.

1.3 Softwareto process all the data smultaneously

Due to the atypical imaging system, it is imperative to process simultaneously a nmaximu
exposures (so-called mosaicking of images is not possible with SPI) te grellowest flux levels
(for example the “diffuse” emission). However, spatial and temporatrigson of all sources
(position and variation in time) requires a huge number of parameters. Mémaneements have
been made at the level of the mathematical algorithms in order to be able to pthietarge
amount of data and to compute the solution (up to one million unknowns) andsheiasd error
bars ([3]; [§]). In short, intensities in the source “time bins” and backgd intensity variations are
fitted to the data (through the response matrix) to maximize the likelihood of thesld&seribed

in [B.
2. Hard X-ray/soft y-ray surveys - sources census

The first hard X-ray/sofy-ray survey with a dedicated instrument was performed in the early
90’s : The GRANAT/SIGMA telescope detected 37 sources in the 35-k800band during its
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8 years livetime[[9]. Subsequent observations with CGRO observatah\RXTE increased the
number of sources t& 120 in the early 2000’s. A new census of sources is one of the primdy tas
of the INTEGRAL observatory.

2.1 Survey/censusup to ~ 100 keV

Below ~ 100 keV, angular resolution is crucial for the survey, especially in demlvwegions
such as the Galactic centre, hence the imager INTEGRAL/IBIS is the pedferstrument. The
4th 1BIS catalogue[[]0] takes an inventory of more than 700 sources i7#1€0 keV range while
521 objects are detected in the 17-60 keV time averaged [mpp [11]. An heag 3Urvey was also
performed with SWIFT/BAT since 2005 and reported 1256 source detsdfid].

2.2 Survey/census above 100 keV

Concerning the survey/census of sources emitting above 100 keV, BRSNGMA identi-
fied 5 black-holes candidates plus the Crab Nebula. An INTEGRAL/IRISus based on 2003-
2005 observationg [1.3] revealed 49 sources in the 100-150 keV, bdnaf them still emitting in
the 150-300 keV band. INTEGRAL/SPI is the most sensitive intrumenteabo¥50 keV which
is currently in operation and hence is the relevant instrument to perforrhitifisenergy survey.
Several catalogues, based on source time-averaged emission, kavisseed {[14]; [[8]). The
latest one[J6] contains 270, 129, 68 and 30 sources respectively 25¢66, 50-100, 100-200 and
200-600 keV band.

2.3 Light curves, spectra and high-energy emission

Derived products from the INTEGRAL/SPI survey are light curved apectra for all the
detected sources. The spectra are available, among other usestifticatastudies of source
populations ( extragalactic, binary systems containing a neutron star arlahtulke candidate) and
to complete the data obtained at lower energies by INTEGRAL. Figure 1sstimevmean-time
averaged spectrum of the radio galaxy Centaurus A, the black-hdiensy@ygnus X-1 and the
neutrons star system GS1826-24.

In the 100 keV region, reflection, thermal and non-thermal emissionsgisband the sensitivity

of INTEGRAL/SPI is usefull to study them. In particular, the study of thgsxta revealed that
some sources display a high energy tail abevis0 keV, whatever the object class. Hence thermal
and non-thermal mechanisms may exist in many types of sources (flg]]1) [15

3. INTEGRAL/SPI all-sky view of the Milky-Way

In the early 1990's, the hard X-ray/ saftray emission of the Milky-Way was difficult to
interpret and separate into point-sources emission and “diffuse” irftargmission, due in partic-
ular to the inadequate angular resolution and sensitivity of the instruments pfellious decade.
While “diffuse” interstellar emission was expected, its intensity and spatiallaitivn were dif-
ficult to estimate. The first step towards improving our knowledge of this emisg&s done by
the SIGMA/GRANAT imager, which for the first time resolved point-sourCesen, observations
combining OSSE/CGRO and SIGMA/GRANAT indicated that at least 50 % ofain@ X-ray/soft-
y-ray emission is due to point sources. However, it was expected thatgoairces can account for
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Figure 1: Left: Mean time averaged spectrum of CEN A (Extragalactitedi with a power law of index
1.8 ]. Cyg X-1(Black hole candidate system)(MiddIEl][SBectrum modelled with a Comptonization
emission law (COMPPS) plus power law and (Right) GS 1826N&Lifrons star system) averaged spectrum
fitted with a Comptonization law (COMPTT with k%17 keV) law plus a power law of index 1.5 ].

Figure 2: INTEGRAL/SPI all-sky view of the Milky-Way [[8]. Top -left : 3-50 keV, top-right : 50-100
keV, bottom-left : 100-200 keV and bottom-right : 200-600/ke

a larger fraction, due in particular to the limited sensitivity of SIGMA/GRANA&vE&ral measure-
ments followed using RXTE and OSSE, but there was not really much magre

One of the earlier results obtained with INTEGRAL was that the point sowloesnate the
Milky-way emission in the 20-200 keV band while “diffuse” interstellar emissoweaker than
previously reported[16]. Another main point concerns the annihilatidiatian which appears
to dominate the sky above 250 keV and reaches its maximum emission in the narrow emission
line at 511 keV [B]. Figure 2 shows the sky seen with INTEGRAL/SPI iresavenergy bands
including both sources and “diffuse” emission.
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3.1 Diffuse measurementswith INTEGRAL below 100 keV and cluestoitsorigin

Figure 3 shows the “diffuse” (or Galactic Ridge X-ray Emission (GRXE)asueed by both
SPI and IBIS onboard INTEGRAL observatory. Based on these datdhese of RXTE/PCA at
lower energies,[[17] and IL8] argue convincingly that a populationtelfas sources comprised
mainly of cataclysmic variables (CVs) and intermediate polars explains a leagtoh of the
diffuse emission below 50 keV. The main characteristics of this GRXE emissibatists spatial
distribution follows the NIR/DIRBE 3.5-4.@& map while its spectrum presents a spectral cutoff at
30-50 keV typical of the mean averaged spectrum of intermediate poldrs tal luminosity of
4-6 x 10°7erg.s 1. The instruments currently in operation are not sensitive enough to edbeise
sources.

3.2 Interstellar diffuse emission measurementswith INTEGRAL/SPI

Interstellar emission arises from gas in our Galaxy, cosmic-ray constit(gere, e-,...) and
the interstellar radiation field, through various interactions like inverse Camptemsstrahlung,
synchroton,... as well as radiactive nuclei decE}g¢, 191!B, e...). For this purpose, Galactic
propagation codes such as GALPROP (e[g] [19] and referencesnhkave been developed to
gain insights into the high-energy interstellar medium and to derive the coaglaminosity and
energy budget of the Milky Way [19]. The model can be applied to mangrxents like FERMI,
WMAP, PLANCK, INTEGRAL and MILAGRO. The code has been usedeh® predict the X-
rayly-ray intensity and spatial distribution of the interstellar “diffuse” emission.

INTEGRAL/SPI is the relevant instrument to measure the “diffuse” spectfram 20 keV up
to few MeV. We can use “diffuse” emission spatial morphology to constraretctron spectrum
and distribution in the Galaxy. We have found that the spatial morphologyedfiffuse emission
can be well modelled with a combination IC, NIR 40maps plus a bulgg][6]. The IC map is
the emission (spatial distribution and intensity) predicted by the GALPROP foodkee inverse-
Compton emission process.

The 4.9u map corresponds to the unresolved sources population as expectdideunsked
previously (section 3.1) while the bulge (a combination o&8d 12 Gaussians [[21];J20]) de-
scribes the 511 keV line as well as the annihilation radiation continuum (poisitnd distribution.
The statistic above 600 keV does not allow to derive a more sophisticattdl sfgscription, but
an IC map provides a good tracer. All this are discussed in more detailledeatbpped in[]6].

The INTEGRAL/SPI “diffuse” spectrum from 20 keV to 2.5 MeV is shown fog. 3. This
spectrum corresponds to the central radian of our Galpgky:(30°,|b| < 15°). It is composed of
several components:

¢ Annihilation radiation spectrum : For the bulge, the line flux is 0:910-2 ph cnT? s71
consistent with the published resultf] ([4];][21]). The positronium fraciscaround 100 %.
Detailed spectroscopy has been made[bly [22], [23]. The possiblessotipositrons is a key
point, discussed e.g. bly [24].

¢ Galactic radioactivities : The 1.8 MeV total flux is abou6% 10~* ph cnt? s1 for the
region delimited byl | < 40°, |b| < 40° about 4.3x10~% ph cnm? s~ . This value is com-
parable to the 410~ ph cn2 s71 found by [2%]. The rati¢°FeP°Al provides a test for
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Figure 3: (Top left) For the regionl | < 30° and|b| < 15° - Top-left: Comparison of the spectrum obtained
by GRXE with INTEGRAL/IBIS, INTEGRAL/SPI and RXTE/PCA. Fige is from [2p] - Left: INTE-
GRAL/SPI Spectra of the different emission components Blaatal of resolved source emission - Blue:
total diffuse emission -Cyan: annihilation radiation gpgm (line + positronium)- Red: Emission of “un-
resolved” sources. Green : deduced interstellar partitkractions. (Bottom-left) : Broad band diffuse
emission spectra (preliminary) Blue data points are for Gl and 6°Fe lines are shown in violet), light
green data points are for COMPTEL, and black points are fonkesreen dashed : SPI deduced interstellar
particle interactions. The blue line is the total emissisrcalculated with the GALPROP coda® decay,
red solid line; IC (optical), green long-dashed line; IC)IBreen short-dash line; IC (CMB), green dotted
line; total IC, green solid line; bremsstrahlung, cyandéfie.

nucleosynthesis models. The value obtained in the present analy®ig, is in good agree-
ment with those obtained witRHESSI[PG] and earlier measurements by INTEGRAL/SPI

B7.[28].

Unresolved source population J18] : The spectrum is well describethigxponential cutoff
spectrum with a flux at 50 keV of 1 x10~* ph cnt? s71 keV~1, a cutoff energy of-8

keV. More generally, the low energy part below 100 keV is compatible wahlte obtained
from INTEGRAL/IBIS data analysig [1§, P9]. This part is linked to the plagion synthesis.

Cosmic-ray interactions (modelled with the GALPROP code) : The “diffusefa@ic ridge
spectrum is compatible with earlier resulff [8]. The “diffuse” emission spetobtained
with the present analysis confirms the results reported[|n[(]8, 30] with metalsl We
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found a diffuse flux around 1 MeV compatible with tt®OMPTEL/CGRQmMeasurements.
The “diffuse” emission is estimated to represent one tenth of the total emissiow GO0
keV and one third in 100-300 keV band with a spectrum (apart from positm) fitted by a
power law of index~ 1.5, and a flux at 100 keV of 1.010 4 phcni2s 1 keV-1. The hard
X-ray continuum is quite consistent with the predictions made with the GALPR@E, 6n
terms of spectral index and spatial distribution of the emission.

3.3 Modelling Diffuse X-ray/y-ray

Figure 3 (bottom-left panel) presents broad band “diffuse” measursmenthe GeV range,
Fermi/LAT did not confirm the EGRET excess, which was probably an instnial effect [3]1].
Fermi/LAT is also a calorimeter providing improved cosmic-ray electron meamms. Taking
into account this set of updated results leads to new GALPROP predictans tidel quite accu-
rately the emission in the Fermi/LAT energy range and which is also coheitbtiNTEGRAL/SPI
measurements (Fig. 3). Nevertheless, the spectrum around 1 MeVezguire investigation.
This point is addressed in more details[ih [7].

While the solar modulation makes it difficult to measure the spectrum of longgméectron, SPI
can help to probe indirectly the electron (and positron) distributions in olax@ahrough their
inverse Compton interactions.

3.4 Summary

The INTEGRAL observatory has lead to significant progress in theceocensus and this
will continue. Hard X-ray/sofgammaray surveys at energies below 100 keV are currently being
performed by IBIS/INTEGRAL and SWIFT/BAT. These surveys have tiemes the number of
sources (actually1300) found in surveys made in the previous decade. INTEGRAL/SRireres
these at energies abowve100 keV. Surveys in X-rays angray are also on-going. In X-rays the
2XMM catalogue ( with more than 250 000 sources) has been issued. EAlNs performing
the survey above 100 MeV since 2008, and had detected 1451 s¢g@tes

Concerning the diffuse measurements, progress have been possiltbelNTEGRAL, which
shows clearly that point sources dominate the Milky-Way emission. SPEpralso indirectly the
distribution of cosmic-rays electrons and positrons. In view of the largeuatamf data accu-
mulated with INTEGRAL/SPI, we are now able to constrain the spatial distribatidine diffuse
emission above 100 keV. The derived “diffuse” interstellar emission digidb is qualitatively
consistent with GALPROP code predictions.

Using Fermi, Planck, Wmap, Milagro and SPI together in addition to radio memsunts will
constrain the “diffuse” modelling on more than 20 decades in energy grahebour knowledge of
the diffuse emission physics.

There are also perspectives for further advances in analysis meihogiarticular a better
description of source variability, which in turn may provide a better INTEGFS®I| census espe-
cially below 50 keV. INTEGRAL will still be operating for several more ygaand the increased
statistics will provide better diffuse maps and hence help in probing cosmieleatrons in our
Galaxy.
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