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5.11 Introduction 

Thee search for black-hole candidates (BHCs) in the previous Chapter has not revealed firm evi-
dencee for time-averaged 7-ray emission from any of these objects. However, two BHCs were omitted 
fromm the search. One of these is the well-known Cyg X-l , the first Galactic object for which convinc-
ingg (dynamical) evidence for the presence of a heavy compact object was found. The other is GRO 
J0422+32,, a transient BHC which went into outburst in 1992. The reason for not including these 
BHCss in Chapter 4 is that both have been detected with COMPTEL and deserve the more extensive 
analysess that are presented in this Chapter. 

AA general introduction including the observational properties and theoretical understanding of 
BHCss has been given in Section 4.1. The results for GRO J0422+32 and Cyg X-l are given in 
Sectionss 5.2 and 5.3 respectively and discussed in Section 5.4. The main conclusion that can be drawn 
fromm the COMPTEL observations of BHCs can be found in Section 5.5. 

5.22 The BHC GRO J0422+32* 

5.2.11 Introduction 

Onee and a half years after the launch of CGRO, on August 5, 1992, GRO J0422+32 was found 
too be in outburst with BATSE (Paciesas et al. 1992). The 20-300 keV flux, a few days earlier still 
undetectable,, increased dramatically and reached a maximum of ~ 3 Crab on August 9 (Harmon et 
al.. 1992). Because of the high X-ray flux, the hard spectrum and the detection up to several hundreds 
off  keV, GRO J0422+32 was declared a target of opportunity (TOO) to allow the other instruments 
onn board CGRO to observe the source as well. 

Thee 20-300 keV BATSE light curve is shown in Fig. 5.1. After the outburst, the flux decayed 
withh an e-folding time of ~ 40 days, comparable to the decay times of other SXTs such as GS2000+25 
andd GRS 1124-684. A second and smaller outburst was observed in the beginning of December 1992, 
~~ 111 days after the main outburst (Harmon, Fishman & Paciesas 1992). Similar behaviour has been 
observedd in several other SXTs as well (see Chen, Livio & Gehrels 1993). On smaller time scales, 
thee X-ray flux was observed to be strongly variable with a fractional rms of up to ~ 30% (Denis et 
al.. 1994). A detailed analysis of the X-ray power spectrum shows that it is a flat distribution up to 
"«« 0.03 Hz followed by a u~0&z decline, independent of energy. Quasi-periodic oscillations (QPOs) 
weree detected around ~ 0.03 Hz and ~ 0.1 Hz (Kouveliotou et al. 1992). 

Ass for several other BHCs, the spectrum of GRO J0422+32 was hard and extended up to at 
leastt several hundreds of keV. The spectrum measured with TTM/HEXE/Pulsar X-l on board the 
Mir-Kvantt was found to be consistent with the ST80 model (Section 4.1.3.1), with kT ~ 29 keV and 
rr ~ 2.0 (Sunyaev et al. 1993). On the other hand, the OSSE data obtained near outburst are well 
representedd by a two-component inverse-Compton model with temperatures kT of 30 keV and 60 
keV,, and optical depths r of 6 and 3 respectively (Cameron et al. 1992). The SIGMA data confirm 
thatt the > 40 keV spectrum, averaged over ~ 40 days post outburst, is too complex for a single-
componentt inverse-Compton model (Roques et al. 1994). A luminous soft X-ray component, which is 
oftenn present during outbursts of SXTs (with the noticeable exception being GS2023+338), was not 
detectedd (Sunyaev et al. 1993). 

**  The analysis presented in this Section has previously been published, in a different form, in van 
Dijkk et al., 1995, A&A 296, L33-L36 
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Figuree 5.1. This figure shows the 20-300 keV light curve of GRO J0422+32 as measured with the 
BurstBurst and Transient Experiment (BATSE) on board CGRO (from the BATSE public data base). The 
timetime coverage of the COMPTEL observations (36.5 and 39.0) are denoted by the horizontal bars. 

GROO J0422+32 was the first transient BHC discovered by BATSE on board the CGRO obser-
vatory.. Near the outburst in August 1992, i t was observed with COMPTEL on two occasions. In 
subsequentt years, it has been in the field of view on several more occasions. This Section describes 
thee analysis of the C O M P T EL data on GRO J0422+32, the results of which have been reported pre-
viouslyy in van Dijk et al. (1994). First we summarize the current status of the compact-object mass in 
GROO J0422+32 in Section 5.2.2. The COMPTEL observations and analysis method are described in 
Sectionn 5.2.3. The results for the observations performed during the main outburst (Obs. 36.5, 39) and 
forr the post-outburst observations (Obs. 213, 221, 321.1, 321.5, 325) are presented in Sections 5.2,1 
andd 5.2.5 respectively. The results are discussed in Section 5.4. 

5.2.22 On the mass of the compact object in GRO J 0 4 2 2 + 3 2 
Att the t ime of writing this thesis, the mass of the compact object in GRO .10422+32 is still 

somewhatt uncertain. The mass function that has been derived for this object. 

ffMM = 1.21 + 0.04 M 0 (5.1 1 

(Fil ippenko,, Matheson fc Ho 1995; see also Orosz & Bailyn 1995; Casares et al. 1995), is the smallest 
knownn among the BHCs that belong to the LMXB s (Table 4.2) and does not exclude a neutron star 
byy itself. We therefore have to rely on estimates of the mass of the secondary and the inclination. 

Thee secondary has an optical spectrum reminiscent of that of an M2 V star (Filippenko, Matheson 
&&  Ho 1995; Casares et al. 1995), the mass of which is typically ~ 0.4 M Q . In some SXTs, the inferred 
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FigureFigure 5.2. This figure shows the ratio of the outer disk radius Rd to the Roche-lobe radius Ri versus 
thethe compact object mass Mj. The intersection of the curves with the horizontal dotted line (the 
maximummaximum possible Rd/Ri) gives the upper limit on M\. For each source, the left curve was calculated 
forfor the most-likely values ofM2, i and VE while the right curve was calculated using the extreme values. 
TheThe inclination for GRO J0422+32 was assumed to be 41° (Casares et al. 1995). References: GRO 
J0422+322 — Bonnet-Bidaud k Mouchet (1995); GS2023+338 — Shahbaz et al. (1994b), Casares & 
CharlesCharles (1994), Casares et al. (1993); 1A0620-00 — Shahbaz et al. (1994a), Marsh, Robinson & Wood 
(1994). (1994). 

meann density p of the secondary, which is given by p « 110/Pi? g em 3, is very low compared 
too that for normal main-sequence stars and indicates that the secondary is probably evolved. For 
G.S2023+338,, King (1993) developed a stripped giant model and discussed the influence on the inferred 
mass.. However, the orbital period of 5.08 hours for GRO J0422+32 gives p m 4.3 g c m- 3 , which is 
consistentt with the mean density for a main-sequence star. Nevertheless, a lower mass for the secondary 
cannott be excluded. The inclination has been determined by Casares et al. (1995) from the ellipsoidal 
modulationn of the secondary in the / -band, and is found to be ~ 42°, relatively independent of the 
masss ratio. 

Wi t hh M 2 = 0.39 MQ, i = 42° and the mass function from Eq. (5.1), the compact-object mass 
becomess 4.7 M©. If the secondaries mass is much lower, e.g. M2 — 0.2 M©, the primary wil l still have 
aa larger mass than the maximum possible mass for a neutron star if i < 50°. Whatever the exact 
valuee of Mi, the present data do not support a mass typically measured for neutron stars (~ 1.4 M©; 
vann Paradijs k McClintock 1995). 

Howw does the dynamical mass estimate compare to the mass estimates from other methods (Sec-
tionn 4.1.1.1)? The superhump model gives 2.9 M© < Mx < 6.2 M© (Kato, Mineshige k H i rata 1993). 
Onn the other hand, the outer-disk velocity model predicts an upper limi t of M\ < '2.2 M© (Bonnet-
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Bidaudd k Mouchet 1995). How reliable is this latter method to derive mass estimates for BHCs? In 
Fig.. 5.2 I show the ratio RdjRL versus Mi for GRO J0422+32, GS2023+338 and 1A0620-00, the 
latterr two being firm BHCs because of their mass function (Section 4.1.1). For RdjRb < 0.9 t n e 

upperr limits on Mi are 1.5 MQ, 3.3 M 0 and 18.2 M@ respectively (left curves). Taking the extreme 
valuesvalues for M2, i and VE (right curves), these upper limits become 4.1 M 0, 4.3 M 0 and 37.8 M 0. Al-
ternatively,, if we assume that the Ha emission peaks at ~ 0 ,5^^ (with RLX the distance to the inner 
Lagrangiann point, Marsh, Robinson k Wood 1994) instead of at the outer edge of the disk, the upper 
limit ss for the right curves become 2.2 MQ, 2.3 MQ and 23.3 M® respectively. For 1A0620-00, these 
upperr limits on M\ are not in conflict with the mass function. However, for GS2023+338 they are 
significantlyy below the well established mass function / (Mi ) - (6.08  0.06) M 0 (Casares k Charles 
1994),, thereby questioning the validity of some of the assumptions underlying this method (e.g., there 
mayy be non-Kepierian motion near uie outer edge of the disk; Orosz et ai. 1934;. 

Thee fact that for GS2023+338 the outer-disk velocity vE determined from the double-peaked Ha 
iss not consistent with the rest of the system parameters was already noted by Casares et al. (1993). 
Thiss may either be caused by non-Keplerian motions or by other contributions to the Ha emission. 
Therefore,, mass estimates using VE are at the least questionable and we conclude that the possible 
conflictt for GRO J0422+32 with the mass function (if * > 50°) is not really worrying. 

5.2.33 Observations and analysis 
Afterr GRO J0422+32 was declared a target of opportunity, CGRO was pointed at this source on 

Augustt 11, 1992. This first observation (36) covered the plateau-like maximum of the BATSE 20-300 
keVV light curve (Fig. 5.1). A rotation around the pointing axis to enhance the solar aspect angle divides 
thiss observation in two parts (36.0 and 36.5). About 2 weeks later, when the X-ray flux was decreasing 
withh a characteristic decay time of ~ 40 days, another CGRO observation of GRO J0422+32 followed 
(39).. After these 'outburst1 observations, GRO J0422+32 was in the field of view of COMPTEL 
severall  more times during 1993 and 1994. Table 5.1 gives a hst of these observations, with the last 
columnn showing the number of days that have passed since the onset of the main outburst (more 
informationn about these observations can be found in Appendix A). Obs. 36.0 lasted only 40 hours 
andd was analysed in combination with Obs. 36.5. However, adding Obs. 36.0 reduced the detection 
significancee of GRO J0422+32, It is not clear whether this is due to unknown background effects 
resultingg from the adding of data spaces for two different observations between which COMPTEL was 
rotatedd around the pointing direction, to time variability of the source or to a statistical effect close 
too the detection threshold. For this reason, Obs. 36.0 was omitted from the analysis presented here. 

Wee applied the standard data selections as listed in Section 2.4.1. For three D2 modules (11, 13 
andd 14), the effective area was reduced as a result of the failure of a PMT on the outside of these 
modules.. Module D2-2 was ignored completely in the analysis because of the failure of its central 
PMT,, rendering it useless at low energies. The total reduction in efficiency due to these effects is 

- 1 0 %. . 
Continuumm emission was searched for using the standard MLR method (Section 3.4.3), yielding 

significancee maps as well as fluxes. Whenever a positive signal was found, we used several Wien-
typee input spectra of various temperatures kT and a power law input spectrum with index -2.0 
too determine the dependence of the flux on the assumed input spectrum. Note that a Wien-type 
spectrumm is expected since the early OSSE data could be represented by a two-component Sunyaev-
Titarchukk inverse-Compton model {see Section 4.1.3.1). In general we used simulated PSFs,. except 
forr the power-law spectra in the 1-2 MeV range for which only modelled PSFs were available. 

Becausee GRO J0422+32 is located in the anti-center and at a distance of - 11° from the Galactic 
plane,, the influence of the Galactic diffuse emission on the derived fluxes for GRO J0422+32 is expected 
too be negligible. Hence, we did not include models for the Galactic diffuse emission in the analysis. 
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Obs. . 

36.0 0 
.5 5 

39 9 
213 3 
221 1 

321.1 1 
321.5 5 
325 5 

Z Z 

3.91 1 
3.32 2 
2.99 9 
16.87 7 
22.20 0 
17.98 8 
17.98 8 
18.77 7 

Start t 

Augg 11, 1992 
Augg 12, 1992 
Sepp 01, 1992 
Marr 23, 1993 
Mayy 13, 1993 
Febb 08, 1994 
Febb 15, 1994 
Aprr 26, 1994 

End d 

Augg 12, 1992 
Augg 20, 1992 
Sepp 17, 1992 
Marr 29, 1993 
Mayy 24, 1993 
Febb 15, 1994 
Febb 17, 1994 
Mayy 10, 1994 

AT T 

1-2 2 
2-10 0 

22-38 8 
225-231 1 
276-287 7 
547-554 4 
554-556 6 
624-638 8 

Tablee 5.1. This table gives the list of observations for GRO J0422+32. The five columns show: 1) 
thethe observation number (see Appendix A); 2) the angular distance of GRO J0422+32 to the pointing 
direction;direction; 3) the start date and time; 4) the end date and time; 5) the number of days N since Aug. 
1111 (peak X-ray flux). 

5.2.44 Resul ts for observation periods 36.5 and 39 

GROO J0422+32 is detected in the 1-2 MeV range during the peak X-ray outburst (Obs. 36.5) 
withh a significance of 3.0<r. Fig. 5.3 shows the 95% and 99% location contours corresponding to the 
observedd excess. In Obs. 39, no emission above 1 MeV is seen, but a weak detection is obtained in the 
0.75-11 MeV range. The previously reported 2a flux point in the 0.75-1 MeV range during Obs. 36.5 
(vann Dijk et al. 1994) is not confirmed by the improved analysis. 

Tablee 5.2 shows the fluxes derived for GRO J0422+32. It is evident that these values are only 
weaklyy dependent on the assumed input spectrum. We plotted the COMPTEL results for Obs. 36.5 
inn Fig. 5.4, using a Wien input spectrum with kT = 100 keV for the fluxes in the lowest two energy 
rangess and an E~2 power-law input spectrum for the upper limits in the higher energy ranges. The 
extrapolatedd fits to the SIGMA and OSSE data are denoted by the dashed and dotted Unes. 

Wee emphasize the 1-2 MeV flux in Obs. 36.5, because it is most important for comparison with 
models.. In Fig. 5.4 it is shown that it is somewhat higher than expected from an extrapolation of 
thee inverse-Compton model fits to the SIGMA and OSSE data. From a comparison of the number of 
countss expected for these extrapolated fits and the number of counts observed in the 1-2 MeV range, 
wee derive a significance of 2.8<r for the excess. Such a high-energy deviation from the fitted ST80 
modell  is also observed in the 300-700 keV SIGMA data (Roques et al. 1994), for which a significance 
off  5.8<7 was derived. 

Becausee the ST80 model is known to be inaccurate at large photon energies (Section 4.1.3.1), we 
fittedfitted the combined SIGMA and COMPTEL data points both with the ST80 model and the improved 
T944 model. It should be noted that the SIGMA fluxes are averages over 40 days (Roques et al. 1994), 
whilee the COMPTEL flux is for Obs. 36.5 only. If the decay time scale is the same at all energies, the 
COMPTELL flux should be reduced by a factor 1.5 to account for the decay of the intensity of GRO 
J0422+322 during the longer SIGMA observation. This correction factor is based on an e-folding time 
off  40 days starting roughly at TJD 8849 before which the intensity was relatively constant during 
aa couple of days. The results of the spectral fits are shown in Table 5.3. The fit labelled 'A' is 
equivalentt to the fit  from Roques et al. (1994) [dashed line in Fig. 5.4]. Note that the T94 model for 
thesee temperatures and optical depths can be approximated in the 1-2 MeV range by a Wien-type 
spectrumm of temperature kT « 100 keV (see also Section 4.1.3.1). 
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FigureFigure 5.3. This figure shows the sky map in the 1-2 MeV range for Obs. 36.5, with GRO J0422+32 
andand the Crab indicated by V and ' respectively. The contours plotted for GRO 30422+32 are the 
95%95% and 99% error location contours; the contours for the Crab are at arbitrary levels. Note that 
thethe quasar PES 0528+134 reported by Collmar et a/. (1993), located only 8° from the Crab, is not-
detecteddetected at these low energies. 

Obs. . 

36.5 5 

39 9 

E E 
[MeV] ] 

0.75-1 1 
1-2 2 

0.75-1 1 
1-2 2 

Fluxess and 2<r upper limits 
[10~44 photons cm- 2 s_1] 

1000 keV 

<< 3.5 
2.88  1.0 
2.88  1.0 

<< 1.5 

1200 keV 

<< 3.4 
2.88  1.0 
2.88  1.0 

<< 1.5 

1500 keV 

<< 3.4 
2.99  1.0 
2.88  1.0 

<< 1.5 

2000 keV 

<< 3.4 
2.99 0 
2.88 0 

<< 1.4 

aa = -2.0 

<< 2.3 
2.66 8 
2.00  0.8 

<< 1.2 

Tabiee 5.2. This table gives the fluxes and 2a upper limits for the 0.75-1 and 1-2 MeV ranges in 
Obs.Obs. 36.5 and Obs. 39. The kT values in the third row refer to the temperatures of the Wien input 
spectra;spectra; the a value in the last column refers to the photon index of the power law input spectrum. 
TheThe errors quoted are la errors. 
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FigureFigure 5.4. This figure shows the COMPTEL 1-2 MeV dux point and upper limits for Obs. 36.5, 
togethertogether with the SIGMA data, points. Dashed line: extrapolated ST80 fit to SIGMA data (Roques 
etet al. 1994); dotted line: extrapolated two-component ST80 fit to OSSE data (Cameron et al. 1992); 
solidd line: extrapolated fit D from Table 3. The lower plot region shows the differences between fit B 
andand the SIGMA and COMPTEL data points. 

Althoughh the quality of the fits in Table 5.3 is poor for both models, it is evident that the T94 fits 
givee a significantly higher plasma temperature and smaller optical depth than the ST80 model, just 
ass expected. This is in accordance with the higher temperatures fcmnd for Cyg X- l from COMPTEL 
observationss (see Section 5.3 and McConnell et al. 1994a), and from reflection models applied to 
EXOSATT data (Haardt et al. 1993). It is also clear from Table 5.3 that the reduced chi-square 
valuess are significantly smaller if the lowest SIGMA da ta points are omitted (with no effect on the 
fittedd parameters), indicating a more complicated spectral shape at lower energies. We note that 
thee C O M P T EL flux point, due to its low significance, has only a marginal influence on the fitted 
parameters. . 

A tt energies > 500 keV, the fi t with the more appropriate T94 model clearly lies above the ex-
trapolatedd ST80 model fits (Fig. 5.4). Even for the T94 model fits, however, the C O M P T EL 1-2 
MeVV da ta point hes 2.7a above the model value (2.6a if we account for the decay of the hard X-ray 
intensityy of CRO J0422+32 during the ~ 40 days SIGMA observations). When the high SIGMA da ta 
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Data a 

SS + C 

ss + c 
S{>S{> 130keV) + C 

Model l 

ST80 0 
T94 4 
T94 4 

XÏ(dof) ) 

27.3(16) ) 
27.4(16) ) 
3.05(8) ) 

JIT T 

588  1 
1000 4 
1022 3 

T T 

2.000 3 
1.044 5 
1.11 3 

Fit t 

A A 
B B 
C C 

TableTable 5.3. This table gives the results of the model fitting. Column 1: the data used, with S denoting 
SIGMASIGMA and C denoting COMPTEL; column 2: the inverse-Cornpton model; column 3: the reduced 
chi-squarechi-square value and the number of degrees of freedom; column 4: the temperature [keV] and column 
5:: the optical depth. Errors quoted are la errors. 

pointss in the 300-700 keV range are taken into account as well, the significance of these high-energy 

deviationss becomes even larger. The 0.75-1 MeV flux measured in Obs. 39.0 is consistent with the 

T944 model fits for Obs. 36.5 presented here. 

5.2 .4 .11 Search for t i m e variabil i ty 

Wee have investigated the possibility that the 1-2 MeV emission observed with C O M P T EL in 
Obs.. 36.5 was due to a short-lived intense flare instead of persistent low-level emission as was implicitl y 
assumedd in the previous sections. Therefore the data- were divided into 7 parts of roughly 1 day 
durationn and each part was analysed separately with the MLR method. 

Inn Fig. 5.5, the likelihood ratios and the fluxes obtained are shown as a function of T J D. A > 2a 
signall  was obtained only for the two TJDs 8848 and 8851. To determine the significance of the flux 
variationss in Fig. 5.5, we performed a least-squares fit  with a constant intensity. The \ 2 value thus 
obtainedd was 11.4 for 6 degrees of freedom, which formally indicates a chance of 0.08 that the 1-2 
MeVV flux was actually constant during Obs. 36.5. This result is strongly influenced by the negative 
fluxflux found on T JD 8850. Setting this flux value to zero, or removing it completely from the analysis, 
increasess the 0.08 chance found above to 0.20 and 0.23 respectively. We thus do not find evidence for 
significantt t ime variations during Obs. 36.5. 

I tt must be noted that we have not considered the variations in the background models in our 
variabilityy est imate. For, the SRCLIX type of background models (Section 3.4.3) were determined 
forr each day separately from the corresponding sparse data spaces, which typically contain only a 
feww thousand events. At these low numbers, the background models for different days may differ 
considerablyy in a statistical sense. The statistical errors in Fig. 5.5 should therefore be increased to 
accountt for the addit ional uncertainties, which would decrease the probability of t ime variability even 
more. . 

5.2 .4 .22 A search for 7-ray tines in observat ion per iod 36.5 

Wee have also addressed the possibility that the spectrum in the 1-2 MeV range in Obs. 36.5 may 
containn one or more 7-ray lines. Unfortunately, reliable and calibrated methods for line detection 
usingg the full instrument response are still under development. Therefore, we have searched for the 
presencee of 7-ray lines in the raw count spectrum for a [ -2°,2°] ARM selection (Section 2,1.1) at 
thee position of GRO J0422+32. Evidence for lines in this data representation may be obtained from 
1)) fitting the raw count spectrum with a suitable function for the continuum, or 2) from subtract ing 
thee raw count spectrum of a (set of) high-latitude observat ion )̂ subject to an ARM selection at 
aa similar position in instrument coordinates and ensuring a similar geometry coverage. We have 
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FigureFigure 5.5. This figure shows the MLR values (chi-squared distributed with 1 degree of freedom), and 
thethe fluxes (10~4 photons cm'2 s"1 MeV'1) obtained for GRO J0422+32 in each day of Obs. 36.5 in 
thethe 1-2 MeV range. 

appliedd both of these methods to the raw count spectrum for Obs. 36.5, using two different sets of 
high-latitudee observations (Obs. 204-206 and Obs. 304-308+311). There is no evidence for 7-ray line 
emissionn from GRO J0422+32 in the residual spectra for these methods when the standard event 
selectionss are applied. Only for a special T OF selection which possibly increases the signal-to-noise 
ratioo (110 < T OF < 130), a line feature around 1.27 MeV is observed when using the second method. 
AA fit with a Gaussian gives a position of (1.269  0.006) MeV and a a of (0.027  0.06) MeV (errors 
aree l a and statistical only). The highest detection significance of this fine, 3.9a from an F- test, is 
foundd with respect to the raw count spectrum of Obs. 204-206. Because the fitted a of the Gaussian 
iss unrealistically small, we repeated the fit with a fixed at 0.046 MeV, the energy resolution at 1.27 
MeV.. The F-test gives a detection significance of 3.7a in this case. If we correct for the number of 
trialss in energy space, this significance decreases to 2.9a. Hereby we have neglected the fact that we 
havee optimized the signal by using two different T OF selections and different background methods. 

Apartt from the low significance of the 1.27 MeV line in Obs. 36.5, there is also some doubt whether 
thiss possible line has indeed a celestial origin. A line consistent with this energy is also obtained for 
certainn other cuts through the data space which completely reject photons that may have originated 
fromm GRO J0422+32. For more information concerning the details of the spectral line analysis for 
GROO J0422+32 in Obs. 36.5 see van Dijk (1995). 
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FigureFigure 5.6. This picture shows the la, 2a and 3a location contours for the excess observed in the 1-2 

MeVMeV energy range in Obs. 325 (without modeis for the Galactic diffuse emission). The location of 

GROGRO J0422+32 is indicated with an asterisk. 

5.2.55 Resul ts for post-outburst observations 

Afterr the main outburst, GRO J0422+32 was again within 30° from the pointing direction during 
Obs.. 213, 221, 321.1 321.5 and 325. In most of these observations, the standard energy ranges do 
nott show significant emission from GRO J0422+32. Surprisingly, however, for the 1-3 MeV range 
inn Obs. 325 (~630 days after the main outburst ), an excess consistent with GRO J0422+32 is again 
observed.. Fig. 5.6 shows the la, 2a and 3a location contours for the 1-2 MeV range, which is the 
energyy range in which the excess was noticed first. The detection significances for GRO J0422+32 
inn this observation, assuming 1 degree of freedom, are 3.4a and 5.0a in the 1-3 MeV and 1-2 MeV 
rangess respectively, with corresponding fluxes of (2.8 ) x 10"' photons c m- 2 s_ 1 and (3.7 ) x 
10"44 photons c m- 2 s"1. This suggests that most, if not all, of the emission is contained within the 1 -2 
MeVV interval. For the 0.75 1 MeV and 3-10 MeV ranges, the flux and 2a upper limi t during Obs. 325 
aree (9.6  8.1) x 10~5 photons cm"2 s_ 1 and < 5.1 X 10~5 photons c m- 2 s_ 1 respectively. The E~7 

power-laww spectrum, which was assumed as input spectrum for the 1 2 MeV range, is consistent with 
thee 0.75-1 MeV flux, but cannot extend up to 10 MeV due to the stringent upper limi t in the 3-10 
MeVV range. During the other observations, the 2a upper limit s in the 1-2 MeV interval are typically 
inn the range from 1.7 x 10~4 photons c m- 2 s~' to 2.4 x 10- '1 photons c m- 2 s_ 1 (with an average value 
off  2.0 x 10~4 photons c m- 2 s_1 ), indicating that the 1-2 MeV flux, if the detection in Obs. 325 is 
real,, is probably time variable. 

Thee detection of significant emission in only one energy range raises again the question of whether 
theree is a contribution from -,-ray lines. Preliminary analysis, using the currently available analy-
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siss methods, show hints for such spectral structures (Iyudin, internal COMPTEL communication and 
reports).. However, the analysis for this observation is particularly difficult due to the extremely asym-
metricc geometry function (DRG), caused by the slowly varying angle between the pointing direction 
andd the orbital plane of CGR.0. Towards the end of Obs. 325, this angle is even close to 90°, which is 
ann orientation that is prone to cause severe problems for the creation of background models (a similar 
situationn occurs for Obs. 14). Again, we will have to await refined spectral analysis methods which 
takee into account the full instrument response. 

5.33 The BHC Cyg X- l 

5.3.11 History 

Beingg the first stellar-mass BHC ever discovered, Cyg X-l has attracted attention from both 
theoristss and observers for already more than 20 years. A breakthrough was established with the 
discoveryy of a variable radio source in the X-ray error circle determined by Uhuru (Braes & Miley 
1971).. This allowed for the association of Cyg X-l with the optical counterpart HD 226868 and the 
determinationn of the mass function of the binary system by Webster & Murdin (1972) and Bolton 
(1972).. The compact-object mass, inferred from the mass function and the likely mass of the secondary, 
wass larger than ~ 2 MQ, and so the first BHC had been discovered (see also Section 4.1.1). 

Thee X-ray spectrum of Cyg X-l has been often studied in subsequent years, and many of the 
BHCss characteristics, that at certain times were believed to be found, came from observations of this 
persistentt BHC (e.g., White & Marshall 1984; Tanaka 1989). Summarizing (neglecting all the spectral 
detailss that have meanwhile been found), the X-ray spectrum of Cyg X-l is usually in either a low 
statee or a high state, corresponding to a hard power-law type of spectrum and a softer spectrum 
withh an additional luminous soft component around 1 keV (Liang k Nolan 1984). Around 6-7 keV, 
thee spectrum is complicated and shows evidence of a Fe absorption edge and possibly a weak narrow 
Fee emission line (Done et al. 1992; Marshall et al, 1993). The absorption edge, together with the 
excesss emission above 10 keV relative to a power-law spectrum, are reminiscent of the reflection of a 
power-laww spectrum on an accretion disk (Haardt et al. 1993; see also Skibo h Dermer, 1995, for an 
alternativee explanation of the > 10 keV excess). 

Mostt of the 7-ray observations of Cyg X-l have already been mentioned in Section 4.1.2. The 
overalll  picture from these observations is that the spectrum is usually consistent with the inverse-
Comptonn models from Section 4.1.3.1, or at least has a similar shape (e.g. Salotti et al. 1992; T94). 
Att some occasions, transient MeV emission has also been claimed (Ling et al. 1987; McConnell et 
al.. 1989; see also Harris et al. 1993). However, the sensitivity of previous 7-ray telescopes to persistent 
MeVV emission, at levels that are comparable to the extrapolation of the inverse-Compton models fitted 
too lower-energy data, has not been sufficient to validate these models at energies around 1 MeV. The 
launchh of COMPTEL/CGRO has now changed this situation, enabling observations at MeV energies 
moree than an order of magnitude more sensitive than achievable in the past. 

Resultss from COMPTEL observations of Cyg X-l performed during the first year have been 
reportedd by McConnell et al. (1994a). The emission was analysed assuming Wien-type input spectra 
inn non-standard, smaller, energy ranges and compared to contemporaneous data from OSSE. For 
Obs.. 2.0 and 7.0, Wien temperatures of 192 =b27 keV and 204db21 keV were found, respectively. These 
temperaturess are much higher than typically inferred from (hard) X-ray data and are supported by 
thee results obtained with the relativistic T94 model and by models which invoke a reflection layer 
(seee also Section 4.1.3.1). No evidence was found for enhanced MeV emission at the levels previously 
reportedd by Ling et al. (1987) and McConnell et al. (1989). 
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Thee aim of the analysis presented here is not a precise determination of the *y-ray spectrum in 
finefine energy bins in combination with multi-instrument fits. Instead, we wil l use the results obtained 
forr the Galactic diffuse emission in Section 4.3.3 and the apparent nearby point sources to assess 
thee uncertainty in the Cyg X- l fluxes in the standard energy intervals for the sum of the Cyg X- l 
observations.. We then address the possible deviations of these fluxes with respect to the fit  with 
thee T94 model to EXOSAT, SIGMA and OSSE data presented in T94 and discuss the uncertainties 
resultingg from the different epochs the data were collected. 

5.3.22 Observations and analysis 
Thee observations used for this analysis are the same as those used for the BHC search in the 
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standardd energy range, and for the 1-2 MeV range, we analyse the sum of these observations, using the 
modifiedd SRCLIX version from Section 3.4.4 and applying the standard selections from Section 2.4.1. 
Thee 10-30 MeV range is again analysed twice, with and without the lowest 4° of ^-values included 
(seee also Section 4.2.2). The fluxes for Cyg X-l are determined by fitting data-space models for Cyg 
X- ll  to the observed event da ta space. Initially , a Wien-type input spectrum (Section 4.1.3.1) with a 
temperaturee of 200 keV is assumed, which is the temperature found from earlier COMPTEL studies of 
Cygg X- l (McConnell et al. 1994a). Above 3 MeV, a power-law input spectrum with a photon spectral 
indexx of - 2 .0 is used. The assumed Wien-type input spectrum is verified by repeating the analyses 
withh different input spectra. Each energy range is analysed four times: 1) without any additional 
models;; 2) including addit ional data-space models for the Galactic diffuse emission (HI and IC); 3) 
includingg additional data-space models for nearby point sources; and 4) including all forementioned 
additionall  models. The models for the Galactic diffuse emission are fixed at the scale factors obtained 
fromm the diffuse-model fitting to the Cyg X- l region (Table 4.4). For the 1-2 MeV range, for which 
thesee scale factors had not yet been determined, the results for the Cyg X- l region are 5.27 1 and 
4.200  0.20 respectively (cf. 1-3 MeV range for Cyg X- l region in Table 4.4). 

Ass possible nearby point sources, GS2023 + 338, the feature at (/,&) as (76.5° , -0 .5°) = F7Ó and 
PSRR 1951+32 are considered. The reason for including the first two of these models was discussed in 
Sectionn 4.4. The model for the pulsar PSR 1951+32 is included because the pulsar timing analysis has 
shownn evidence for its detection in the energy ranges below 10 MeV (Carrammana et al. 1995; Kuiper 
ett al., in preparat ion). Because the inclusion of additional nearby point-source models increases the 
uncertaintiess on the fluxes derived for Cyg X- l , even if the detection significances for these models are 
low,, a criterion has to be defined by which it is decided whether or not such a model is included. One 
optionn is to choose the increase of the ML R value resulting from the inclusion of the models, which is 
normallyy \ 2 distr ibuted with the number of degrees of freedom depending on the number of models 
used.. However, because the instrumental background model is corrected for the contribution from 
fittedfitted models, the II0 hypothesis (Section 2.4.8) is not the same for the different fits and the above 
formall  rule cannot be applied. Therefore, for each energy range separately, it is determined which of 
thee additional point-source models is assigned a > '2a flux. Since the derived source properties are 
relativelyy insensitive to the assumed spectral shape for most commonly observed spectra, we assumed 
power-laww input spectra with a photon spectral index of - 2 . 0. The fluxes and significances for Cyg 
X- ll  are then determined in a final fit, including only the models for which a > 'la detection significance 
wass found. 

Beforee we present the fluxes derived for Cyg X-L, we give 1 lie results for the additional point 
sources.. When the models for the diffuse emission are not included, we obtain a > 'la flux for the 
followingg models: 0.75 1 MeV: none of the additional point-source models. I -3 MeV: GS2023 + 33S 
andd V'TB, 1 2 MeV: P ^, 3-10 MeV: PSR. 1051+32, 10-30 MeV: /V« and 10 30 MeV subjrcl to a 
4°° - 3(i° & selection: P7f i . When the models for the diffuse emission are also included, t lie only change 
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EE [MeV] 

0.75-1 1 
1-3 3 
1-2 2 

3-10 0 
10-30 0 
10-30* * 

0.75-1 1 
1-3 3 
1-2 2 

noo models +PS S +HI+IC C 

FLUXESS [10-4 photons cm"2 s"1 

2.311  0.29 
2.144 6 
1.966 5 
0.500 0 

0.0955 9 
0.0800 6 

2.311 9 
1.688 9 
1.622 6 
0.266 4 

0.0622 1 
0.0655  0.037 

2.255 9 
1.655 6 
1.600 5 
0.400 0 

0.0277 9 
0.0444 5 

+HI+IC+PS S 

2.255 9 
1.444 9 
1.433 6 
0.211 4 

0.0088 1 
0.0366  0.036 

COUNTSS [103] 

6.322 1 
9.111  1.12 
7.966  1.02 

6.322 1 
7.155 2 
6.577 5 

6.144 1 
7.055 2 
6.488 1 

1 1 
6.166 1 
5.833 5 

TableTable 5.4. This table gives the fluxes and counts assigned to Cyg X-l (assuming a Wien-type input 
spectrumspectrum of temperature 200 keV below 3 MeV and an E'2 power-law input spectrum above 3 MeV) 
asas derived from the observations of the Cyg X-l region. Fluxes and counts include the standard 
correctionscorrections from Section 2.4.4, errors quoted are statistical la errors only. The asterisk denotes a & 
selectionselection of [4°, 36°]. The 2nd column shows the results when no additional models are included; the 
3rd,3rd, 4th and 5th columns show the results when the diffuse models (HI and IC) and/or the point-source 
modelsmodels (PS) are included. 

iss a decrease of the flux for F76 in the 1-3 MeV range to below the 2<7 level. We must now ask ourselves 
whetherr the detections (> 2a) and non-detections of these point-source models in the different energy 
intervalss present a consistent picture. For the GS2023+338 results in the standard energy ranges, this 
waswas already discussed in Section 4.4. The results for PSR 1951+32 are consistent in view of the low 
detectionn significances in each of the energy ranges, with a maximum of only 2.0 - 2.5er in the 3-10 
MeVV range. The non-detection of fV6 in the 0.75-1 MeV and 3-10 MeV ranges may be of statistical 
originn only, but may also be understood if the signal in the other energy ranges consists of a small 
contributionn from the Galactic diffuse emission, combined with additional emission depending on the 
energyy range. For the 1-2 MeV and 1-3 MeV ranges, the likely candidate for such additional emission 
wouldd be the 1.809 MeV line from 26A1 decay, while in general a contribution from the three EGRET 
sourcess cannot be excluded (see also the results for GS2023+338 in Section 4.4). We note that these 
resultss on the additional point sources in the Cyg X-l region are consistent with the results obtained 
fromm an analysis in narrower energy intervals (McConnell 1995). 

5.3.33 Results 
Thee fluxes and counts derived for Cyg X-l are given in Table 5.4. The second column gives the 

valuess obtained without any additional models included, which should therefore be interpreted as 
upperr limits. The last column, on the other hand, gives the values obtained when taking into account 
modelss for the nearby point sources (only those for which a > 2a flux was found) and for the Galactic 
diffusee emission. If the contribution of the Galactic diffuse emission has been overestimated, or if we 
havee included point-source models for excesses that are of statistical (as opposed to celestial) origin, 
thee fluxes and counts listed in this column are underestimated. Because the aim of this study is to 
determinee whether or not the MeV emission measured with COMPTEL is in excess of the extrapolated 
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Figuree 5.7. This figure shows the COMPTEL Cyg X-l data points and upper limits from the last 
columncolumn in Table 5.4 (squares). The vertical error bars are drawn at the energies at which the as-
sumedsumed input spectrum above 750 keV (Wien-like with a temperature of 176 keV - dotted line) is 
equalequal to the observed flux. The solid line is an extrapolated T94 model fitted to the combined 
(non-contemporaneous)(non-contemporaneous) EXOSAT, SIGMA and OSSE data (from T94). Dashed lines represent four 
extrapolatedextrapolated ST80 fits to BATSE data obtained in four time intervals mostly during 1993 (from 
PaciesasPaciesas et al. 1995). 

inverse-Comptonn models fitted to data from (hard) X-ray observations, we will , from here on, assume 
thatt the low values from the last column are the ' t rue' fluxes. If we find evidence for a spectral 
hardeningg (relative to the extrapolations) even for these low fluxes, we may safely conclude that the 
inverse-Comptonn models underestimate the high-energy flux from BHCs. 

Significantt emission (> 2a) from Cyg X- l is found only below 3 MeV. The spectrum must be soft, 
ass is evident from the small differences in the fluxes and counts between the 1-2 MeV and 1 -3 MeV 
ranges,, i.e., there is not much signal above 2 MeV. The rather high 3-10 MeV and 10-30 MeV fluxes 
inn the second column of Table 5.4 are caused by contributions from PSR 1951+32 (3-10 MeV) and 
fromm the Galactic diffuse emission. We have plotted the fluxes given in the last column of Table 5.4 in 
Fig.. 5.7. Also shown in this figure is an extrapolated T94 model that was fitted to EXOSAT, SIGMA 
andd OSSE da ta (T94) and several fits with the ST80 model to BATSE data. Note that the ST80 
modell  is known to break down above a few 100 keV (see Section 4.1.3.1). In addition, the BATSE 
dataa only weakly constrain the fits above 300 keV and were only included to demonstrate the t ime 
variabilityy in the hard X-rays. 

Wee now turn to the question whether the input spectrum we have assumed (a Wien spectrum 
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withh a temperature of 200 keV) is consistent with the fluxes in Table 5.4 and whether there are other 
typess of input spectra that are supported by the data. Therefore we again determined the Cyg X-l 
fluxes,fluxes, assuming Wien input spectra with temperatures of 150 keV and 250 keV and power law input 
spectraa with photon spectral indexes of -2.0 and -3.0. Hereby the additional point-source models 
andd the models for the Galactic diffuse emission were included (cf. last column in Table 5.4). The 
resultss are shown in Table 5.5. Again, the fluxes are found to be rather insensitive to both the type of 
thee assumed input spectra and the specific parameters describing these spectra. Therefore, the ratios 
off  the fluxes observed in different energy ranges can straightforwardly be compared to the expected 
ratioss for the various input spectra. From Table 5.5 it follows that, if the spectrum above ~ 800 keV 
iss of power-law type, it must be very soft, with an estimated photon spectral index of ~ -4.0. Such 
aa soft spectrum is perhaps more accurately described by a Wien-type spectrum, in which case the 
observedd and expected ratios yield a Wien temperature of 176^28 keV (errors corresponding to . 
Thee flux values and the inferred Wien temperature are consistent with those found from an analysis 
off  1991 data only (McConnell et al. 1994a). Moreover, the Wien temperature is consistent with the 
temperaturee of the assumed input spectrum (200 keV). From here onwards, we will adopt this inferred 
temperaturee as the measure for the spectral shape of Cyg X-l around 1 MeV. 

Notee that the inferred temperature is based on the fluxes given in the last column of Table 5.4, 
whichh were derived including data-space models for both the Galactic diffuse emission and for a 
numberr of point sources (see above). When no models at all are included (not very realistic), or if 
onlyy a subset of the models are included, the inferred spectrum is even harder, as is evident from 
thee 2nd, 3rd and 4th columns of Table 5.4. Unless the contribution of the Galactic diffuse emission 
iss severely underestimated in the 1-3 MeV and 1-2 MeV ranges, the adopted Wien temperature of 
I76I288 keV may be considered to be a lower limit on the measure of the spectral hardness. We will see 
laterr that this hardness is a critical parameter since it is not easily reconciled with inverse-Compton 
modelss fitted to hard X-ray data. If the scale factors for the models of the Galactic diffuse emission 
(HI,, IC and CO) are fixed at the values found from whole-sky fits (Strong et al. 1996), the resulting 
Cygg X-l fluxes do not change much. 

Thee COMPTEL fluxes for Cyg X-l appear to he somewhat higher than the extrapolated T94 
fitt in Fig. 5.7. To quantify this, we have folded the extrapolated fit through the instrument re-
sponsee and compared the number of counts expected to that observed. Instead of using the original 
fitt with the T94 model, with parameters kT = 153 keV and r = 0.15 (T94), we used the Wien 
spectrumm that approximates the high-energy part of that model (Eq. (4.6)). For the T94 model pa-
rameterss given above, the Wien approximation has a temperature of 124.0 keV and a normalization 
off  1.432 x 10~5 photons cm- 2 s"1 keV-1 (see the solid line and corresponding dotted line in Fig. 4.2, 
whichh represent this T94-model fit  and its approximation). Since simulated Wien-type PSFs for a 
temperaturee of 124.0 keV do not exist (yet), we have used modelled PSFs which are much faster to 
produce.. In a manner analogous to that in Section 4.2.2, we applied flux correction factors to correct 
forr the normalization differences between the modelled and simulated PSFs. For the Wien spectrum 
describedd above, we thus expect to find 3.95 x 103, 1.78 x 103 and 1.77 x 103 counts in the 0.75-1 
MeV,, 1-3 MeV and 1-2 MeV energy ranges respectively. Comparing these numbers to the number 
off  counts actually observed (Table 5.4), we find that the latter are significantly higher. In particular, 
thee number of counts given in the last column are 2.7(7, 3.6<r and 3.9CT above the expected values, for 
thee 0.75-1 MeV, 1-3 MeV and 1-2 MeV ranges respectively. 
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EE [MeV] 

0.75-1 1 
1-3 3 
1-2 2 

0.75-1/1-3 3 
0.75-1/1-2 2 

0.75-1/1-3 3 
0.75-1/1-2 2 

Wien,, 200 keV Wien,, 150 keV Wien,, 250 keV £ - 22 PL E~E~33 PL 

FLUXESS [10-4 photons cm- 2 s_1] 

2.255  0.29 
1.444 9 
1.433  0.26 

2.277  0.30 
1.488 9 
1.344  0.25 

2.222  0.29 
1.466 8 
1.400  0.24 

2.188 9 
1.355 6 
1.422  0.23 

2.199 9 
1.411 7 
1.400  0.23 

OBSERVEDD FLUX RATIOS 

1.566 7 
1.577 5 

1.533 6 
1.699 9 

1.522 5 
1.599 4 

1.611 8 
1.544  0.32 

1.555 6 
1.566 3 

EXPECTEDD FLUX RATIOS 

1.22 2 
1.25 5 

2.28 8 
2.29 9 

0.78 8 
0.82 2 

0.50 0 
0.67 7 

0.88 8 
1.04 4 

TableTable 5.5. This table gives the Cyg X-l fluxes and the observed and expected flux ratios for several 
WienWien and power-law (PL) input spectra. In deriving these values we included the data-space models 
forfor the Galactic diffuse emission and for the additional point sources (see text). The second column 
isis a copy of the last column of Table 5.4. 

5.44 Discussion 
Inn Sections 5.2.4 and 5.3.3, it was shown that the high COMPTEL fluxes for both GRO J0422+32 

andd Cyg X-l imply that the T94 model is not a good description of the high-energy spectra of BHCs 
andd that an additional component is needed. For GRO J0422+32, this tentative conclusion was 
reachedd after a fit  of the T94 model to the COMPTEL 1-2 MeV flux measured during the outburst 
inn combination with the (partly) contemporaneous SIGMA data. Although the significance of the 
COMPTELL data point and therefore the significance of the deviation with respect to the T94 model 
iss rather low (~ 2.7er), the SIGMA data points above ~ 400 keV also suggest a harder spectrum at 
highh energies. We note that the spectral shape at lower energies (~ 100 keV) significantly deviates 
fromm the smooth T94 model as well, which makes it doubtful whether it is appropriate to use this 
modell  for the 1992 outburst of GRO J0422+32. 

Too understand the emission mechanisms in the non-transient Cyg X-l , for which models have 
beenn proposed for more than 20 years now, it is important to either confirm that the inverse-Compton 
spectrall  shape observed for hard X-rays extends up to MeV energies, or to establish the need for 
ann additional high-energy spectral component. Therefore, we must critically examine the possible 
COMPTELL high-energy deviations as presented in Section 5.3.3 with respect to the extrapolated 
T944 model fitted to the EXOSAT, SIGMA and OSSE data (T94). The problem is that all these 
dataa were gathered at different epochs, while the hard X-ray/low-energy 7-ray emission from Cyg 
X-ll  is known to be variable both in absolute intensity as in spectral shape (e.g., Ling et al. 1987; 
Paciesass et al. 1995). A measurement of the complete spectral shape from keV to MeV energies 
existss for none of the observations. It is possible, however, to compare the flux levels in the 45-140 
keVV energy range for many of the epochs. For the SIGMA observation in March 1990 and the three 
OSSEE observations, between June and December 1991, the 45-140 keV flux was found to be either 
comparablee to the -y2 level, or to lie between the 71 and 72 levels (Salotti et al. 1992; Grabelsky 
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ett al. 1993). These j x and j 2 levels, defined by Ling et al. (1987), refer to a 45-140 keV flux of 
~~ 8.0 x \0~4 photons cm- 2 s- 1 keV-1 and ~ 13.8 x 10"4 photons cm"2 s- 1 keV-1 respectively. The 
ninee EXOSAT observations were performed between July 1984 and September 1985 (Done et al. 1992). 
Althoughh there are no contemporaneous 45-140 keV data available for any of these EXOSAT pointings, 
observationss made with the DGT telescope in October, 1984, indicate that the 160-200 keV flux was 
consistentt with the 72 level (McConnell et al. 1989). 

Duringg the 15 COMPTEL observations, the 45-140 keV flux from Cyg X-l as observed with 
BATSEE and OSSE varied typically between 0.10 photons cm"2 s- 1 to 0.14 photons cm- 2 s- 1, with the 
noticeablee exception of Obs. 318.0, during which a flux as low as 0.017 photons cm- 2 s- 1 was measured 
(B.. Paciesas, private communication; Phlips et al. 1996). The average 45-140 keV flux during the 
COMPTELL observations was comparable to, or slightly below, that inferred for the EXOSAT, SIGMA 
andd OSSE observations (the latter level will be referred to as the fc level). The impact of this 
assumptionn can be tested by determining the significance of the COMPTEL high-energy deviations 
whilee varying the normalization of the T94 model fitted to the lower-energy data. We will hereby 
assumee that the ~45 keV - 2 MeV spectral shape did not change dramatically during the COMPTEL 
observations.. Admittedly, the second assumption is somewhat uncertain. However, the OSSE data 
showw that, for the 45-140 keV flux levels considered here, the spectral shape between 60 keV and 
~~ 800 keV is relatively constant (Phlips et al. 1996). In this respect, we note that the claimed time 
variabilityy of the 0.75-2 MeV COMPTEL flux (McConnell et al. 1994a), when the 45-140 keV flux 
ass measured by OSSE remained roughly constant, has been withdrawn (McConnell et al. 1994b; the 
explanationn is the correction of the algorithm that calculates the flux errors, see also Section 2.4.8). 

Wee may now ask ourselves: is the overall Cyg X-l spectrum (EXOSAT, SIGMA, OSSE, and 
COMPTEL)) well described by a single T94 model? As we have seen in Section 5.3.3, the 0.75-1 MeV 
andd 1-2 MeV COMPTEL fluxes lie 2.7a and 3.9(7 above the extrapolated T94-model fit  to the lower-
energyy data. If the average 45-140 keV flux during the COMPTEL observations had been half the 7c 
levell  (assuming constant spectral shape), these deviations would have been 5.1<r and 4.7c respectively. 
If,, on the other hand, it had been twice the 7^ level, the COMPTEL fluxes would have deviated -2.2(7 
andd 2.2(7 respectively. So, when the extrapolated T94-model fit  is shifted over a rather large range 
off  the uncertain 45-140 keV flux during the COMPTEL observations (0.5 x jc to 2.0 x 7c), the 1-2 
MeVV data point always lies more than 2tr above the spectrum. In addition, the spectral shape of the 
spectrumm around 1 MeV as inferred from the deviations of the fluxes in the 0.75-1 MeV and 1-2 MeV 
rangess is much harder than expected. This is in accordance with the high Wien temperature found in 
Sectionn 5.3.3. 

Itt may be that T94 models with different values for kT and r can both fit the lower-energy 
dataa and yet have a harder spectral shape around 1 MeV. Unfortunately, not all data from the other 
instrumentss that had been used for the original fit  (T94) could be obtained in time, and a fit  over 
thee complete spectral range could not be performed. In order to assess this issue in another way, 
wee varied the parameters of a T94 model such that below 200 keV, where statistics are high, it 
remainedd (nearly) equal to the model that had been fitted to the EXOSAT, SIGMA and OSSE data. 
Thee dashed and dotted lines in Fig. 5.8 denote such models with (kT, r) = (193.5 keV, 0.088) and 
(316.33 keV, 0.017) respectively. These models can again be approximated above 750 keV by Wien 
functions,, with temperatures of ~ 131 keV and ~ 141 keV respectively (cf. ~ 124 keV for the original 
fitfit  denoted by the solid line in Fig. 5.8). The increased plasma temperature leads to a harder spectrum 
aroundd 1 MeV and to a slightly better agreement with the COMPTEL fluxes. However, the 2<7 lower 
limi tt on the Wien temperature (148 keV; see p. 176) remains higher than the Wien temperatures 
foundd above when varying the plasma temperature up to ~ 300 keV. Since this analysis was based 
onn the flux estimates from the last column in Table 5.4, of which the 1-2 MeV flux in particular may 
havee been underestimated, the spectrum around 1 MeV may be even harder. 
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FigureFigure 5.8. This figure shows the COMPTEL data points (squares) and three T94 models which 

overlapoverlap below ~200 keV. The Y-axis values have been multiplied by E2. Also shown are the highest 

threethree OSSE data points from Grabelsky et al. 1993. 

5.55 Concluding remarks 
Thee picture that emerges from the COMPTEL observations of GRO J0422+32 and Cyg X- l is 

thatt the spectra of BHCs around 1 MeV are not consistent with the extrapolations of T94 models 
fittedd to hard X-ray data. Were such deviations at high energies with respect to analytical inverse-
Comptonn models once caused by extending the (ST80) model outside the valid energy range, the T94 
modell  has been shown to accurately describe the process of inverse-Comptonization up to high energies 
forr a wide range of plasma temperatures and optical depths (Hua & Titarchuk 1995). We therefore 
tentativelyy conclude that the spectra of BHCs from hard X-ray up to several MeV cannot originate 
inn a single-temperature cloud of energetic electrons. Apart from claims of flaring MeV emission (e.g., 
Lingg et al. 1987), these results consti tute the most significant evidence for an additional high-energy 
componentt in the spectra of BHCs to date. 

Inn Section 4.1.3, several models for MeV emission from BHCs were described. Since the amount 
off  data gathered with C O M P T EL on the possible high-energy deviations is limited, we wil l not go into 
muchh detail in comparing these da ta with the possible models. For such comparisons, the uncertainties 
duee to the long-term t ime averaging (15 COMPTEL observations in ~ 3 years) and due to the 
non-contemporaneityy of the observations at lower energies, are simply too large. Basically, all the 
modelss which predict inverse-Comptonization type of spectra up to several hundreds of keV, with an 
additionall  component superposed at higher energies, qualitatively have a spectral shape which may 
fitt the observations. The use of finer energy bins in the C O M P T EL analysis, as was done for the 
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observationss during the first year of the CGRO mission (McConnell et al. 1994a), may constrain some 
off  the model parameters (McConnell et al., to be published in ApJ), but such an analysis also suffers 
fromm the uncertainties mentioned above. Only when the sensitivity of a 7-ray telescope is high enough 
thatt significant MeV measurements can be obtained on time scales that are smaller than the typical 
timee scales for variability, will a detailed comparison of the data from X-rays to MeV energies with 
thee theoretical models be feasible. If the time scale for variability at MeV energies is similar to that 
typicallyy observed at 100 keV, ~ 10 days (Paciesas et al. 1995), then COMPTEL may not be sensitive 
enoughh to discriminate between the models described in Section 4.1.3, unless transient MeV outbursts 
att levels as seen with the HEAO-3 GRS (Ling et al. 1987) and the DGT (McConnell et al. 1989) occur 
again. . 

Despitee the above remarks, we would like to briefly compare the COMPTEL fluxes to the model 
fromm Melia fa Misra (1993), for which a prediction of the 72 spectrum was published. In this model, 
thee 7-ray emission originates in the inner region of the disk, which is in a two-temperature state 
(seee Section 4.1.3). Although this model was developed to explain the MeV bump observed with the 
HEAO-33 GRS (Ling et al. 1987), when Cyg X-l was in the 71 state, it has the interesting feature 
thatt this MeV component is also predicted, at a lower luminosity, in the 72 state. Because the 
structuree of the inner region of the accretion disk is calculated self-consistently, there are only three 
freee parameters: the black-hole mass M, which has a small influence on the resulting spectrum, the 
accretionn rate M, the increase of which results in a larger luminosity at all energies and the viscosity 
parameterr a. A change of the last parameter in this model results in an anti-correlated behaviour 
off  the hard X-ray and the MeV spectral components, such that for a value of a — 0.2 the MeV flux 
iss similar to that observed in the 71 state in 1979. According to this model, the MeV component 
iss also present in the 72 state, with predicted 0.75-1 MeV and 1-2 MeV fluxes of ~ 2.3 X 10~4 and 
~~ 3.2 x 10- 4 photons cm- 2 s- 1 respectively (Fig. 2 in Melia fa Misra 1993). These values are close 
too the measured fluxes given in Table 5.4, although the predicted 1-2 MeV flux is somewhat on 
thee high side. In a later paper, Misra fa Melia (1995) show that a better treatment of the inverse-
Comptonn process involving relativistic electrons, gives somewhat lower plasma temperatures for the 
innerr accretion disk region than obtained before (~ 500 keV instead of ~ 650 keV). This change in 
characteristicc temperature for the MeV component will have the largest effect on the predicted flux 
abovee 1 MeV and may thus result in an even better agreement with the observations, although this will 
havee to be confirmed. We can also not exclude that the 1-2 MeV COMPTEL flux for Cyg X-l , which 
waswas obtained including the data-space models for the Galactic diffuse emission and for the excess at 
(/,&)) — (76.5°, -0.5°) (right column in Table 5,4), has been slightly underestimated. 

Notee that the ~100 keV flux from Cyg X-l is only predicted to anti-correlate with the ~1 MeV 
flux,, if the flux changes are caused by a variation in the viscosity parameter a, but not if the accretion 
ratee itself decreases. Therefore, the fact that the very low 100 keV flux during Obs. 318.0 (Paciesas et 
al.. 1995) was not accompanied by aluminous MeV component (2a upper limit in the 1-3 MeV range 
iss 2.6 X 10- 4 photons cm' s- 1) , does not by itself invalidate this model. 
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