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Abstract. On Aug. 5, 1992, BATSE detected the bright
soft X-ray transient GRO J0422+32, also known as Nova
Per 1992. The COMPTEL instrument (0.75-30 MeV) aboard
the Compton Gamma-Ray Observatory (CGRO) observed this
black-hole candidate twice. During the first observation, which
started when the X-ray flux was at its maximum, GRO J0422+
32 was detected between 1 and 2 MeV. The flux in this energy
range was higher than expected from an extrapolation of the
standard Sunyaev-Titarchuk Comptonisation model fits to the
contemporaneous OSSE and SIGMA data. We discuss several
models that may explain the total hard-X/y-ray spectrum, in-
cluding the generalised Comptonisation model from Titarchuk.
During the second observation, 3 weeks later, no evidence for
emission above 1 MeV was seen.

Key words: Gamma rays: observations — Black-hole physics
— binaries: general

1. Introduction

The history of the galactic black-hole candidates (BHCs)
started with the discovery of the radio-counterpart of the vari-
able X-ray source Cyg X-1 (Braes & Miley 1971). This resulted
in the association of Cyg X-1 with the optical counterpart HD
226868 and the subsequent determination of the dynamical
parameters of the high-mass X-ray binary (Wade & Hjellming
1972; Webster & Murdin 1972; Bolton 1972). From the mass
function, the mass of the compact object in Cyg X-1 was found
to be greater than ~ 3 Mg, larger than the theoretical upper
limit for neutron stars. The compact object in Cyg X-1 was
thus inferred to be a black hole.

Currently, the group of BHCs consists of six binary sys-
tems for which the mass function indicates a compact object
with a mass larger than 3 Mg (the ‘strong’ candidates), and of
sources which are believed to harbour black holes on the basis
of their temporal and spectral signatures (the ‘weak’ candi-
dates). Mass functions exist for Cyg X-1 (Dolan 1992), LMC
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X-1 (Hutchings et al. 1987), LMC X-3 (Cowley et al. 1983;
Kuiper et al. 1988), A0620-00 (Haswell & Shafter 1990), Nova
Muscae 1991=GS1124-683 (Remillard et al. 1992) and V404
Cygni=GS2023+4338 (Casares et al. 1992). The first three are
high-mass X-ray binaries in which the secondary is a main-
sequence or evolved OB star. The last three are soft X-ray
transients, a sub-class of the low-mass X-ray binaries. They
are usually undetectable in the X- and 4-rays until they sud-
denly flare up, reaching maximum X-ray brightness within a
few days, thereafter decaying over a period of months into un-
detectability.

One of the spectral signatures which are believed to be
characteristic of a black-hole system, is a hard power-law like
tail extending well beyond 100 keV with an index ¢ < 2 in
the differential E~* energy spectrum (Liang 1993). It might
be premature, however, to conclude that neutron-star binaries
in general cannot exhibit hard tails beyond 200 keV in their
spectra: observations with SIGMA revealed hard X-ray tails
up to ~ 100 — 200 keV in the spectra of 3 low-intensity X-ray
bursters (Barret & Vedrenne 1994). This was supported by an
analysis of a sample of low-mass X-ray binaries, harbouring
neutron stars, in the HEAO-A4 catalogue, which shows that
the 20-80 keV spectra of these systems become harder as the
X-ray luminosity decreases (van Paradijs & van der Klis 1994).

GRO J0422+32 was discovered on Aug. 5, 1992 with the
Burst and Transient Source Experiment (BATSE) aboard the
Compton Gamma-Ray Observatory (CGRO). The intensity in
the 20—300 keV range increased within a few days to ~ 3 Crab,
remaining at that level for three days (Harmon et al. 1992).
Hereafter, the intensity of GRO J0422+-32 decreased exponen-
tially with a decay time of ~ 41 days (Vikhlinin et al. 1992).
The source showed strong variability on all time scales and was
seen up to ~ 600 keV with OSSE and SIGMA. The early OSSE
data are well represented by a two-component Comptonisation
model with temperatures kT of 30 keV and 60 keV and optical
depths 7 of 6 and 3, respectively (Cameron et al. 1992). For
the SIGMA data, a one-component fit gives kT = 58 keV and
7 = 1.99 (Roques et al. 1994).

The high-energy emission of GRO J0422+32 up to 2 MeV
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(this paper) and the similarity of the outburst characteristics to
BHCs such as A0620-00 and GS2023+338, suggest that GRO
J0422+32 is also a BHC (Liang 1993). Kato et al. (1993), as-
suming that the observed optical modulation is caused by su-
perhumps, derive a mass for the compact object in the range
2.9 M@ — 6.2 M. This is not inconsistent with the mass func-
tion derived from recent photometric and spectroscopic mea-
surements (Orosz & Bailyn 1994), implying a mass > 2 Mg.

2. Instrument and Data Analysis

COMPTEL is one of four instruments aboard CGRO which
was launched in April 1991. It is sensitive in the 0.75-30
MeV energy range, thereby forming a link between the hard
X-rays/low-energy v-rays (measured with OSSE and BATSE
aboard CGRO) and the > 30 MeV y-rays (measured with
EGRET, also aboard CGRO). COMPTEL is a wide field-of-
view imaging instrument (1 steradian) with a positional accu-
racy of typically 1° and an energy resolution of 8.2% FWHM at
1.5 MeV. The detection mechanism is based on Compton scat-
tering, the dominant photon-matter interaction mechanism in
this energy range. For a complete description of the instrument
the reader is referred to Schonfelder et al. (1993).

The fluxes and significances reported in this article were de-
termined using a maximum-likelihood ratio (ML) method (de
Boer et al. 1992; Bloemen et al. 1994; Schonfelder et al. 1993),
for which a background model is required. Lacking an analyt-
ical description of the background, the model is presently cre-
ated from the data itself using a special filter technique. Note
that the slight overestimate of source significances that was in-
herent in the technique described in Bloemen et al. (1994), is
now avoided due to an improved algorithm.

The application of the ML method requires the assumption
of an input spectrum. For the analysis of GRO J0422+32 we
used both power-law input spectra with F o« F~% and Wien
input spectra with F « 2 exp(—z), ¢ = E/kT.

3. Observations

COMPTEL observed GRO J0422+32 twice in 1992 (Table 1).
The first observation (36.0436.5) lasted 9 days and covered the
plateau-like maximum of the X-ray light-curve just after GRO
J0422+32 was discovered (see Harmon et al. 1993). It consists
of two parts, which differ by a rotation of the spacecraft around
the pointing direction. Obs. 36.0 lasted only 40 hours and was
analysed in combination with Obs. 36.5. However, adding Obs.
36.0 reduced the detection significance of GRO J0422+432. It
is not yet clear whether this is due to unknown background
effects, or time variability of the source. For this reason, Obs.
36.0 was omitted from the analysis presented here. During the
second observation (Obs. 39), lasting 16 days, the 20-300 keV
flux had decreased to ~ 70% of its maximum value (Harmon
et al. 1993).

4. Results

We have detected GRO J0422+4-32 in Obs. 36.5 in the 1-2 MeV
range with a significance of 3.00. Fig. 1 shows the location con-
tours obtained with the ML method. In Obs. 39, no emission
above 1 MeV is seen, but a weak detection is obtained in the
0.75-1 MeV range. The previously reported ~ 2¢ flux point in
the 0.75-1 MeV range during Obs. 36.5 (van Dijk et al. 1994) is

Table 1. List of observations. The 5 columns show: 1) the
observation ID in GRO notation; 2) the angular distance of
GRO J0422+32 to the pointing direction; 3) the start date
and time; 4) the end date and time; 5) the number of days
since Aug. 11 (peak X-ray flux).

Obs Z Start (1992) End (1992) N
[°] [days]

36.0 3.91 Aug 11,0150 UT Aug 12, 1822 UT. 1.2

.5 3.32 Aug. 12,19:00 UT Aug 20, 15:28 UT  2-10
39 2.99 Sep. 01, 05:40 UT  Sep 17, 15:17 UT  21-36
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Fig. 1. Skymap in the 1-2 MeV range for Obs. 36.5 showing GRO
J0422+432 (x) and the Crab (+). The contours plotted for GRO
J0422+432 are the 95% and 99% error location contours; the con-
tours for the Crab are at arbitrary levels. Note that the quasar PKS
05284134 reported by Collmar et al. (1993), located only 8° from
the Crab, is not detected at these low energies.

not confirmed by the improved analysis. We put main empha-
sis here on the 1-2 MeV result, because it is most important
for comparison with models, as discussed in Section 5.

Table 2 lists the fluxes with 1o errors and the 20 upper lim-
its per observation period for the 0.75-1 and 1-2 MeV ranges.
Both a power-law spectrum with index o = 2 and Wien spec-
tra with different temperatures k7T have been used as input
spectra. It is evident from Table 2 that the derived flux values
and upper limits are only weakly dependent on the assumed in-
put spectrum. We plotted the COMPTEL 1-2 MeV flux point
and the upper limits for the 0.75-1 MeV, 2-3 MeV, 3-10 MeV
and 10-30 MeV ranges in Obs. 36.5 in Fig. 2, using a Wien
spectrum with T = 100 keV for the lowest two energy ranges
and an E~2 power-law spectrum for the higher energy ranges.

We have also looked for time variations of the 1-2 MeV
flux in Obs. 36.5 by dividing this observation into 7 parts of
roughly 1 day duration. Although we obtain a > 20 flux in
only two of these time intervals, the results are consistent with
a constant flux due to the high upper limits in the other time
intervals and the uncertainties associated with the background
modelling in sparse dataspaces.
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Table 2. The fluxes and 20 upper limits for the 0.75-1 and 1-2 MeV ranges for Obs. 36.5 and 39. The kT values refer to the
temperatures of the Wien input spectra (simulated point-spread functions (PSFs)), the o value refers to the index of the power
law input spectrum (modelled PSFs). The errors quoted are 1o errors.

Obs E Flux/upper limit
[MeV] [cm™2 s~ MeV™!]
kT =100 keV kT =120 keV kT =150 keV kT = 200 keV o =2
365 0.75-1 <14x107° <13x107° <1l4x107° <14x107° <09x107°
1-2 (2.8+1.0)107* (2.8+£1.0)107* (2.94+1.0)107* (2.941.0)10™* (2.6 +0.8)107*
39 0.75-1 (1.1£0.4)10™° (1.1£0.4)10™° (1.1£0.4)10™° (1.1£0.4)10™> (0.8 £0.3)1073
1-2 <15x10~* <15x107* <15x10™* <1l4x10™* <12x10™*

i T T Table 3. Results of model fitting. Column 1: the data used
= ~-  COMPTEL with S denoting SIGMA and C denoting COMPTEL; column
E O SIGMA 7 2: the Comptonisation model (see discussion); column 3: the
- | reduced chi-square value and the number of degrees of freedom;
o column 4: the temperature [keV] and column 5: the optical
TE |  depth. Errors quoted are 1o errors.

(8]
2
2 T 7 Data Model yZ(dof) kT T Fit
5 T 1 S§+¢C ST80 27.3(16) 58+1 2.00+0.03 A
x | S+C T94 27.4(16) 100+4 1.04+0.05 B
e S(>130 keV)+C T94 3.05(8) 102+13 1.14+03 C
Er ot R
10F E
E 5 ;— +4+ . ‘;
< 0;—-*--;-—-*“;*“""“"“'“'""“g the ST80 model and the optically thin version of the T94 model
-5 ++ L 7 to the combined SIGMA and COMPTEL data, the results of
. o o 0.0 which are shown in Table 3. The fit labeled ‘A’ is equal to the

Energy. [MeV]

Fig. 2. The COMPTEL 1-2 MeV datapoint and upper limits for
Obs. 36.5, together with the SIGMA datapoints. Dashed line: ex-
trapolated ST80 fit to SIGMA data (Roques et al. 1994); dotted
line: extrapolated 2-component ST80 fit to OSSE data (Cameron
et al. 1992); solid line: extrapolated fit B from Table 3. The lower
plot region shows the differences between fit B and the SIGMA and
COMPTEL datapoints.

5. Discussion

The 1-2 MeV flux for Obs. 36.5 is somewhat higher than ex-
pected from an extrapolation of the Comptonisation model fits
(Sunyaev & Titarchuk 1980, hereafter ST80) to the SIGMA
and OSSE data, denoted by the dashed and dotted lines in
Fig. 2. From a comparison of the number of counts expected
for these extrapolated fits and the number of counts observed
in the 1-2 MeV range, we derive a significance of 2.8¢ for the
excess. Such a deviation from the fitted ST80 model at high en-
ergies is also observed in the 300-700 keV SIGMA data (Roques
et al. 1994), for which an excess of 5.80 was derived. However,
the ST80 Comptonisation model used to fit the SIGMA and
OSSE data is known to break down at high plasma tempera-
tures and high photon energies (e.g. Grebenev 1993). Titarchuk
(1994, hereafter T94) developed a generalised Comptonisation
model which is valid in a much larger region of the (kT T) space
due to the inclusion of relativistic corrections in the diffusion
coefficients of the energy and space operators. We fitted both

SIGMA fit in Fig. 2 (the dashed line), while fit B is shown as
a solid line. Note that the T94 model for these temperatures
and optical depths can be approximated in the 1-2 MeV range
by a Wien-type spectrum of temperature k7" =2 100 keV.

Although the quality of the fits in Table 3 is poor for both
models, it is evident that the T94 fits give a significantly higher
plasma temperature and smaller optical depth than the ST80
model, just as expected. This is in accordance with the higher
temperatures found for Cyg X-1 from COMPTEL observations
(McConnell et al. 1994), and from reflection models applied to
EXOSAT data (Haardt et al. 1993). It is also clear from Table
3 that the reduced chi-square values are significantly smaller if
the lowest SIGMA datapoints are omitted (with no effect on
the fitted parameters), indicating a more complicated spectral
shape at lower energies.

At higher energies, the fit with the more appropriate T94
model clearly lies above the ST80 model fits (Fig. 2). Even for
the T94 model fits, however, the COMPTEL 1-2 MeV data-
point lies 2.70 above the model value (2.60 if we account for
the decay of the hard X-ray intensity of GRO J0422+432 during
the ~ 40 days SIGMA observations). When the high SIGMA
datapoints in the 300-700 keV range are taken into account as
well, the significance of these high-energy deviations becomes
even larger. The 0.75-1 MeV flux measured in Obs. 39.0 is
consistent with the T94 model fits presented here.

The question arises as to whether the possible deviations at
high energies (> 300 keV) indicate the need for an additional

‘spectral component. Until now, there have been few detections
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of black-hole candidates (BHCs) above 100 keV and as a con-
sequence, our understanding of these objects at vy-ray energies
is far from complete. There are several models that predict
enhanced MeV emission from BHCs.

The transient ‘y-ray bump’ observed in 1979 in the spec-
trum of Cyg X-1 (Ling et al. 1987), which was much more
pronounced than the excess presented here for GRO J0422+
32, has been interpreted as the emergence of a pair-dominated
hot thermal cloud in the inner accretion disk region (Liang &
Dermer 1988; Liang 1990; Melia & Misra 1993). Such strongly
enhanced MeV emission has so far not been seen by the later
OSSE and COMPTEL observations of Cyg X-1, although the
100 keV flux was also very low during some of these observa-
tions (Leising et al. 1993; McConnell et al. 1994).

Instead of thermal pair plasmas, contributions at high ener-
gies may also come from non-thermal pair plasmas. Jourdain
& Roques (1994) modelled the high energy SIGMA data on
BHCs with inverse Comptonisation of a dense UV radiation
field by a non-thermal pair plasma. The plasma is fuelled by
photon-photon interactions of X-ray photons with the high-
energy photons of average energy ~ 18 MeV from 7° decay
near the compact object (they do not take into account the in-
fluence of 7~ and «t production). This model, in combination
with an ST80 model below ~ 200 keV, can explain the 30-
700 keV SIGMA data on GRO J0422+432 and Cyg X-1 quite
well (Jourdain & Roques 1994). However, note that the 1-2
MeV flux expected from their fit to the SIGMA data on GRO
J0422+432 is a factor 10 higher than measured, which suggests
that the size of the interaction region that they derive (100
km) is too large.

Enhanced MeV emission may also be related to the tran-
sient line features around 390 keV observed for 1E1740.7-2942
(Cordier et al. 1993) and around 170 keV and 476 keV observed
for Nova Muscae 1991 (Sunyaev et al. 1992; Goldwurm et al.
1992). Following the radio observations of jets in 1E1740.7-2942
(Mirabel et al. 1993), Skibo et al. (1994) proposed a model for
these lines based on temporarily enhanced jet-like energy re-
lease in the form of plasma and hard-spectrum photons up
to 10 MeV. The positions of the line features that arise in this
model are a function of viewing angle and range up to MeV en-
ergies. The < 500 keV line features have also been tentatively
identified with the 511 keV electron-positron annihilation line
(Sunyaev et al. 1992; Hua & Lingenfelter 1993; Hameury et al.
1994). Yet another explanation for the 476 keV line observed
in Nova Muscae 1991 comes from the recent discovery of high
"Li abundances in the BHCs A0620-00 and V404 Cyg (Martin
et al. 1994a,b). In this respect, we point out that the possible
presence of nuclear line emission in the 1-2 MeV range is still
under investigation. Note that the 1-2 MeV detection involves
photons with less energy than the 2.2 MeV photons liberated
when the neutrons created in the formation of “Li are captured
by protons.

6. Conclusions

The COMPTEL observations of GRO J0422+32, in combina-
tion with the SIGMA data, show evidence for possible devia-
tions from the generalised Comptonisation model (Titarchuk
1994) in the energy range from 300 keV up to 2 MeV. It is ev-
ident that sensitive future studies in the region around 1 MeV
will provide valuable information for our understanding of the
mechanisms that play a role in sources like GRO J0422+32.
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