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Abstract. — The hard X-ray, low-energy gamma-ray telescope SIGMA, one of the main instruments on board
the Soviet satellite GRANAT, has performed sky observations in the 35 keV - 1.3 MeV range both on galactic and
extragalactic objects with unprecedent angular resolution in such an energy domain. New results have been obtained
by mapping the Galactic Center region with a 1.6 arc minute accuracy during more than 500 hours distributed in
five periods which took place in early Spring and fall Summer from 1990 to 1992. Hard X-ray binaries and bright
extragalactic objects have also been analysed and monitored during these observations. The main result obtained by

SIGMA was to point out the variability of the sky in the hard X-ray domain.
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1. Introduction.

The SIGMA telescope was first proposed to CNES, the
French Space Agency in June 1981 by two laborato-
ries : the Centre d’Etude Spatiale des Rayonnements
at Toulouse and the Service d’Astrophysique of CEA at
Saclay.

This hard X-ray, soft gamma-ray instrument is the
first coded aperture telescope sensitive to radiation in the
35 keV - 1.3 MeV energy range operating in space. The
coded aperture mask, with a basic pattern of 29 x 31
Uniformly Redundant Array (URA) known to have ideal
properties (Fenimore & Cannon 1978), is located 2.5 m
from a position-sensitive detector based on the principle
of the Anger Camera. A heavy Csl active shield surrounds
the detector and limits the background contribution. The
experiment is described in details in Paul et al. 1991 and
inflight performances in Mandrou et al. 1991.

The telescope was launched on board the Soviet space
observatory GRANAT on December 1st, 1989. Since this
time, the telescope has provided us with sky images with
unprecedented high angular resolution (1.6 arc minute).

2. Observations and results.

At the end of January 1992, about 250 successful ses-
sions lasting approximately 24 hours have been already
performed on about 60 different astrophysical targets.

More than 22 high-energy emission sources were ob-
served and analysed during this period. New exciting re-
sults have been obtained on various objects : the Galactic
Center Region, hard X-ray binaries, Active Galactic Nu-
clei, X-ray transients exhibiting unexpected hard tails and
Nova Muscae. We present here the most prominent results
obtained on some of these objects.

2.1. THE GALACTIC CENTER REGION.

During the last 25 years, the Galactic Center region has
been observed many times both by balloon-borne tele-
scopes and spacecraft experiments, in the hard X-ray and
low-energy gamma-ray domain.

The most prominent result obtained was the discovery
of a narrow (511 keV) et — e~ annihilation line emis-
sion associated with this region (Haymes et al. 1975). A
comparative review of all the different results accumulated
during this long period has been presented by Lingenfelter
and Ramaty 1989 (references therein).

During 1990 and 1991, two series of observations have
been performed each year (March/April and Septem-
ber/October), with the SIGMA telescope. More than 500
hours of useful observing time were accumulated on this
region.

Six different sources : 1E 1740.7-2942, GRS 1758-258,
GX 144, X1724-308 (Terzan 2), KS 1731-260 and GX
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354-0 have been detected above 40 keV, in a 6° x 6°
area centered on the radio source Sgr A* and monitored
continuously by SIGMA. These objects have experienced
long duration ”outbursts” as well as long duration quiet
states.

In the early 1990, the first result obtained was to
demonstrate that two sources were dominating the emis-
sion above 40 keV, in a field of view centered on the radio
source SgrA*. The most luminous was the ”EINSTEIN”
object 1E1740.7-2942 (Sunyaev et al. 1991). The other
one, so-called GRS 1758-258 (Sunyaev et al. 1992), was
discovered 45 arc minutes away from GX 5-1, thanks
to the high angular resolution of the telescopes on board
GRANAT. Its spectrum, variable in intensity, is well fitted
by a comptonized disk model of Sunyaev and Titartchuck
(1980) with a characteristic electron temperature of KTe
= 33 keV. GRS 1758-258 disappeared at the 1991 fall and
was not reobserved in the Spring of 1992.

The hard nature of 1E1740.7-2942 was previously
demonstrated, during observations of the Galactic Center
region, by imaging coded mask instruments in the 3-30
keV domain (Skinner et al. 1987), or above 30 keV by
GRIP (Cook et al. 1991).

Our observations of this object (March/April 1990)
located 48 arc minutes from SgrA* led us to believe that it
had a persistent constant emission. The energy spectrum
obtained in Spring is well fitted by a comptonized disk
model with an electron temperature KTe ~ 32 keV (Fig.
1, diamonds). It was quite similar to that of Cyg X-1 in
the low state, rescaled to the Galactic Center distance.

This sequence of observations was suddenly disrupted
by a spectacular event during the October 13—-14h obser-
vation (Bouchet et al. 1991). The source emission spec-
trum was found to exhibit an unexpected feature above
200 keV up to 700 keV (Fig. 1, crosses). This bump ob-
served during all the session (4.5 x 10% sec) is unambigu-
ously apparent at the source position in the 330-540 keV
image band, showing that this effect is not an artifact.

This feature is well represented by a Gaussian line
centered at 480 keV with a FWHM of 240 keV. It should
be stressed that it is well resolved and can’t result simply
from a narrow line convolved with the detector spectral
resolution, which is 8 attributed to an electron-positron
annihilation process in the vicinity of the source, coming
from a massive production of a hot pair plasma with a
characteristic temperature estimated around 5 x 10% K,
in a region limited to few 10'® c¢cm as deduced from an
evaluation of the phenomenon duration between 18 hours
and 70 hours.

During the Spring of 1991 the source intensity de-
creased by a factor of approximately 4, and at the end of
Summer the source was totally absent from the SIGMA
images. It reappeared recently in the images of the Galac-
tic Center region showing that it could recover its ”nomi-
nal” state in a few days period.
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FIGURE 1. Energy spectrum of 1E 1740.7-2942 observed in fall
summer 1990 (diamonds) and during the event of Oct. 13th,
1990 (crosses).

2.2. ACTIVE GALACTIC NUCLEL

During the first year of exploitation, SIGMA was pointed
towards many extragalactic objects considered as interest-
ing candidates for an emission in the gamma-ray domain.
Up to now, SIGMA has only detected three extragalac-
tic objects : NGC 4151, 3C 273 and CEN-A, with good
statistical significance. Nevertheless extragalactic sites are
always scheduled for SIGMA observations.

About a hundred of hours have been spent on NGC
4151 in 1990. The source was detected up to 200 keV and
well identified to the Seyfert Galaxy, thanks to the SIGMA
angular resolution (Jourdain et al. 1992). The photon
spectrum is found unusually soft (a ~ 3), when compared
with results obtained by previous instruments up to few
MeV. Nevertheless the SIGMA detection is in agreement
with previous HEAO A-4 observation (June 1978) (Baity
et al. 1984). An interesting result must be pointed out. A
break in the emission spectrum around 50 - 60 keV appears
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when these results are compared to the spectrum obtained
by the ART-P telescope operating on GRANAT at lower
energies, in the same time (Apalkov et al. 1991) (Fig. 2).
This break is predicted by recent models (Zdziarsky et al.
1990) including Compton reprocessing by cold optically
thick material, very close to the central engine. This result
is interesting to understand the contribution of the Seyfert
Galaxies to the Cosmic Diffuse Background which also
presents a break around 60 keV. During the November
1991 session on NGC 4151, its flux increased by a factor of
1.5 compared to the previous 1990 session, demonstrating
the variability of this object.
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FIGURE 2. Spectrum of NGC 4151 obtained with GRANAT.

The Quasar 3C 273 has also been one of the main
extragalactic objectives of SIGMA. It was also found to
be highly variable over the 8 sessions performed in 1990-
1991. It was easily detected during one session in 1990
and two others in 1991 with fluxes variations of a factor
of ~ 2 (Bassani et al. 1992). During the remaining 5
sessions, limit flux could only be determined. Variations
are observed on timescales as short as 40 days. The data
are well fitted by a power law of photon index a ~ 1.5 up
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to 500 keV which is in agreement with previous results in
the X-ray domain.

Another interesting result derived from 3C 273 ob-
servations was obtained during November 1990 . SIGMA
images revealed a 5.50 excess in a location RA(1950) =
12h 27mn 21s, DEC(1950) = 02°29’12” with an associ-
ated error circle of + 5’ (Fig. 6). This source, named GRS
122740229, situated only 15’ away from 3C 273 has been
detected up to 120 keV (Jourdain et al., 1992).

CEN-A has been observed by SIGMA, during a flaring
phase in July 1991. It is possible to say that a flux varia-
tion of a factor of ~ 2 has been observed during 4 days in
the SIGMA energy range, which is an unprecedent result
in such a domain.

2.3. NOVA MUSCAE.

A day after its discovery by the all-sky instrument
WATCH on board GRANAT, the X-ray Nova GRS 1124~
684 (in the Musca constellation) was detected on January
9t% 1991 by SIGMA at the edge of its field of view. The
source was observed in the 40-150 keV band, at 550 sig-
nificance level and located at RA(1950) = 11h 24mn 08s,
DEC(1950) = -68°23°06” with a square error box of 3.3
arc minute size, fully compatible with the identification at
other wavelengths. The 40-150 keV flux quickly decreased
from 1 Crab to 0.4 Crab within six days. Later on, the flux
decreased continuously, with irregularities on timescales
of several days.

The Nova was detected up to 300 keV with a spectrum
well fitted by a power-law model with a spectral index
23< < 26.

During the January 20*P session the spectrum was
found to exhibit a spectacular feature around 480 keV for
13 hours. An image made in the 430-530 keV band presents
a 5.10 excess located 3 arc minutes from GRS 1124-684,
showing that this line is not due to a background artifact
(Goldwurm et al. 1992).

The line width of 23 + 23 keV is compatible with the
instrument spectral resolution.

Another feature seems to be present in the spectrum
close to 200 keV and could correspond to the back-
scattering peak. As this line appears in the images thus
it cannot be attributed to the 500 keV back-scattered
photons in the instrument. It could be explained by a
retrodiffusion effect of high energy photons in the source
itself.

The Nova Muscae progenitor is probably a K5-M0
late-type star at a distance of < 3 kpc. At 1 kpec, the
40-300 keV luminosity is 1.70 (& 0.09) x 1036 erg/sec.

If the line at 480 keV is interpreted as a positron
annihilation line, then GRS 1124-684 could contain a
black hole like soft X-ray transients are thought to contain.
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2.4. X-RAY TRANSIENT SOURCES.

During these two-years observations, SIGMA has spent an
important fraction of its time to the exploration of both
the Galactic Center regions and the Galactic disk. Thanks
to the wide field of view of the telescope (~ 12° x 12°),
large parts of the sky have been monitored during several
days with good sensitivities. This led to the observation of
random outbursts of binaries such as 4U1700-377 (Lau-
rent et al. 1991) GX 339-4, as well as period variation of
X-ray pulsars like O0AO1657-415 (Mereghetti et al. 1991)
or GX 144 (Denis et al. 1991). One of the most surprising
results obtained from the processing of such large images,
was the discovery of a hard X-ray emission up to ~ 150
keV from soft X-ray transients or X-ray bursters. The du-
ration of such hard tails is typically of a few days. SIGMA
evidenced the hard X-ray emissions from the type I X-ray
burster KS1731-260 (Barret et al. 1992a), the ultra soft
X-ray transient TRA X-1 (Barret et al. 1992b) the tran-
sient X-ray burster GX 354+4-0. SIGMA also detected an
emission from the globular cluster Terzan 2 (Barret et al.
1991) which could be associated with the X-ray burster
X 1724-308. From the spectral analysis it seems that the
hard tails observed by SIGMA on these objects, strongly
suggest that a part of X-ray burst sources become hard

X-ray emitters when reaching a low soft X-ray luminosity
state.

3. Conclusions.

This review shows that SIGMA is obtaining unprecedent
exciting results on different types of objects. The image
performance of the instrument insures high reliability in
the experimental analysis. Emitting objects are clearly
identified avoiding artifacts. All phenomena are clearly
apparent in the images at the correct source positions.
SIGMA is providing major contribution to the under-
standing of the complex region of the Galactic Center.
The most fundamental result which comes out from two
years of SIGMA successful operation is the high variabil-
ity of the sky in hard X-rays and soft gamma-rays. One
surprising result was the discovery of the high state of
1E1740.7-2942, attributed to a hot pair plasma produc-
tion in the vicinity of a black hole.

SIGMA had the opportunity to witness the spectacular
flare of the Nova Muscae and, thanks o its instrumental
capabilities, discovered a strong 480 keV line, probably
narrow, interpreted as a 511 keV line production gravita-
tionally redshifted by the presence of a compact object.

The study of extragalactic objects with a break around
50 keV in the spectrum of the NGC 4151 Seyfert Galaxy
could characterize a particular state of this kind of objects
and could have interesting implications on the origin of
the Cosmic Diffuse Background.

The soft gamma-ray tails discovered by SIGMA in
some transient sources, identified as soft X-ray transients

Ne1

seem to be a common characteristic of these objects in
their low state. If such effects are expected they have to
be explained in the light of these new results.

Except for the Crab Nebulae and Cyg X-1, which
until now are considered persistent, all sources appear and
disappear in a few days period. Spectacular phenomena
can be observed on timescales of a few hours.

Thus we must always be wary of crediting an object
with some observed peculiar emission simply because that
object is the brightest or most well-known in the field-of-
view.
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