
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Gamma-ray observations of X-ray binaries with COMPTEL

van Dijk, R.C.A.

Publication date
1996

Link to publication

Citation for published version (APA):
van Dijk, R. C. A. (1996). Gamma-ray observations of X-ray binaries with COMPTEL. [Thesis,
externally prepared, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/gammaray-observations-of-xray-binaries-with-comptel(f34a6bb0-a927-489e-8246-7e0b7b475e62).html


Chapterr 4 

AA search for black-hole candidates 
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4.11 Introductio n 
Doo stellar-mass black holes exist, as predicted by the theory of General Relativity? How many of 

suchh exotic objects have formed in our Galaxy and what fraction might be detectable? What are the 
observationall  fingerprints through which we may identify them? Although these questions cannot be 
fullyy answered yet, there now exists a growing number of Galactic binary systems for which there is 
persuasivee evidence for the presence of a compact object of more than ~ 3 M 0. Since the upper limit 
onn the mass of neutron stars is currently believed to be - 3 M 0 (Friedman, Ipser k Parker 1986), these 
binaryy systems probably contain a stellar-mass black hole (see Friedman k Ipser (1987) and Bahcall, 
Lynnn k Selipsky (1990) for more conservative upper limits). A confirmation of this hypothesis, ruling 
outt other compact objects that have been proposed, would be yet another triumph for the theory of 
Generall  Relativity, which still lacks convincing evidence for its prediction of such collapsed objects. 
COMPTELL observations of the black-hole candidates (BHCs), as these systems are called, form the 
subjectt of this chapter. 

Ass of now, thei'e are 27 Galactic sources known which might harbour a stellar-mass black hole. 
Tablee 4.1 summarizes some of the relevant properties of these systems; more information on many 
off  them can be found in Tanaka k Lewin (1995). The most convincing type of evidence, a firm 
lowerr limit of ~ 3 M© on the mass of the compact object obtained from a direct measurement of the 
dynamicall  parameters, exists only for 8 of the BHCs. In this chapter, I will refer to these as the 'type 
I '' candidates. The evidence for the presence of a black hole in the other BHCs is based on similarities 
betweenn their spectral and temporal characteristics and those of the strong candidates. Due to the 
lackk of generally accepted selection criteria, I will here distinguish between BHCs for which the only 
characteristicc observed is an ultra-soft X-ray spectrum (the 'type III ' candidates) and BHCs for which 
theree are other spectral as well as temporal arguments, such as a hard spectral component extending 
att least to several tens of keV (the 'type II ' candidates). It should be noted that the classification is 
uncertainn in some cases and that additional observational data may alter it. 

Most,, if not all, of the BHCs given in Table 4.1 belong to the group of X-ray binaries. This type 
off  objects consists of a donor star of mass M2 and a compact object of mass Mi which is either a 
neutronn star or a black hole. The X-ray emission is thought to originate in an accretion disk around 
thee compact object, which is fuelled by mass loss from the donor star due to a strong stellar wind or 
too Roche-lobe overflow. The binary nature has not convincingly been shown for ail the members of 
Tablee 4.1. Noticeable exceptions are IE 1740.7-2942 for which direct accretion from the interstellar 
mediumm has been proposed (Bally k Leventhal 1991; Mirabel et al. 1991; Chen, Gehrels k Leventhal 
1994)) and GX 339-4, for which only a tentative orbital period exists (Callanan et al. 1992). One way 
off  dividing the X-ray binaries in distinct groups (see Fig. 4.1) is based on the masses of the donor 
stars,, the distribution of which is roughly bimodal. If M2 is of the order of ~ 1 M 0 or less, the system 
iss called a low-mass X-ray binary (LMXB) . The members of the other group typically contain a donor 
starr of at least several solar masses and are called high-mass X-ray binaries (HMXBs). 

Off  the BHCs given in Table 4.1, only three belong to the group of HMXBs: Cyg X-l , LMC X-l 
andd LMC X-3. They exhibit a persistent type of X-ray emission which varies by at most a factor 
off  ~ 2 - 5. Because the normal star in such systems is optically more luminous than the accretion 
disk,, it is relatively straightforward to determine the spectral type. Together with its projected radial 
velocityy and the orbital period, the so-called mass function of the system is obtained, which in turn is 
aa lower limit on the mass of the compact object (see also Section 4.1.1). 

Manyy of the other BHCs given in Table 4.1, on the other hand, are ultra-soft transient LMXBs, 
alsoo called soft X-ray transients or SXTs . These systems show dramatic increases (several orders of 
magnitude)) of the X-ray flux typically within a couple of days, often to be followed by an exponential 
decayy during the following months, with occasionally a secondary {less intense) outburst after several 
months.. The X-ray outbursts are correlated with optical novae, which allowed for a determination 
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F/'guree 4.J. This figure shows the place of the BHCs from Table 4.1 within the group of X-ray binaries 

(numbers(numbers from van Paradijs & McClintock 1995; Tanaka & Lev/in 1995). The percentages between 

bracketsbrackets refer to the fractions within the subgroups. WR 148 was not included in this overview because 

ofof the lack of a measured X-ray flux (Pollock 1987). 
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Object t 

GROO J1719-24* 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
4UU 1957+11 
GS2000+25* * 

CygX-1 1 
GS2023+338C C 

WRR 148 
GROO J0422+32d 

lA0620-00e e 

LMCC X 3 
GRSS 1009-45' 

LMCC X-l 
GRSS 1124-6849 

GS1354-64 4 
TrAA X-l' 1 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO .11655-40̂ 
1HH 1741-322J 

HH 1755-338 
1HH 1705-250* 

GRSS 1734-292 
IEE 1740.7-2942 

Ml l 
2.38 8 
9.28 8 
29.95 5 
39.69 9 
45.74 4 
50.80 0 
63.37 7 
71.33 3 
73.12 2 
90.08 8 
165.89 9 
209.96 6 
273.58 8 
275.56 6 
280.20 0 
295.30 0 
309.98 8 
320.32 2 
330.92 2 
336.91 1 
338.94 4 
344.59 9 
357.13 3 
357.22 2 
358.59 9 
358.84 4 
359.15 5 

*[° ] ] 
6.97 7 

-6.08 8 
-0.92 2 
-2.24 4 
-0.69 9 
-9.61 1 
-3.00 0 
3.07 7 

-2.09 9 
6.47 7 

-11.91 1 
-6.54 4 
-32.08 8 

9.01 1 
-31.52 2 
-7.07 7 
-2.78 8 
-4.43 3 
5.43 3 
0.25 5 

-4.33 3 
1.90 0 

-1.61 1 
-4.87 7 
9.06 6 
1.40 0 

-0.12 2 

L/H H 

L L 
L L 
L? ? 
H H 
L? ? 
L? ? 
L L 
H H 
L L 

H? ? 
L L 
L L 
H H 
L? ? 
H H 
L L 

L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L L 
L? ? 
L? ? 
L? ? 

SXT? ? 

Y Y 
Y Y 
Y Y 
N N 
Y Y 
N N 
Y Y 
N N 
Y Y 
? ? 

Y Y 
Y Y 
N N 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
N N 

U? ? 

N N 
N N 
Y Y 
N N 
? ? 

Y Y 
Y Y 
Y Y 
N N 
? ? 

N N 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
N N 
N N 

H? ? 

N N 
N N 
N N 
N N 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
N N 
N N 
Y Y 
N N 
Y Y 
N N 
N N 
N N 
N N 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
Y Y 

ƒ* ? ? 

Y? ? 

Y Y 
Y Y 
Y Y 

Y Y 
Y Y 
Y Y 

Y Y 
Y Y 

Y Y 

Class s 

II I 
II I 
II I I 
I I 
II I 
II I I 
I I 
I I 
I I 
II I I 
I I 
I I 
I I 
II I 
I I 
I I 
II I 
II I 
II I 
II I 
II I 
I I 
II I 
II I 
II I 
II I 
II I 

 -

region n 

I I 

I I 
1,11 1 
I,II,II I I 
1,11,111 1 
II,II I I 
11,111 1 

11,111 1 
II I I 

IV V 

V V 

V V 
V V 
i,v v 

TabicTabic 4.1. This table gives the BHCs which are searched for in this study (many from Tanaka &: 
LewinLewin 1995). The ten columns denote: Object: the name of the object; I, b: the galactic longitude and 
latitudelatitude of the object; L/H: LMXB or HMXB; SXT?; soft X-ray transient?; U?; has an ultra-soft X-
rayray component ever been detected?; H?: has a hard spectral component ever been detected at energies 
aboveabove 200 keV?; / A / ?: does a mass function exist?; Class: the class of the object (see Introduction); 
region:: the celestial region(s) in which it lies (see Section 4.2.1). A '?' denotes that the information is 
notnot found in the literature or that there are several contradicting reports. The object names are the 
namesnames most frequently encountered in the literature, adopting the nomenclature from the SIMBAD 
datadata base. Other names often encountered are (see column 1): a) GRS 1716-249, Nova Oph 1993; b) 
QZQZ Vul; c) V404 Cyg; d) Nova Per 1992; e) Nova Mon 1975; f) Nova Vel 1993; g) Nova Mus 1991; h) 
1A1524-62;1A1524-62; i) Nova Sco 1994 j) H 1743-32; k) Nova Oph 1977. 

off  the typical recurrence time scale of several decades from comparisons with optical novae earlier 
thiss century (e.g. A0620-00, Eachus, Wright & Liller 1976; GS2023+338, Marsden 1989). During 
quiescence,, i.e., before and long after the outbursts, the X-ray flux from SXTs is usually very low and 
oftenn undetectable (Mineshige et al. 1992; McClintock, Home k Remillard 1995). Also the optical 
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emissionn from the accretion disk in SXTs decreases by a very large factor during the quiescent states 
betweenn outbursts, allowing for a determination of the spectral type and the orbital radial-velocity 
variationss of the secondary. A lower limi t to the compact object mass is then found in a similar way 
ass for the HMXBs, using the mass function. Note that a clear view of the secondary, which is vital for 
determiningg the mass function for SXTs, is not possible for LMXB s in general, because the persistent 
opticall  emission from the accretion disk completely dominates in the binary system. 

Theree are two main models to explain the recurrent outbursts. One involves an instability in the 
masss transfer to the accretion disk (Hameury, King k Lasota 1986), the other involves an instability 
inn the accretion disk itself (Mineshige k Wheeler 1989). In the mass transfer instability model, the 
outburstss are triggered by a sudden increase of the mass transfer from the secondary, caused by 
envelopee expansion due to hard X-ray illumination. In the accretion disk instability model, in which 
thee mass transfer from the secondary is assumed to be constant, the outbursts are caused by a sudden 
increasee in accretion rate through the disk, as a result of a thermal instability in the inner accretion disk 
region.. Both models have problems explaining the existing da ta on SXTs. The upper limi t on the hard 
X-rayy emission from GS2000+25 during quiescence and just before the outburst in 1988 (Mineshige 
ett al. 1992), appears to be in conflict with the high values required for the mass transfer instability 
model.. On the other hand, the rather large quiescent X-ray flux measured for GS2023+338 (Wagner 
ett al. 1994) is difficul t to reconcile with the low values allowed by the accretion disk instability model. 
Chen,, Livi o k Gehrels (1993) argued tha t, although both models have problems explaining all the 
observationall  data, the primary outburst is likely to be caused by an accretion disk instability, while 
aa mass transfer instability originating near the inner Lagrangian region possibly drives the secondary 
outburstt (see also Augusteijn, Kuulkers k Shaham (1993) for a mass transfer instability originating 
inn the secondary). 

Finally,, there are three BHCs in Table 4.1 which are believed to be persistent LMXBs. The type 
II II  BHC WR 148 has been included because of the high mass est imate for the unseen companion. It 
hass not yet been shown, however, that the companion is indeed a compact object. 

Thee origin and evolution of the binary systems believed to harbour black holes is not yet fully 
understood.. This is not only t rue for BHCs, but also for the origin and evolution of the LMXB s and 
HMXB ss in general. From the relatively large number of HMXB s observed and the faster evolution of 
high-masss stars compared to ~ 1 M© stars, it seems that the formation rate of HMXB s is much larger 
thann that of LMXB s (for an overview of this subject see Verbunt k Van den Heuvel 1995). To address 
thiss issue properly, one must not only know how these systems evolve but also make assumptions 
about,, e.g., the birth rates of the primaries and secondaries themselves and about the initial mass 
ratioo and period distr ibutions of the binaries. A major problem for evolutionary scenarios for the 
LMXB ss is to avoid the break-up of the binary when the heavy star explodes to form the compact 
object.. Several schemes have been proposed which avoid such a break-up, including a spiral-in of 
thee companion during a common-envelope phase and the accretion-induced collapse of a white dwarf 
(Verbuntt 1993). Est imating the probabilities of the different scenarios to occur, Romani (1992) came 
too the conclusion that the number of LMXB s containing black-hole primaries may be comparable or 
evenn exceed that of LMXB s containing neutron-star primaries and could be of the order of a few 
hundredd in our Galaxy. 

Sincee the processes that are thought to be responsible for the emission from BHCs (accretion) 
aree similar to those assumed for neutron-star systems, the question inevitably arises whether there 
aree spectral or temporal characteristics that are unique to the BHCs, or to the neutron-star systems 
forr that mat ter. These characteristics could then be used to identify possible BHCs, after which a 
determinationn of the mass function must give a more solid proof (see Section 4.1.1). Although several 
X-rayy characteristics have been proposed to be indicative for a black hole or a neutron star, many of 
thesee were refuted in later years (Tanaka 1989; van der Kli s 1994). Among the signatures that are 
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generallyy accepted as solid indications of a neutron star, are the so-called Type I bursts and regular 
X-rayy pulses (Tanaka & Lewin 1995). It turns out that a large fraction of systems that contain black 
holess are transients (this is not an iron-clad criterion, since there is also a small number of SXTs that 
harbourr a neutron star, e.g. Cen X-4). It has also been suggested that a hard power-law tail in the 
X-rayy spectrum is a signature of an accreting black hole (Liang 1993; Gilfanov et al. 1995). Indeed, 
hardd spectral components extending beyond 200 keV have not been observed from accreting neutron 
stars.. Such a difference may e.g. be related to the absence of a surface of the compact object in the 
casee of a black hole, which for neutron stars is a source of copious soft photons that effectively cool the 
innerr accretion-disk region. However, power-law tails have been observed in the 10-100 keV spectra 
off  LMXBs containing neutron stars, in particular for those that have low X-ray luminosities (Barret 
&&  Vedrenne 1994). An analysis of HEAO-A4 data for a sample of LMXBs harbouring neutron stars 
showedd that the 20-80 keV spectra of these systems become harder as the X-ray luminosity decreases 
(vann Paradijs & van der Kli s 1994). The lack of detected power-law spectral tails above 200 keV for 
neutron-starr systems may therefore be the result of a lack of sensitivity. 

Thiss chapter describes the results for a search for BHCs using over three years of COMPTEL 
observations.. COMPTEL observations of BHCs may help to determine the 7-ray energies to which 
thee high-energy tails extend, which in turn may be used to constrain some of the (model-dependent) 
sourcee parameters. This chapter is structured as follows. First we address the question how to derive 
a.. mass estimate for the compact object in binary systems in Section 4.1.1). An overview of the current 
statuss of low-energy 7-ray observations of BHCs is given in Section 4.1.2, while the models predicting 
7-rayy continuum and line emission are introduced in Sections 4.1.3 and 4.1.4 respectively. Section 4.2 
describess the analysis method. The Galactic diffuse emission, which must properly be accounted 
forr when analysing sources near the Galactic plane, is addressed in Section 4.3. The results of the 
searchh for BHCs are presented in Sectior 4.4 and discussed in Section 4.5. Note that the BHCs GRO 
J0422+322 and Cyg X-l , which are treated in more detail in Chapter 5, are omitted from the search. 

4.1.11 The mass function 
Theree are several temporal and spectral characteristics which are considered to be indications for 

thee presence of a black hole. None of them, however, is as strong as a lower limit on the compact-
objectt mass in excess of the maximum possible mass of a neutron star. The most straightforward way 
too derive such a mass limit is to determine the the mass function from the dynamics of the binary 
system.. If the orbital period P, the semi amplitude Ki of the orbital radial-velocity variations of the 
secondaryy star and the eccentricity e can be measured, the mass function ƒ gives the required lower 
limi tt to the compact object's mass M\ through the relation 

f(Mf(M ll)) ^ 
Mff  sin2 

(M(M 11 + M2? 

withh Mi the mass of the secondary and i the inclination of the system. The last part of Eq. (4.1) 
containss the variables A'2, P and e, all of which can in principle be determined from photometric 
andd spectroscopic observations. A firm lower limit on M\ is now obtained if we set Mi = 0 and 
sinn i = 1. Using reasonable estimates for M  ̂ based on its spectral type and observational limits on the 
inclination,, it is possible to constrain the compact object's mass even more. In many cases, the systems 
aree non-eclipsing and only an upper limit on the inclination exists. Modelling of the tidal distortion of 
thee secondary, which is often observed in the optical light curve, may provide a reasonable estimate. 
However,, because the accretion disk often contributes considerably in the optical, the uncertainties are 
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Object t 

CygX-1 1 
LMCC X-l 
LMCC X-3 
1A0620-00 0 

GRSS 1124-684 
GS2023+338 8 
GS2000+25 5 

GROO J0422+32 
GROO J1655-40 

IMIM  [ M 0] 

0.255 1 
0.144 5 
2.33 3 

3.188 6 
3.11 4 

6.088  0.06 
4.22 5 

1.211  0.04 
3.355 4 

Mi[Mi[  M0] 

166 5 
4 - 10 0 

4.55 - 6.5 
4.11 - 5.6 
5.99 6 
1 0-- 15 
>> 5.5 
>> 2.6 

4 .0 -5 .2 2 

Reference e 

1,2 2 
3 3 

4,5 5 
6,7,8 8 

9 9 
10,11 1 

12 2 
13 3 
14 4 

TableTable 4.2. This table gives the existing mass functions /M and best estimates for the compact-object 
massmass Mi for BHCs. References: 1) Dolan 1992; 2) Gies & Bolton 1986; 3) Hutchings et al. 1987; 4) 
CowleyCowley et al. 1983; 5) Kuiper et al. 1988; 6) McClintock & Remillard 1986; 7) Haswell k Shatter 1990; 
8)8) Haswell et al. 1993; 9) Remillard et al 1992; 10) Casares k Charles 1994; 11) Shahbaz et al. 1994; 
12)12) Charles k Casares 1995; 13) Filippenko, Matheson k Ho 1995; 14) Bailyn et al. 1995. 

large.. Therefore, a much better estimate of the inclination can be obtained from infrared observations 
off  these ellipsoidal modulation, for which the contribution of the accretion disk is lower (e.g. Shahbaz, 
Naylorr & Charles 1994; Shahbaz et al. 1994). 

Thee first object for which the mass function, together with estimates for M2 and i, revealed the 
presencee of a heavy compact object was Cyg X-l . Early measurements at the beginning of the seventies 
suggestedd a mass of the compact object larger than ~ 3 M 0 (Webster k Murdin 1972; Bolton 1972). 
Moree recent observations have placed a very conservative lower limit of 5 M 0 (Dolan 1992), with a 
probablee value of (16  5) M s (Gies k Bolton 1986). Apart from Cyg X-l , there are six additional 
BHCss for which a mass function has been derived. Table 4.2 lists these mass functions together with 
thee best estimates for the mass of the compact objects in these systems, in nearly each case larger 
thann ~ 3 M 0, the current maximum possible mass of neutron stars. 

4.1.1.11 Other  mass estimates 

Theree are three other methods which have been used to estimate the mass of the black hole in 
BHCs.. I will refer to these methods as the 'superhump' model, the 'outer-disk velocity' model and the 
'rotationall  broadening' model. None of the alternative mass estimates is considered to be as reliable 
ass that inferred from the mass function, although they usually are consistent with it. However, these 
methodss may provide useful additional constraints and also have the advantages that they can be used 
whenn not all of the dynamical parameters are available. 

Thee superhump model was proposed by Mineshige, Hirose k Osaki (1992) to explain the slightly 
longerr orbital periods of BHCs during outburst compared to the quiescent state, just as is the case for 
thee superoutbursts of SU UMa systems. According to the theory of superhumps, tidal instabilities in 
thee accretion disk lead to variations in the disk emission with a period that is slightly larger than the 
orbitall  period. Such superhumps occur only when M2/Mx ;£ 0.33 (Whitehurst k King 1991). If only 
thee superhump period is known, Mineshige, Hirose k Osaki (1992) argued, a lower limit to Mi can be 
obtainedd if one assumes that the secondary is a Roche-lobe filling  main-sequence star. If the orbital 
periodd is known as well, no assumptions about the secondary are necessary and a more stringent lower 
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limi tt can be obtained. Applied to the BHCs GS2000+25, GRS 1124-684 and GRO J0422+32, the 
superhumpp model gave mass estimates of Mx > 3.6 M 0, M\ > 4.6 M 0 and 2.9 M 0 < M1 < 6.2 MQ 

respectivelyy (Mineshige, Hirose & Osaki 1992; Kato, Mineshige & Hirata 1993). These estimates are 
consistentt with the mass functions for these systems and thus demonstrate the potential applicability 
off  this model. 

Thee outer-disk velocity model is based on Ha (and H/3) observations of transient BHCs when they 
havee reached their quiescent state. The spectral lines are typically double-peaked in these systems 
andd are thought to arise within the accretion disk. The velocity inferred from the peak separations 
iss assumed to be a measure for twice the projected rotational velocity VE of the outer edge of the 
disk.. For Keplerian orbits around the black hole, the outer edge of the accretion disk Rd is given 
byy Rd = GMIKVEI sinz)2, with Mi the mass of the black hole and i the inclination of the disk. 
Thee accretion disk cannot extend beyond the radius of the Roche lobe for the primary, given by 
RRLL = [0.499-2/3/(0.69-2/3 + ln(l + ?_1'3))] *  a (Eggleton 1983) with q = M2jM^ the mass ratio and 
aa the binary separation. Therefore the relation Rdj'  RL - r) must hold (with r\ < 1), the solution of 
whichh sets an upper limit to the mass My of the compact object. In Section 5.2.2, this method is 
appliedd to the BHCs GRO J0422+32, 1A0620-00 and GS2023+338 and it is shown that the upper 
limi tt given by this method may be lower than the lower limit given by the mass function, thereby 
questioningg the validity of some of the assumptions (e.g., undisturbed axisymmetric Kepler form of 
thee Ha emission region) underlying this method. 

Thee rotational broadening model can be used to estimate the mass ratio q, provided that high-
resolutionn spectroscopic measurements are available. This model is based on the assumption of a 
co-rotatingg secondary, in which case the rotational broadening of the absorption lines, v r o t sin i, can 
bee written as vTQi sin i = 0.462A'2g

1/,3(l + q)2/3 (Wade & Home 1988). A determination of K2 and 
v rott sin i then gives an estimate for q, after which constraints on the inclination (or a reliable estimate 
forr the mass of the secondary) can be used to derive an estimate for the compact-object mass. This 
techniquee has been applied to the BHCs 1A0620-00 (Marsh, Robinson & Wood 1994) and GS2023+338 
(Casaress & Charles 1994), yielding 3.30 M© < Mi < 4.24 M 0 (2<r) and 7 - 24 M 0 respectively. 

4.1.22 7-ray observations of BHCs 

Beforee giving an overview of detected ~MeV emission from BHCs, the observed spectral shapes 
upp to several hundreds of keV are briefly discussed. We note that all of these observations are either 
off  non-transient BHCs, or of transient BHCs during outburst. Not much is known about the (hard) 
X-rayy and MeV emission from transient BHCs during quiescence, other than that the 0.5 - 10 keV 
X-rayy luminosity is usually very small (Mineshige et al. 1992; Wagner et al. 1994; McClintock, Home 
&&  Remillard 1995). This aspect is further discussed in Section 4.5.2. 

Onee of the prime signatures of black-hole systems, as is currently believed, is a hard spectral 
componentt extending beyond 200 keV. Indeed, many of the BHCs have shown such low-energy 7-
rayy emission (Gilfanov et al. 1995), while it has not been detected in neutron-star binaries (see also 
Sectionn 4.1). Usually, the hard tail follows a power-law shape up to a certain break energy after 
whichh the spectrum exhibits an exponential cutoff (Sunyaev et al. 1991a). This spectral distribution 
iss reminiscent of inverse-Compton models (Section 4.1.3.1), which are often found to be a reasonably 
goodd fit to the (hard) X-ray spectra of BHCs along a large energy range. A more detailed overview 
off  hard X-ray /low-energy 7-ray observations of BHCs can be found in Gilfanov et al. (1995). 

Thee spectra of BHCs above 100 keV have on more than one occasion also shown transient line-like 
orr broad features superimposed on the continuum. Broad features near 400 keV were observed with 
SIGMAA for IE 1740.7-2942in October 1990 (Bouchet et al. 1991; Sunyaev et al. 1991b) and September 
19922 (Cordier et al. 1993). Both were found to be consistent with a Gaussian-shaped line centered at 
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~~ 390 keV and FWHM of ~ 190 keV with variable intensity (Cordier et al. 1993). Another, possibly 
relatedd feature, was observed in October 1991 when there was significant (5<r) excess emission above 
1500 keV compared to previous observations (Churazov et al. 1993). A narrower line has been observed 
withh SIGMA for the BHC GRS 1124-684 (Sunyaev et al. 199*2; Goldwurm et al. 1992). A Gaussian 
fitfit  to this feature, which was accompanied by a line around ~ 170 keV, gave a position of ~ 476 keV, 
withh a FWHMof ~58keV. 

Forr comparisons with the COMPTEL observations presented in this thesis, however, it is also im-
portantt to summarize the detections at energies above ~ 700 keV. The only BHC for which detections 
havee been claimed at these energies is Cyg X-l , the first Galactic binary system for which convincing 
evidencee for a heavy compact object was found. Most noticeable is the detection of a transient 7-ray 
'bum"'' at 1 MeV durir." observations in 1979/1980 with the HEAO-3 G^mma-Ray Spprtrnrnptpr (Ling 
ett al. 1987; see also Fig. 1.1). During the so-called 71 state, which was defined by a 45-140 keV flux 
beloww ~ 10 photons cm- 2 s- 1 keV-1, the spectrum showed a broad Gaussian-shaped feature centered 
att ~ 965 keV with a FWHM of ~ 1173 keV and an integral line flux of 1.6 X 10~2 photons cm"2 s- 1. 
7-rayy emission from Cyg X-l above 1 MeV was also reported by McConnell et al. (1989), who claimed 
aa 2.9a detection in the 2 - 6.3 MeV energy range during balloon flights in 1984. This emission was 
nott confirmed by the simultaneous observations with SMM-GRS, from which an upper limit on the 
durationn of the emission of several days could be placed (Harris et al. 1993). Apart from several other 
balloonn detections of Cyg X-l at energies > 1 MeV (see Owens k McConnell, 1992, for an overview), 
thee only other BHC for which MeV emission may have been detected is IE 1740.7-2942. During 
observationss made in 1979, also with the HEAO-3 Gamma-Ray Spectrometer, significant MeV emis-
sionn from the Galactic Center region was measured, showing up as a bump near 1 MeV (Riegler et al. 
1985).. Although this emission has not been shown to originate in IE 1740.7-2942, the similarity of the 
hardd X-ray spectrum and the possible 7-ray bump observed for IE 1740.7-2942 with those observed 
forr Cyg X-l is remarkable. 

Becausee of the possibly important theoretical implications of such strong transient MeV features 
forr the still unknown structure of accretion disks, a confirmation of their existence with more sensitive 
instrumentss would be extremely valuable. During a number of observations of Cyg X-l with OSSE and 
COMPTELL from 1991 to 1993, such features were not detected, even when the 100 keV flux indicated 
thatt the source was in the 7! state (Leising et al. 1993; McConnell et al. 1994). Indeed, the spectrum 
abovee ~ 700 keV was always found to be a smooth continuation of the spectrum measured at hard 
X-rayy energies with some evidence for spectral hardening above 1 MeV. Also during the observations 
withh the Solar Maximum Mission (SMM) in the period 1981-1989 no evidence for transient strongly 
enhancedd MeV emission was obtained (Schwartz et al. 1991; Harris et al. 1993). Therefore, if the 
resultss reported by Ling et al. (1987) are correct, it follows that enhanced transient MeV emission, of 
aa strength as measured with the HEAO-3 Gamma-Ray Spectrometer, is a very infrequent process. 

4.1.33 Mode ls for  cont inuum M eV emission 

4.1.3.11 Inverse-Compton models 
Thee first interpretation that comes to mind for any observed MeV emission is that it is the 

extrapolationn of the models used to explain the hard X-ray observations. These hard X-ray data have 
oftenn successfully been modelled using an analytical description of the inverse-Compton process. In 
thiss process, UV and soft X-ray photons, originating in the accretion disk, scatter on high-energy (kT Z 
200 keV) electrons, thereby gaining an average energy of A(hu)/hu = (AkT - hu)jmec

2, with kT the 
plasmaa temperature and m£c

2 the electron's rest-mass energy. The emergent spectrum depends, among 
otherr things, on the plasma temperature kT and its optical depth r. The analytical approximation 
thatt has generally been used was derived by Sunyaev k Titarchuk (1980; hereafter ST80). It describes 
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thee spectrum resulting from inverse Comptonization in optically thick clouds (r > 1) as a function 
off  just four parameters: the plasma temperature kT, the optical depth r, the distribution of the 
soft-photonn sources and the geometry of the cloud, the last three of which are usually expressed using 
thee parameter 0. For a spherical geometry with a central photon source, 0 - W2/Z(T + 2/3)2, while 
forr a disk geometry with a homogeneous distribution of photon sources, 0 - TT2/12(T + 2/3)2. The 
photonn spectrum ([ photons cm"2 s_l keV-1] ) predicted by the ST80 model is given by the equation 

FFvv(x,x(x,x00)) = — —r-~j — 
>oo + 3) 1 / x ' 

2a00 + 3 xl \x0J 0<x<zo 

r (2a00 + 4) xl \x0J Jo 

withh x = hv/kT, x0 = hvajkT the energy of the input soft photons (only affects the normalization of 
thee spectrum), aQ = (9/4 + -y0)

l/2 - 3/2, 70 = 0/Q and 0 - kTjmtc
2. Fits with this model to the 

spectrumm of Cyg X-l in its low state typically yielded a temperature kT of 25-70 keV and an optical 
depthh between 2 and 5 (e.g., Steinle et al. 1982; Perotti et al. 1986; Schwartz et al. 1991; Ubertini 
ett al. 1991; Salotti et al. 1992). During recent years, several authors have pointed out the differences 
betweenn the analytical ST80 approximation and Monte-Carlo simulations of inverse-Compton spectra 
att higher plasma and photon energies (e.g. Grebenev et al. 1993). In addition, when Haardt et 
al.. (1993) applied a reflection-layer model to EXOSAT archival data of Cyg X-l , they found much 
higherr plasma temperatures (kT ~ 150 keV) than inferred from the ST80 fits. Their findings are 
inn accordance with the high plasma temperatures found from COMPTEL observations of Cyg X-l 
(McConneill  et al. 1994; Chapter 5 this thesis). In the meantime, Titarchuk (1994; hereafter T94) had 
derivedd a modified analytical approximation, valid in a much larger region of the (kT,0) parameter 
planee (see Hua & Titarchuk, 1995, for a comparison of the T94 model and Monte-Carlo simulations). 
Inn particular, the T94 model can be applied at plasma temperatures up to several hundreds of keV 
andd is valid for optically thin plasmas as well. .Since the T94 model is used for some of the spectral fits 
presentedd in this thesis, I will here give the relevant equations that determine the emergent spectrum. 
Forr the diffusion regime (r >  1), the spectrum is given by 

F ,, . a0(ao + 3) 1 / x \2+a° 

T(2o;; + 4) x£ \x0J JQ 

xCxxCx22--bb'e-'e-xx((l+l+ ^  ̂ x>x* 

withh a0 as defined above, 70 = 0/0(1 + /o(0)) the relativistic modification of the definition given 
above,, x, — 0.5 + 70 and 

aa = (9/4 + 7 )1 ' 3 - 3 / 2, 

77 = 0Xtr/Qfi, 

fo(O)fo(O) = 2.50 + 1.87502(1 - 0 ), 

XXiTiT(z)(z) - 1 + 2.8(1 - 1.10)*  - 0.44z2, 

/ * = ( !!  + /o(0) / (l + 10.2*))/(1 + 4.6*  + l . lz2), 

zz = hv/kT, 

bb00 = ((1 + 54.1602(1 - 1.046e)7o)1/2 - l ) /2, 

hh = (4b0 + 7.40(1 - O.420)7o)/(1 + 2b0). 

(4-4) ) 
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Thee normalization factor C is determined from the continuity requirement of the last two parts of 
Eq.. (4.3) at x = xm. Note that the second and third parts in Eq. (4.3) can also be combined in a single 
equationn valid at all energies x > x0 (Hua k. Titarchuk 1995). For the optically thin case (r < 2), the 
spectrumm can be calculated using the second part of Eq. (4.3) with i , = oo, and 70 and 7 replaced 

by y 
__ g (l + (15/8)0) 

700 0(14-(19/8)0) (4.5) 
77 = 7 o (l + 4.6z+ l.lz2) 

Extensivee Monte-Carlo simulations by Hua & Titarchuk (1995) showed that in the region of 
thee (fcT,/?) parameter plane bounded by the lines kT = 5 keV, kT - 500 keV, kT w 90/30'95 and 
kTkT ~ î nnn;30.62 tv,c 'pn̂  iriodcl ^ivcs an excellent description of the s"cctrum result in™ from the 
inversee Compton process. Moreover, within this complete region the spectrum was found to be nearly 
independentt of the characteristics of the soft-photon sources, which enables the application of the T94 
modell  to a variety of sources. In particular, there is very good agreement of the model with EXOSAT, 
SIGMAA and OSSE data for Cyg X-l , and with OSSE data for NGC 4151 (T94). 

Att this point we would like to point out the simplified shape of the ST80 and T94 models at 
COMPTELL energies (> 0.75 MeV). For the softer spectra observed for BHCs, it is customary to 
assumee a Wien-type input spectrum in the COMPTEL analysis. Such spectra, of the form 

FFVV{X,XQ){X,XQ) oc x2e~x [ photons cm"2 s"1 keV^1] (4.6) 

(withh x = hvjkT), accurately describe the high-energy limit (x > 1) of the non-relativistic inverse-
Comptonn model of Eq. (4.2) (ST80). Note that the spectral shape of Eq. (4.6) does not involve 
thee optical depth r. This allows the spectral shape at COMPTEL energies to be described by just 
onee parameter, the plasma temperature kT, which should be equal to that inferred at lower energies 
(providedd that the spectrum is indeed described by the ST80 model). 

Whenn relativistic effects are taken into account, the high-energy tail in the diffusion limit becomes 
off  the form (T94) 

F„(x,rr0)) oc x2-b'e-^l+bo\ (4.7) 

withh b0 > 0 and &i > 0 defined in Eq. (4.4). This function is steeper than the corresponding non-
relativisticc approximation in Eq. (4.6), the difference becoming larger with increasing plasma tempera-
ture.. Also for the optically thin case (Eqs. (4.3) and (4.5)), the high-energy limit is no longer described 
byy the simple Wien approximation from Eq. (4.6). However, in both these cases, the spectral shape in 
aa limited high-energy range (e.g., 0.75-3 MeV) can again be approximated by the simple Wien-type 
spectrumm from Eq. (4.6), using a temperature kT' different from the true plasma temperature kT of 
thethe T94 models. This is illustrated in Fig. 4.2, which shows the T94 models for arbitrary values of the 
plasmaa temperature and optical depth in the optically thin case (solid line) and in the diffusion limit 
(dashedd line). The dotted lines are the fits of a Wien-type spectrum to these models in the 0.75-3 
MeVV range, with the Wien temperature kT' and the normalization left free. It can be seen that these 
Wienn approximations are quite good in the 0.75-3 MeV range, with the largest deviations (up to 15%) 
occurringg at the lower energy boundary. For the diffusion limit , we thus find kT' = 47.0 keV (plasma 
temperaturee kT — 60.0 keV); for the optically thin case we find kT' = 124.0 keV (plasma temperature 
kTkT = 153.0 keV). From this it follows that, also for relativistic plasmas, we may assume Wien-type in-
putt spectra (Eq. (4.6)) at COMPTEL energies. The temperature inferred from the analysis, however, 
cannott be directly interpreted as the plasma temperature itself. 
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FigureFigure 4.2. This figure shows the T94 models for kT = 153 keV and r — 0.15 (solid line), and for 
kTkT = 60.0 keV and r = 2.5 (dashed line). The dotted lines are the Wien spectra that are used as 
approximationsapproximations in the 0.75-1 MeV and 1-3 MeV ranges. 

4.1 .3 .22 Other  mode ls 

Sometimess the observed 7-ray emission seems to exceed that expected from an extrapolation of the 
inverse-Comptonn spectra fitted to hard X-ray data. Several models have been proposed to explain such 
excesss emission, involving both thermal and non-thermal mechanisms. We note that this terminology 
doess not refer to the type of emission process, since that is invariably of a non-thermal origin, but it 
referss to the state of the mat ter that is involved. Indeed, the emission mechanisms in both cases are 
oftenn the same, usually involving inverse-Compton scattering of photons on high-energy (thermal or 
non-thermal)) electrons. We wil l now discuss some of the models that predict (transient) MeV emission 
inn excess of the extrapolation of the inverse-Compton model. 

AA popular model to explain the transient 7-ray bumps that have been observed for BHCs is the 
emergencee of a hot thermal electron (-positron) cloud in the inner accretion-disk region. For example, 
Liangg & Dermer (1988) and Liang (1990) modelled the 7] spectrum of Cyg X- l measured with the 
HEAO-33 GRS by incorporating a hot pair-dominated cloud (kT ~ 400 keV) in the inner disk region 
whichh radiates through Comptonized bremsstrahlung and annihilation of the electron-positron pairs. 
Forr this cloud to become visible at MeV energies, a transition zone has to be introduced between 
thee inner and outer disk regions, which prevents the soft photons originating in the cool outer parts 
fromm cooling the hot plasma cloud. The origin of this transition zone is supposed to be a local 
instability,, but is not further specified. Instead of invoking a pair plasma, Melia & Misra (1993) 
proposedd a model in which the MeV photons are produced in the two-temperature inner region of 
thee disk by self-Comptonization of bremsstrahlung photons originating in the electron plasma. They 
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solvee the relativistic radiative-transfer equations for emission from a standard o-disk model (Shakura 
kk Sunyaev 1973) in a self-consistent manner and in addition allow for a stratified density distribution. 
Itt was found that, due to the gravitational stratification, an increase of the viscosity parameter a from 
0.11 to 0.2 causes the corona in the inner region to become optically thick. The corona then acts as a 
shield,, preventing the low-energy photons from the disk to cool the hot inner region, which causes the 
emergencee of the self-Comptonized bremsstrahlung of the high-energy electrons within a radius of ~7 
Schwarzschildd radii. They propose to identify the a PS 0.2 disk with the 7}  state that shows the MeV 
bumpp and the a sa 0.1 disk with the f2 state. The transition of the 72 to the 73 state may then be 
causedd by an increase in the accretion rate. 

Bothh these models reproduce the anti-correlation between the < 400 keV flux and the MeV bump 
ass observed in the 71 to -y2 transition of the HEAO-3 observations of Cyg X-l in 1979. An important 
differencee between the Liang (1990) and Melia k Misra (1993) models is the assumption of a negligible 
positronn density in the latter model, the justification of which is not clear given the relativistic electron 
temperaturee in the inner region (Misra k Melia 1995). More importantly, a consequence of the Melia 
kk Misra model is that a MeV spectral bump, although less pronounced than in the 71 state, should 
alwayss be present, also in the 72 and 73 states (Melia & Misra 1993). The predicted flux at 1 MeV 
off  ~ 8 x 10"4 photons cm- 2 s- 1 MeV-1 for the 72 state, in which Cyg X-l spends most of its time, 
shouldd readily be detectable with COMPTEL (see Section 5.5). 

Anotherr possible origin of MeV emission from BHCs may involve pion production from collisions 
ofof energetic protons in a two-tempera.ture plasma,. Such a plasma may be formed during accretion on a 
blackk hole, for which the typical gravitational potential energy per nucleon at the horizon is ~ 160 MeV 
(Shapiro,, Lightman k Eardley 1976). Under favourable conditions the energy exchange between the 
protonss and electrons, the latter of which are cooled considerably due to the inverse-Compton process, 
mayy be weak and the ions may reach much higher temperatures than the electrons (Shapiro, Lightman 
&&  Eardley 1976; Björnsson k Svensson 1992). Around ion energies of kTi > 20 MeV per nucleon, 
pionn production becomes important, the cross section of which increases steeply with energy in this 
energyy range. The TT° mesons that are created decay nearly instantaneously creating two 7 photons 
off  ~ 70 MeV which, due to the creation close to the compact object, are redshifted to an energy of 
~~ 18 MeV for a distant observer. The resulting 7-ray spectra for spherically-accreting black holes 
accretingg from the interstellar medium and from a supergiant-wind in a binary were calculated by 
Dahlbacka,, Chapline k Weaver (1974) and Kolykhalov k Sunyaev (1979) respectively. 

Basedd on this type of models, Jourdain k Roques (1994) interpreted the high-energy deviations in 
thee spectra for the BHCs Cyg X-l and GRO J0422+32 as measured with SIGMA as evidence for TT° 
productionn in a two-temperature accretion disk. Taking into account only the production and decay 
off  neutral pions, they calculate the resulting photon spectrum from the hot pair plasma that arises 
fromm the TT° production and decay, pair creation and upscattering of a dense UV/soft X-ray photon 
population.. Combining the inferred UV/soft X-ray luminosity and the high-energy spectral cut off, it 
iss in principle possible to constrain the size of the emitting region using the dependence of the 7 - 7 
opacityy on the density of low-energy photons. For GRO J0422+32 and Cyg X-l they find sizes of 100 
kmm and 30 km respectively. However, the SIGMA data do not show a high-energy cutoff so that the 
sizee is poorly constrained (see also Section 5.2). 

Wee here point out a possible luminosity problem with the model of Jourdain k Roques (1994). 
Thee starting point of this model is, like in the models of Dahlbacka, Chapline k Weaver (1974) 
andd Kolykhalov k Sunyaev (1979), the decay of neutral pions created by proton-proton collisions. 
However,, the latter models involve spherically-symmetric accretion on a black hole, in which case the 
positronss resulting from TT+ decay can freely escape the production region. In the accretion-disk model 
off  Jourdain k Roques (1994), the opacity is much larger due to the copious amount of low-energy 
photons.. Therefore, the positrons produced in TT+ decay, with a typical energy of ~ 30 MeV (Dermer 
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1986),, will become a constituent of the hot pair plasma. Since the cross section for 7r+ production 
iss a factor of ~ 6 higher than that for w° production near the threshold energy for pion production, 
thee contribution of T+ decay to the luminosity likely exceeds that of TT° decay. Therefore, the neglect 
off  7T+ production would appear not to be justified. As Dermer (1986) stated, the spectrum of the 
photonss resulting from the positron production during TT+ decay 'would mask any pure 7r°-decay 7-ray 
spectrumm that might be expected1. 

Another,, possibly relevant, model was proposed by Skibo, Dermer k Ramaty (1994) to explain the 
line-likee features that have been observed around ~ 500 keV for GRS 1124-684 and IE 1740.7-2942 
(seee Section 4.1.2). Following the radio observations of jets in IE 1740.7-2942 (Mirabel et al. 1993), 
theyy proposed that a temporarily enhanced jet-like energy release in the form of a cold plasma and 
hard-spectrumm photons up to 10 MeV may give rise to 7-ray line-like features. This phenomenon is 
basedd on the well-known Compton-scatter formula which states that for each possible scatter angle 6 
thee energy t*  of the scattered photon converges to the value 

__ 0.511 MeV 
C**  " 7(l + /?) ( l -cos0) ( 4 , 8^ 

whenn the initial photon energy tends to infinity, with 0 the velocity of the plasma in units of the 
lightspeedd and 7 - (1 - /J2) - 1 '2. When the initial photon spectrum is hard, all photons with an 
energyy c > 0.511/[7(1 + /?)(1 - cos0)] will end up with a scattered energy just below e*. Because 
theree are two jets moving with high speed in opposite directions, two 7-ray line features are created, 
thee energies of which are a function of viewing angle. At small scatter angles (9 < 45°), i.e., when 
thee observer is situated in the general direction of one of the jets, this mode] produces an MeV bump 
similarr to that observed with HEAO-3 for Cyg X-l . 

4.1.44 M o d e ls for  7-ray l in e emission 

Whilee the field of X-ray spectroscopy is currently making a big step forward due to the development 
off  high-resolution instruments (ASCA, and soon SAX and XMM) , the field of 7-ray spectroscopy is 
stilll  in its infancy. Nevertheless, models for nuclear 7-ray line emission from hot optically-thin plasmas 
weree discussed as early as the late seventies (Higdon & Lingenfelter 1977). Since then, these models 
havee been refined in many ways by several authors (Aharonian & Sunyaev 1984; Guessoum & Gould 
1989;; Guessoum 1989). The main results of these studies can be summarized as follows. When the 
temperaturee of the ion component in the plasma becomes of the order of 1010 - 1011 K (but not as 
highh as > 1012 K when pion production becomes dominant), several types of nuclear reactions start 
occurring.. Many of these reactions produce excited nuclei, either directly through collisions with 
protonss and a-particles, or through spallation reactions. The excited nuclei promptly decay on a 
typicall  time scale of picoseconds and less, hereby emitting a 7-ray photon which is characteristic for 
thee element and the excited level. The relative strengths of these 7-ray lines depend mainly on the 
relativee abundances of the elements and the excitation cross sections of the levels; for a plasma of 
solarr abundances the strongest lines will be found at 4.438 MeV and 6.129 MeV, corresponding to 
thee first excited states of  12C and 1 60 respectively. Of much less importance are the resonant and 
non-resonantt proton captures (e.g. p + 12C ->  13N + 7(2.370 MeV)) for which the cross sections are 
orderss of magnitude below those for simple excitation (Guessoum 1989). 

Anotherr possible channel for 7-ray line production is that of neutron capture. This channel is only 
importantt when there is a considerable neutron production rate in the plasma, i.e., at ion temperatures 
kTkT > 5 MeV required for the neutron-producing spallation reactions. The contribution of neutron 
capturee to the 7-ray line production then depends on the time scale for neutron capture (c, 

1019 9 

ttcc ~ —— seconds, 
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withh np the proton density, compared to the neutron decay time tj - 9.2 x 102 seconds. For proton 
densitiess np > 1016 cm- 3 neutron capture becomes a non-negligible type of emission, of which the 
mostt important 7-ray line will be found at 2.224 MeV from the formation of deuterium (Aharonian 
kk Sunyaev 1984; Guessoum 1989). 

Cann we possibly detect the 7-ray lines produced in the hot accretion disks in BHC systems with 
COMPTEL?? Detailed calculations including the effects of spallation show that this is probably not 
thee case. The relevant time scales for proton thermalization tpp, for proton cooling due to electron 
scatteringg tpe, and for the break-up of nuclei ^ can be written as 

ttppppnnpp « 1014(fcT,/0.511 MeV)3/2 s cm"3 

ttpepennpp « 1016(fcTe/0.511 MeV)3/2 s cm"3 {kTe < 0.511) 

ass 2 X 1016(fcTe/0.511 MeV) s cm"3 (kTe > 0.511) 

ttbbnnpp ss 5 X 1015 s cm"3 

(Guessoumm k Gould 1989). For ion temperatures AT,- of several MeV, thermalization will occur before 
break-upp and break-up will occur before significant electron cooling if the electron temperature kTe 

iss not lower than a few hundred keV. It then depends on the product of the proton density and the 
timee elapsed, tnp, what fraction of the nuclei is destroyed due to spallation before it can contribute 
significantlyy to the 7-ray line production. For Cyg X-l , Aharonian k Sunyaev (1984) estimated a fine 
fluxflux for the 4.438 MeV fine from 12C of F4.438 = (0-6 - 4.0) X 10"7(X c/5 x 10- 4) photons cm- 2 s "\ 
inn which Xc is the abundance of  12C. A detection of this fine and other 7-ray lines would provide 
importantt information on the product tnp. However, it should be noted that such excitation lines will 
bee broadened by thermal motions in the extremely hot plasma (up to several hundreds of keV) and, 
moree importantly, may be significantly redshifted depending on the distance of the production site to 
thee black hole (Higdon k Lingenfelter 1977). For a likely production site at radii less than ~ 10rg 

(r(r gg - GM/c2 is the Schwarzschild radius), which is the region where the two-temperature disk forms 
(Shapiro,, Lightman k Eardley 1976), the energy of an intrinsic 4.438 MeV photon as measured by an 
outsidee observer can be anything from zero up to 4.21 MeV. If we assume that the bulk of the photons 
iss emitted at r « org (Higdon k Lingenfelter 1977), the observed line will be at ~ 4.0 MeV. 

Alsoo the 2.224 MeV line from the neutron capture by protons will he significantly broadened 
andd redshifted if the neutron capture takes place in the accretion disk itself. A large fraction of the 
neutrons,, however, escapes from the accretion disk, taking away not only thermal energy but angular 
momentumm as well. Because this 'neutron evaporation' takes place primarily in the plane of the 
accretionn disk, a significant fraction of the neutrons may be captured by the companion star or other 
surroundingg cold matter, producing a narrow 7-ray line at 2.224 MeV (Aharonian k Sunyaev 1984). 
Forr the non-transient BHC Cyg X-l , Guessoum & Dermer (1988) estimated a narrow-line 2.224 MeV 
fluxx of ~ 10"6 - 10- 7 photons cm- 2 s_1 if a two-temperature plasma is present in this system. 

Althoughh the 7-ray lines mentioned above have not been detected yet, possible support for the hy-
pothesiss of acceleration of ions to high energies might have come from optical observations of LMXBs. 
Observationss of Cen X-4, GS2023+338 and 1A0620-00 have shown high (^cosmic) Li abundances in 
thesee systems (Martin et al. 1994a). Since Li is depleted in the stellar interiors by (p,a) reactions 
andd is diluted in the outer layers by convection into the deeper hot layers where it is destroyed, the 
highh abundances suggest that the observed Li has recently been produced. Martin et al. (1994b) 
proposedd that spallation of C, N and O elements and a - a collisions in the accretion disk during 
X-rayy outbursts may be responsible for this Li enrichment*, and calculate the energy requirements 

**  see Sackmann k Boothroyd (1996) for a possible other origin: 7Li production in low-mass red 
giantss by means of cool bottom processing. The companion in GS2023+338 has been proposed to be 
aa stripped giant (King 1993). 
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too sustain the Li surface abundance. Depending on the typical energy per nucleon Ep, they find a 
necessaryy average power of ~ 5x 1035 erg s- 1 to ~ 5x 1033 erg s- 1 for Ep - 10 MeV and Ev = 1 GeV 
respectively.. Such an amount of energy is similar to that inferred from the typical luminosities during 
outburstss and their recurrence time. The high Li abundances found from optical observations also 
shedd a new light on the possible origin of the narrow (476  15) keV line observed with SIGMA for 
GRSS 1124-684 (Section 4.1.2), when it was realized that the first excited state of  7Li has an energy 
off  478 keV (Martin et al. 1994a). 

4.22 The BHC search: introduction 
Evidently,, 7-ray observations of BHCs have been rare and, consequently, the theoretical un-

derstandingg of MeV emission from such systems is poor. Some models predict continuum emission 
extendingg up to several MeV, at flux levels that are comparable to COMPTEL's sensitivity. Other 
modelss predict the presence of 7-ray spectral lines, but due to break-up reactions the expected flux 
iss relatively low. Here we use all of the Galactic-plane COMPTEL observations performed during 
thee first ~ 3 years of the CGRO mission (Phases I to III ) to conduct the most sensitive search for 
transientt and persistent MeV emission from BHCs to date. This search is performed both in the stan-
dard,, broad, energy ranges to obtain fluxes and upper limits for continuum emission and in narrow 
energyy ranges around (redshifted) 7-ray fine energies. Because many of the BHCs lie close to the 
Galacticc plane, source confusion plays an important role. In addition, the Galactic diffuse emission, 
whichh dominates the 7-ray sky above 100 MeV, may contribute significantly to the COMPTEL fluxes 
derivedd for point sources at low latitudes when not properly accounted for. For this search, the ob-
servationss are divided into five groups, corresponding to five celestial regions. The reason for this 
divisionn is twofold. Firstly, observations that are located far away from a BHC do not contribute to 
thee detection significance of that source. Secondly, this approach allows us to perform a consistency 
checkk on the results found for the Galactic diffuse emission (see Section 4.3). 

Resultss for a BHC search using the standard analysis method (SRCLIX; Section 3.4.3) on COMP-
TELL data have been previously published by McConnell et al. (1996). The analysis presented here 
improvess on these results in two ways. Firstly, the instrumental background model for a sum of 
observationss does now take into account the differences in the <p distributions between these observa-
tionss (Section 3.4.4). This new method was shown to produce MLR maps which do nol suffer from 
thee systematic negative offsets that are occasionally observed for the standard analysis method (Sec-
tionn 3.4.5). Secondly, instead of using previously published COMPTEL results on the Galactic diffuse 
emissionn from all-sky fits, we examine this important component in each of the five regions separately 
(Sectionn 4.3). Monte-Carlo simulations have shown that, using the instrumental background model 
fromm Section 3.4.4, diffuse emission at the levels observed with COMPTEL should give consistent 
resultss between the regions (Section 3.4.5). Here it is shown that the individual contributions of the 
constituentt model components to the observed emission in the five regions are presently not under-
stood,, but that the sum of these components may be regarded a good first-order estimate of the total 
diffusee emission. 

Thee remainder of this section is organized as follows. First we introduce the five celestial re-
gionss that together cover most of the BHCs (Section 4.2.1). Several analysis issues are described in 
Sectionn 4.2.2. We then make a sidestep to discuss the models for the Galactic diffuse emission in 
Sectionn 4.3. Finally, the results of the BHC search, with and without accounting for the Galactic 
diffusee emission, are presented in Section 4.4. 
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FigureFigure 4.3. This figure shows the distribution of the BHCs (*) studied in the search (Table 4.1) and 

thethe celestial coverage for the five regions defined in Table 4.3. 

region n 

1 1 

II I 
II I I 
IV V 
V V 

Name e 

Galacticc center (GC) 

SSS 433 
Cygg X-l 

A0620-00 0 
GRSS 1124-684 

Center r 

(0°,0°) ) 
(-20°,, 0°) 
(20°,0°) ) 

(0°,-20°) ) 
(0°,20°) ) 
(45°,, 0°) 
(71°,3°) ) 

(210°,-6.5°) ) 
(295°,-7°) ) 

Radius s 

30° ° 
30° ° 
30° ° 
30° ° 
30° ° 
35° ° 
35° ° 
35° ° 
35° ° 

TableTable 4.3. This table gives the definitions of the celestial regions which are used in the BHC search. 

TheThe four columns denote 1) the number of the region; 2) the object on which the region has been 

centered;centered; 3) the central position of the region; and 4) the radius of the region. 

4.2.11 Definit io n of th e five celestial regions 

Basedd on the celestial distribution of the BHCs (Fig. 4.3), five regions were chosen, each of which 
containingg a subset of the BHCs. For each of the regions a central position and a radius were defined 
(Tablee 4.3). The (/,&) coverage of these regions are also shown in Fig. 4.3. Since the GC region 
containss many BHCs covering a somewhat extended longitude and lat i tude range, four additional 
positionss were chosen at 20° from the GC. We then selected all observations from Phase I, II  and II I 
forr which the pointing directions he within the circular areas defined by the central positions and the 
radii.. Detailed information about the observations used in this search can be found in Appendix A, 
inn which the last column gives the region(s) in which they are included. 
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Inn Fig. 4.4 the exposures across each of the regions are shown. These were calculated using 
thee C O M P T EL exposure calculator (Version 1.2), which returns the effective observing t ime (units: 
days)) without the additional multiplication by the energy-dependent effective area. For an on-axis 
source,, the lat ter varies from ^ 15 cm2 at 1 MeV, up to ~ 38 cm2 at 4.4 MeV and then again down 
too ~ 15 cm2 at 30 MeV (Stacy et al. 1996). Apart from a triangular response approximation, the 
COMPTELL exposure calculator includes for each observation an estimate for the loss of exposure 
duee to, a.o., SAA passages, lack of real-time telemetry coverage and the Earth blocking the field of 
view.. For this thesis, the triangular-shaped response function with a base of 100° was replaced by a 
two-dimensionall  Gaussian of width as — 24°, which was found to give a better approximation to the 
actuall  exposures. Note that G% is slightly energy dependent; the value used here is typical for a source 
withh an E~2 photon spectrum in the 1-3 MeV range. Although the exposure times thus calculated 
aree still only a first-order approximation and cannot be used in the scientific analysis itself, tfiey are 
usefull  for quick-look exposure maps to identify areas which are underexposed. 

4.2.22 Energy ranges, instrumental background model and analysis me thod 

Thee search for continuum emission from BHCs is performed in the four standard energy ranges 
0.75-11 MeV, 1-3 MeV, 3-10 MeV and 10-30 MeV. The 10-30 MeV energy range was analysed twice, 
usingg (^-ranges from 0° up to 36° and from 4° up to 36° (see Section 2.4,2). Since is not yet clear which 
off  these two g r a n g es yields the most trustworthy results, the results for both are presented here. To 
searchh for 7-ray line emission, we analysed the data in small energy intervals ([E -2a,E + 2a-]), with 
a{E)a{E) the energy resolution from Eq. (2.4)) around the energies of the 7-ray lines that are expected 
too be the strongest in binary systems containing a two-temperature accretion disk: 2.224 MeV, 4.438 
MeVV and 6.129 MeV. A narrow and non-redshifted 7-ray line, however, is only predicted for 2.224 MeV 
photonss originating in neutron capture by hydrogen in the secondary star (Section 4.1.4). Therefore, 
thee search was repeated in the energy intervals 1.85-2.15 MeV, 3.7-4.3 MeV and 5.125-5.875 MeV, 
whichh are roughly the r energy intervals centered around 2.0 MeV, 4.0 MeV and 5.5 MeV. These 
centerr energies are the energies at which the 2.224 MeV, 4.438 MeV and 6.129 MeV lines wil l be 
observedd when the emission effectively takes place at a distance of hrg from the black hole (see 
Sectionn 4.1.4). We point out that most of the lines wil l to some extent be broadened, while the PSFs 
weree created assuming a narrow line. 

Forr each observation, the DRI data sets, i.e., the event (DRE), the geometry (DRG) and the 
exposuree (DRX) data sets (see Section 2.3.4), were created anew from the highest-quality da ta cur-
rentlyy available. Hereby, the standard event selections from Section 2.4.1 have been applied. The 
da taa sets for the observations belonging to a certain region were summed according to the algorithm 
describedd in Section 2.4.7. Data-space models for specific celestial distributions (both point sources 
andd extended diffuse emission) were created from the summed DRXs and DRGs, taking into account 
thee full spherical response description (i.e., using IAQs instead of FAQs, see Section 2.3.2). For these 
convolutionss and for the search itself, we used the set of simulated PSFs given in Section 2.4.3. How-
ever,, no simulated PSFs exist yet for the narrow energy intervals around 2.0 MeV, 4.0 MeV and 5.5 
MeV.. For these, we used modelled PSFs, also given in Section 2.4.3. It is well known that simulated 
andd modelled PSFs (Section 2.3.2), although to first-order very similar, may show small differences, 
bothh in normalization and in shape. In order to ensure consistent fluxes throughout this thesis, i.e., 
basedd on simulated PSFs only, the fluxes obtained with the modelled PSFs were corrected for the 
normalizationn differences. The correction factors (0.97, 0.95 and 1.0 respectively) were determined 
fromm the upper limit s on the fluxes for a number of BHCs in the narrow energy ranges around 2.224 
MeV,, 4.438 MeV and 6.129 MeV, for which both simulated and modelled PSFs are available. 

Ass instrumental background model, the model from Section 3.4.4 is used. We point out that the 
usee of this type of instrumental background models (Sections 3.4.3 and 3.4.4) yields an est imate of 
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thee sum of the continuum and 7-ray line emission. Without further information on the underlying 
continuum,, the fluxes derived in narrow energy ranges must be considered upper limits on the fluxes 
off  the 7-ray lines that may be present in these energy ranges. 

Thee search is performed in a (Galactic-)latitude range of [-20°, 20°] and in a longitude range 
off ° around the central positions of the regions (Table 4.3). We use the Maximum Likelihood 
Ratioo (MLR) method (Section 2.4.8) to determine detection significances and fluxes. Each region 
iss analysed twice, the first time disregarding the influence of the Galactic diffuse emission on the 
detectionn significances and fluxes inferred for the BHCs, the second time taking the Galactic diffuse 
emissionn into account by fitting the data-space models prior to the search (see Section 2.4.8). 

4.33 The Galactic diffuse emission 
Beforee the results of the BHC search can be presented, we need to address the complicating factor 

off  the Galactic diffuse emission in more detail. Dominantly present above 100 MeV, this emission 
showss up as a bright Galactic-plane distribution in the SAS-2 and COS-B maps. As we will see in 
Sectionn 4.4, also the COMPTEL data show evidence for emission associated with the Galactic plane. 
Sincee most of the BHCs lie within \b\ < 5°, it is necessary to estimate the contribution of this diffuse 
emissionn to the fluxes assigned for the BHCs. After the short introduction in Section 4.3.1 and a 
descriptionn of the analysis method in Section 4.3.2, the applicability of the models used to explain the 
diffusee emission above energies of ~ 100 MeV is discussed in Section 4.3.3. 

4.3.11 Theory and previously obtained results 
Thee classical interpretation of the diffuse Galactic emission above 100 MeV is that it is dominated 

byy 7T°-decay, resulting from nuclear interactions between cosmic-ray particles and nuclei of the inter-
stellarr gas (for an overview see Bloemen 1989). Below 100 MeV, the main contribution is thought to 
comee from bremsstrahlung losses of low-energy cosmic-ray electrons interacting with the interstellar 
gas.. In both cases, the celestial 7-ray distribution is expected to correlate approximately with that of 
thee interstellar gas, as mapped by HI and CO surveys (the latter component assumed to be a tracer of 
H2).. Studies performed with SAS-2 and COS-B data (> 100 MeV) have shown that such a correlation 
indeedd exists (e.g., Fichtel & Kniffen 1984; Bloemen 1989). It should be noted that the assumptions 
aboutt the cosmic-ray density distribution, e.g., whether or not it is coupled to matter, differ among 
thee various studies. Another component (= IC) that is thought to contribute to the diffuse Galactic 
emissionn both below and above 100 MeV is inverse Compton radiation from high-energy cosmic-ray 
electronss scattering on the interstellar radiation field. The relative contribution of this component 
nearr the Galactic plane probably does not exceed 5%-10% at energies near 100 MeV (see Bloemen, 
1989,, for an overview). Important parameters that can be derived in studies of the diffuse Galac-
ticc emission are the 7-ray emissivity per H atom q (sr_1 s- 1) , the CO-to-H2 conversion factor X7 

(mols.. cm- 2/ (K km s- 1) ) and a dimensionless scale factor s for the predicted IC distribution (Mic). 
Thesee are assumed to be related to the 7-ray distribution 1  ̂ (cm- 2 sr- 1 s_1) as 

AA  = ^(Nm + 2 * , W C 0 ) + sMlc, (4.9) 

withh JVJJJ the atomic hydrogen gas column density and WQQ the velocity integrated CO intensity. 
Thee predictions for the relative contributions of the bremsstrahlung and the IC components in the 

COMPTELL energy range suffer from the uncertainties in the low-energy cosmic-ray electron spectrum 
ass well as from uncertainties in the interstellar radiation field. However, because the IC component is 
expectedd to have a broader latitude distribution than the bremsstrahlung component, it is in principle 
possiblee to disentangle their contributions. 
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Recentt analyses revealed that the COMPTEL data show indeed evidence for a broader latitude 
distributionn than those of the HI and CO models. It remains uncertain, however, whether this should 
indeedd be attributed to IC emission. Furthermore, an emission component that correlates with the 
COO distribution appears to be lacking in the COMPTEL energy regime (Strong et al. 1996; Bloemen 
ett al. 1996), except perhaps for the 10-30 MeV energy range (see Section 4.3.3). Also, it should be 
notedd that part of the inferred diffuse intensities may be due to unresolved, weak point sources. 

4.3.22 Analysis method 
Thee COMPTEL results on the Galactic diffuse emission described above were derived from fit-

tingg the HI and CO surveys and the theoretical IC distribution, each folded through the instrument 
response,, to observations covering the whole Galactic plane. Although there may be deviations of the 
diffusee emission with respect to the gas distributions, caused by, e.g., a Galactocentric gradient in the 
CRR electron density or a coupling between matter and cosmic rays, they have not yet been taken into 
account. . 

AA thorough investigation of these possible deviations would for example involve the simultaneously 
fittingfitting of the gas surveys in several Galactocentric rings to the observed all-sky 7-ray distribution, as 
hass been done at energies above 100 MeV using COS-B data (Bloemen 1987). A simpler way to get 
insightt into this matter is to fit  the HI and CO surveys and the theoretical IC distribution (from here 
onn the HI, CO and IC models, respectively) to the COMPTEL data covering different celestial regions 
andd to compare the derived scale factors. If there are no strong large-scale deviations, then the fitted 
scalee factors of the models in the different regions should be consistent. We have performed such a 
consistencyy check in the standard energy intervals by fitting the HI, CO and IC models to the data for 
thee five regions defined in Section 4.2.1. The HI and CO surveys used were the same as in the COS-B 
studiess (see Bloemen 1989). The IC model was adapted from Strong k Youssefi (1995). Data-space 
modelss were created as described in Section 4.2.2. The contribution of each of these models to the 
observedd diffuse emission was determined from maximum-likelihood fits (Section 2.4.8), for which the 
backgroundd model was again taken from Section 3.4.4. For region IV, a model for the Crab was 
includedd as well. 

Becausee previously obtained results have shown that the diffuse emission at COMPTEL energies 
iss not yet completely understood (Strong et al. 1996), we have chosen an unprejudiced approach: the 
threee models were fitted simultaneously but were also selected in different combinations. 

4.3.33 Results and discussion 
Thee results of the fits are given in Table 4.4. In this Table, we have included the results for the 

fitsfits with all three models and for the fits with the HI and IC models only (first and second rows for 
eachh region). The reason for including the latter fit  values is the negative scale factor often found for 
thee CO model when all three models are fitted simultaneously. The results for the other combinations 
off  models (not included in Table 4.4) are similar; they are discussed below. 

Thee detailed information contained in Table 4.4 is complex and not straightforwardly interpretable. 
Summarizing,, we can conclude that there is not a single combination of models for which the results 
forr the different regions are consistent. This is not only the case when all energy ranges are taken 
intoo account, but also if we focus on a specific energy range. A similar picture is obtained from the 
fitsfits with the other combinations of the models. Since a consistent picture is lacking, how should we 
interprett the results from the diffuse-model fits in the five regions? I will first address the possible 
astrophysicall  explanations for these inconsistencies, followed by a discussion of the possible technical 
(relatedd to the analysis method) origins. 

•• The results of the fits are inconsistent due to astrophysical reasons: e.g., the HI and CO sur
veyss and the theoretical IC distribution explain only part of the diffuse-like 7-ray emission seen with 
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EE [MeV] 

0.75-1 1 

1-3 3 

3-10 0 

region n 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

0.777 9 
0.855 1 
2.166 2 

-0.088 9 
5.144 2 
1.477 4 

-0.822 9 
-0.455 8 
0.666  0.74 
0.688  0.60 

0.766 1 
1.322 4 
9.011  0.55 
5.499  0.52 
12.88 0 
5.500 0 
1.377  1.02 
0.999  0.90 
6.933  0.56 
3.322  0.48 

1.022 5 
0.977 1 
1.211 1 
0.633 9 
1.733 3 
0.666 9 
0.266  0.43 
0.233  0.35 
1.900 2 
0.833 9 

<>2 2 

0.122 2 

-5.966 2 

-11.99 6 

2.844  3.75 

0.066 7 

0.833  0.57 

-8.488  0.88 

-22.00 5 

-3.511 4 

-13.33 6 

-0.066 6 

-1.566 7 

-3.677 1 

-0.199 5 

-4.466  0.64 

3 3 

0.899  0.25 
0.911 5 
2.999  0.23 
1.688 3 
4.033 6 
2.011  0.26 

-9.244 3 
-9.300 3 
0.488 5 
0.488  0.25 

3.000 8 
3.122 8 
4.955 7 
3.322 7 
7.299  0.22 
4.066 2 
14.88 5 
14.88 5 
4.944 1 
3.377 1 

0.855 8 
0.855 8 
1.433 6 
1.166 6 
2.244 0 
1.777 9 
10.66 9 
10.66 7 

0 0 
1.200 9 

11 units: 10 25 photons sr s * 
22 units: 10-25 photons sr"1 s"1 x 1020 mols. cnT2/(K km s"1) 

TableTable 4.4a. This table gives the results for the fits of the HI, CO and IC models to the five celestial 
regions.regions. The five columns denote: 1) the energy range; 2) the celestial region as defined in Table 4.3; 
3)3) Sm = q/4ir (see Eq. (4.9)); 4) SCo = (q/4n)(X1/2.3), i.e., a value of 1.0 for the ratio SCo/Sm 
impliesimplies X  ̂ = 2.3; 5) the dimensionless scale factor s for the predicted IC distribution. The first 
rowrow for each region shows the results obtained when all three models were fitted simultaneously; the 
secondsecond row shows the results for the HI+IC only fits. The standard corrections of Section 2.4.4 were 
applied. applied. 

COMPTEL,COMPTEL, or the CR electrons are not homogeneously distributed. Admittedly, it has not been 
shownn that the emission at MeV energies is truly diffuse and a significant (or even dominant) contri-
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EE [MeV] 

10-30 0 

10-30* * 

region n 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

«r1 1 

0.422 0 
0.533  0.09 
0.177 5 
0.266  0.05 

-0.099 6 
0.122 5 

-0.188 2 
-0.122 0 
0.499 6 
0.377 5 

0.322 7 
0.500 3 
0.166 9 

.. 0.32  0.09 
-0.022 1 
0.200  0.09 

-0.200 7 
-0.111 5 
0.299 0 
0.322  0.09 

c2 2 

0.211 0 

0.322 3 

0.888 2 

0.422  0.46 

-0.700 1 

0.277 3 

0.466 7 

0.811 2 

0.655 2 

0.100 1 

s s 

0.188 2 
0.211  0.02 
0.233 2 
0.288 1 
0.222  0.04 
0.344  0.02 
1.755 5 
1.711 5 
0.455  0.04 
0.355 2 

0.155 4 
0.177 4 
0.133 4 
0.222 2 
0.155 6 
0.277 5 
1.611 4 
1.577 4 
0.399 6 
0.400 5 

11 units: 10~25 photons sr l s 1 

22 units: 10-25 photons sr"1 s"1 X 1020 mols. cm~2/(K km s"1) 

Tablee 4.4b. This table is similar to Table 4.4a, but now for the 10-30 MeV energy range. The asterisk 
denotesdenotes the restricted (^-selection of 4° - 36°. 

butionn from a Galactic population of other (point) sources cannot be excluded. On the other hand, 
correlationss of the interstellar-gas distributions with the 7-ray emission from GeV energies down to 
~~ 50 MeV have been found both from COS-B and EGRET observations (Strong et al. 1988; Strong k 
Mattox,, in preparation), while such correlations are also claimed in the low-energy 7-ray domain from 
observationss with SIGMA (Claret et al. 1995). The 7-ray intensities derived from all-sky fits to the 
COMPTELL data are in reasonable accordance with the results from these other wavelength regions 
(Strongg et al. 1996). With this in hindsight, there appear to be two types of astrophysical explanations 
forr the inconsistent results given in Table 4.4. One explanation is the additional presence of a popula-
tionn of weak MeV point sources, the Galactic distribution of which is such that maximum-likelihood 
fitsfits including only the diffuse models yield inconsistent results between the regions. Although this re-
mainss a possibility that cannot be excluded, one might wonder why we do not detect several of these 
objectss as separate point sources. The other explanation involves the assumptions that have been 
madee for the predicted MeV emission associated with the HI, CO and IC models. For example, the 
distributionn of the low-energy CR electrons might not be homogeneously distributed, as is implicitly 
assumedd here by using the HI and CO surveys 'as is'. The COS-B and EGRET data indeed show 
evidencee for a Galactocentric gradient in the observed emissivities, with a hint for steeper gradients at 
lowerr energies (Bloemen 1989; Strong & Mattox, in preparation). In addition to this, local deviations 
off  the 7-ray intensity with respect to the interstellar-gas surveys may arise from a possible coupling 
off  the CR intensity with matter (e.g., Fichtel k Kniffen 1984). The results obtained with COMPTEL 
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inn the different celestial regions are inconclusive regarding these matters. The only clear trend that 
seemss to exist is an increase of the scale factor 5 of the IC model below 10 MeV from region I to 
regionn III , i.e., from the inner Galaxy outwards. This may indicate that the scale height of the CR 
sourcess in the IC model, for which a value of 3 kpc was adapted (Strong & Youssefi 1995), is different 
att MeV energies. We point out that the strongly deviating values of s for region IV are a result of 
thee lack of structure in the celestial distribution of the IC model in the anti-center in combination 
withh the iteratively created instrumental background model. The (x,i>) distributions for both these 
modelss are similar, so that a fraction of the instrumental background events is wrongly assigned to 
thee IC model (or vice versa). This argument does not apply to the variations in the scale factors for 
thee fitted IC models in the other regions. There, the IC model contains sufficient celestial structure 
too be recognized, as is evident from the consistent scale factors found for the Monte-Carlo simulations 
off  the IC model in the GC and Cyg X-l regions (Section 3.4.5). 
Itt is remarkable that even for the 10-30 MeV energy range, which is closest to the lower-edge of the 
COS-BB and EGRET energy ranges, a consistent picture for the five regions is lacking. At the same 
time,, this is the only energy range for which > 2<r correlations between the 7-ray emission and the 
COO distribution are found (Table 4.4b). The fact that this was not found for all-sky fits (Strong et 
al.. 1996) may be the result of the improved instrumental background model used here (Section 3.4.4). 
Inn the other energy ranges, S'co is often assigned a significant negative value, especially in regions II 
too V. Even though the celestial distribution of the CO component is very different from those of the 
HII  and IC components, these negative scale factors appear to be the result of a complex interplay 
betweenn all three models and are not understood. 

•• The results of the fits are inconsistent due to technical reasons: the iteratively created instrumental 
backgroundbackground model cannot be used when diffuse models are fitted. In Section 3.4.5 it was shown that 
maximum-likelihoodd fits with this model, to an instrumental background and diffuse emission created 
fromm Monte Carlo simulations, correctly yield the input intensities for all three components of the 
diffusee emission. Indeed, no significant differences were found between the results for the two regions 
(II and III) considered. In Monte Carlo simulations, however, the simulated instrumental background 
hass a (x, VO distribution that is drawn from the (x, ^) distribution of the DRG (Section 2.4.6). For the 
limitingg case of infinitely high statistics, it can be shown that the background model from Section 3.4.3 
whenn applied to simulated data is equal to the simulated background itself. A technical reason for 
thee inconsistencies observed in Table 4.4 may therefore have its origin in the (x>V0 structure of the 
true,, unknown, instrumental background. As is currently understood, the (x>V0 structure of the 
instrumentall background deviates significantly from that of the DRG. This will then also result in 
deviationss of the background model with respect to the instrumental background. However, since 
thesee deviations occur on small scales in the (x, ty) plane, it is likely that their influence will average 
outt when the data from a large number of observations (~ 10 - 30 per region) is analysed. Moreover, 
onlyy ^-dependent deviations would play a role, since the background model incorporates a correction 
too eliminate (x, i>)  deviations that do not depend on (p. Summarizing, it cannot be fully excluded 
thatt the inconsistencies seen in Table 4.4 could be due to the background modelling itself, but any 
connectionn of this kind would not be easily understood either. 

4.3.44 Conc lus ion 

Thee unavoidable conclusion from the discussion above is that the origin of the diffuse Galactic 
emissionn observed with COMPTEL is not yet understood. A more extensive and detailed analysis 
off the diffuse emission, including correlation studies of different Galactic populations that might 
contributee to it, is outside the scope of this paper. The same applies to the interesting astrophysical 
implicationss of the failure to detect a correlation of the CO distribution with the emission below 
100 MeV (and perhaps also in the 10-30 MeV range) as observed with COMPTEL. For a recent, 
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comprehensive,, discussion concerning these matters the reader is referred to Strong et al. (1996). 
Ass a result of the above, there is a considerable uncertainty in the fluxes derived for point sources 

thatt lie close to the Galactic plane, as most of the BHCs do. In order to present estimates of these 
uncertainties,, we proceed as follows. The detailed celestial distribution of the Galactic diffuse emission 
att MeV energies is unknown and there is no globally consistent picture arising from the COMPTEL 
data.. However, nearly all of the diffuse-like emission observed in the sky maps that are presented 
inn Section 4.4 disappears when the HI and IC diffuse models are included in the model fitting prior 
too the search. This suggests that a significant fraction of the diffuse emission can be described by 
thesee models, even though the origin of the emission might be different. In addition, the inferred 
intensitiess connect smoothly to those derived in the neighbouring hard X-rays and high-energy 7-rays 
(Strongg et al. 1996). In the next Section, we will therefore tentatively assume that the HI and IC 
diffusee models are a first-order approximation of the underlying Galactic diffuse 7-ray background on 
topp of which source fluxes have to be derived. Only the HI and IC models will be included since no 
evidencee was found for CO-related emission in any of the regions (except perhaps for the 10-30 MeV 
range).. For each region, we will use the scale factors that were derived for that region. Because of the 
significantt differences in the scale factors between the regions and the possibility of local deviations in 
thee emissivities, we believe that this approach is better than fixing the scale factors for all regions at 
thee values obtained from all-sky fitting. It goes without saying that the results for the BHCs presented 
inn this thesis will benefit greatly from a better understanding of the Galactic diffuse emission at MeV 
energies. . 

4.44 The BHC search: results 
Inn Figs. 4.5 to 4.9, we present for each region the MLR maps in the 0.75-1 MeV, 1-3 MeV, 3-10 

MeVV and 10-30 MeV energy ranges. The left pages show MLR maps for which the Galactic diffuse 
emissionn was not modelled out, the right pages show the results obtained when the HI and IC models 
aree included and fixed at the values found in Section 4.3.3. The MLRs were multiplied by -1.0 if the 
correspondingg flux was less than 0.0. For the 10-30 MeV energy range two maps are shown, subject 
too <p selections of 0° - 36° and 4° - 36° respectively. From these maps it is evident that the inclusion 
off  the events with small <£'s leads to systematically higher MLRs and thus to higher inferred source 
detectionn significances (note, however, that the fluxes are generally consistent; see also Section 2.4.2). 
Forr region IV, a model for the Crab was included as well. Note that the values in MLR maps represent 
aa measure of the detection significances for point sources. The presence of diffuse emission must be 
determinedd from a maxi mum- likelihood fit of the celestial distributions, convolved with the instrument 
response,, to the events data space. 

Thee most striking feature to be seen in the MLR maps on the left pages is the concentration of the 
emissionn towards low latitudes, with a strong increase towards the inner Galaxy. This clearly argues 
forr a Galactic origin of this diffuse-like emission, the models for which were discussed in the previous 
section.. When these models are included, most of the emission is seen to disappear (right pages). 
Noticeablee exceptions are the 0.75-1 MeV and 1-3 MeV energy ranges for region V (Fig. 4.9b). The 
remainingg large-scale emission that is observed in these maps, which also shows up in all-sky imaging 
(Strongg et al. 1996), is not predicted by any of the diffuse models used here and poses a challenge to 
theoristss in the field of diffuse Galactic 7-ray astronomy. 

Wee point out that the large areas with negative fluxes on the left pages are inherent to the 
instrumentall  background model used (Section 3.4.5) and are caused by the presence of strong sources 
(diffusee emission, the Crab) in the field of view. When these sources are included as models, the 
systematicc negative features disappear (cf. the 1-3 MeV energy range in Figs. 4.5a,b and 4.8a,b). In 
thee only MLR map in which several strong negative features remain after the inclusion of the diffuse 
modelss (the 1-3 MeV map in Fig. 4.9b), there is significant positive emission as well. 
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Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SS433 3 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 

GS2023+338 8 
WRR 148 

A0620-00 0 
GRSS 1009-45 
GRSS 1124-684 

GS1354-64 4 
TrAA X-l 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

0.75-1 1 

<< 5.31 
<8.67 7 
<< 10.20 
<< 11.11 
<< 12.07 
<< 4.05 
<4.55 5 
<< 17.69 
<< 4.60 
<< 5.46 
<< 11.60 
<< 4.40 
<< 11.91 
<< 17.97 
<< 8.30 
<6.18 8 
<< 7.52 
<< 10.74 
<< 3.67 
<< 3.67 
<< 5.17 
<< 5.02 
<< 3.67 

1-3 3 

<9.77 7 
<9.47 7 
<< 19.56 
<< 10.89 
<< 9.61 
<< 8.25 
<4.38 8 
<< 19.52 
<< 13.77 
<< 5.38 
<< 4.49 
<4.55 5 
<< 19.24 
<< 25.46 
<< 12.70 
<< 14.48 
<< 15.72 
<< 17.90 
<< 21.28 
<< 15.14 
<< 7.27 
<< 20.24 
<< 20.71 

3-10 0 

<< 4.11 
<< 5.22 
<< 5.63 
<< 5.29 
<< 4.91 
<< 3.87 
<< 3.34 
<< 3.45 
<< 3.03 
<4.08 8 
<< 1.94 
<< 3.06 
<8.25 5 
<< 7.52 
<2.23 3 
<< 5.83 
<< 5.81 
<< 6.34 
<< 7.39 
<< 5.85 
<< 1.58 
<6.82 2 
<< 7.45 

10-30 0 

<< 2.51 
<< 2.50 
<< 3.10 
<< 1.84 
<< 1.32 
<< 0.71 
<< 1.00 
<< 0.88 
<< 0.66 
<< 1.30 
<0.65 5 
<2.30 0 
<2.85 5 
<4.01 1 
<< 1.68 
<< 2.65 
<< 1.97 
<< 2.69 
<2.72 2 
<< 2.11 
<< 1.66 
<3.35 5 
<3.64 4 

10-30* * 

<< 1.27 
<< 1.61 
<< 2.18 
<< 1.63 
<< 1.28 
<< 0.97 
<< 0.87 
<< 0.58 
<< 0.65 
<< 1.59 
<< 0.89 
<< 1.46 
<< 2.17 
<3.70 0 
<0.96 6 
<< 2.36 
<< 1.36 
<< 2.26 
<< 1.85 
<< 1.40 
<< 0.60 
<< 2.52 
<< 2.96 

R R 

I I 
I I 
II I 
II I 
II I 
II I 
II I I 
II I I 
II I I 
IV V 
V V 
V V 
V V 
V V 

TableTable 4.5. This table gives, for the standard energy intervals ([MeV]), the 2a upper limits on the lluxes 
assignedassigned to BHCs when the models for the diffuse emission have not been included in the analysis 
(cf.(cf. the left pages of Figs. 4.5 to 4.9). Flux units in columns 2-6 are 10~5 photons cm~2 s_1. The 
lastlast column gives for each BHC the region that was used to determine the upper limit. Note that the 
BHCsBHCs LMC X-l and LMC X-3 are located outside the defined regions and that GRO J0422+32 and 
CygCyg X-l are treated in more detail in Chapter 5. 

Tablee 4.5 gives the la upper limits on the fluxes assigned to the BHCs in the standard energy 
rangess when the models for the diffuse emission are not included in the analysis (i.e., corresponding 
too the left pages of Figs. 4.5 to 4.9). All fluxes and errors in this table were converted to la upper 
limits,, whatever the significance for a source detection at the position of the BHC. The reason for this 
approachh is that in this case the possible confusion with other point sources and the contribution of 
thee diffuse emission do not permit a determination of fluxes other than upper limits, especially for the 
GCC region. 

Inn Table 4.6 we present the fluxes and upper limits in the standard energy ranges when the 
modelss for the diffuse emission are included in the analysis (see Section 4.3.4). The fluxes in this table 
weree converted to 2a upper limits only if the detection significance (assuming 1 degree of freedom) 
wass less than 2er, which corresponds to an MLR of 4. It should be noted that also in this table 
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Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 
GS2023+338 8 

WRR 148 
A0620-00 0 

GRSS 1009-45 
GRSS 1124-684 

GS1354-64 4 
TrAX- 1 1 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

0.75-1 1 

<3.68 8 
<7.24 4 
<4.50 0 
<< 9.13 

5.700 + 2.69 
<4.05 5 
<4.55 5 

10.255 + 3.03 
<< 4.60 
<5.46 6 
<< 11.69 
<4.40 0 
<< 10.20 

8.588 + 3.80 
<7.45 5 
<3.93 3 
<5.48 8 
<< 7.07 
<3.68 8 
<3.67 7 
<4.93 3 
<3.68 8 
<3.67 7 

1-3 3 

<< 3.64 
<< 3.60 
<4.63 3 
<4.37 7 
<< 4.29 
<< 8.17 
<4.38 8 

8.955 + 2.50 
<< 9.87 
<5.38 8 
<< 5.52 
<4.55 5 
<7.89 9 
<< 12.97 
<< 8.97 
<4.22 2 
<< 7.75 
<5.42 2 
<6.68 8 
<4.97 7 
<6.09 9 
<5.69 9 
<< 5.53 

3-10 0 

<< 1.54 
<2.97 7 
<< 1.99 
<< 2.41 
<2.56 6 
<3.66 6 
<2.14 4 
<< 2.33 
<< 2.7i 
<< 3.17 
<< 1.94 
<2.05 5 
<4.61 1 
<3.17 7 
<2.23 3 
<< 1.96 
<< 2.60 
<< 1.73 
<2.26 6 
<< 2.17 
<< 1.58 
<< 1.53 
<2.17 7 

10-30 0 

<0.75 5 
<< 1.08 
<< 1.02 
<0.71 1 
<0.72 2 
<0.71 1 
<0.58 8 
<0.54 4 
<:: u.6i 
<< 1.15 
<0.65 5 

0.855 + 0.38 
<0.94 4 
<< 1.64 
<0.91 1 
<0.78 8 
<0.74 4 
<0.66 6 
<0.56 6 
<0.55 5 
<0.56 6 
<0.75 5 
<< 1.02 

10-30* * 

<0.76 6 
<< 1.22 
<< 1.09 
<0.76 6 
<0.76 6 
<0.96 6 
<0.63 3 
<0.58 8 
<< 0.65 
<< 1.51 
<0.93 3 
<< 1.32 
<< 1.17 
<< 2.60 
<< 0.96 
<< 1.03 
<< 0.78 
<< 0.99 
<0.60 0 
<0.60 0 
<0.60 0 
<< 1.25 

0.933  0.36 

R R 

I I 
I I 
II I 
II I 
II I 
II I 
II I I 
II I I 
II I I 
IV V 
V V 
V V 
V V 
V V 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

TableTable 4.6. This table gives, for the standard energy intervals ([MeV]), the fluxes and 2a upper limits 
assignedassigned to BHCs when the models for the diffuse emission have been included in the analysis (cf. the 
rightright pages of Figs. 4.5 to 4.9). For units see caption to Table 4.5. 

thee measurements may be influenced by source confusion, e.g., the high fluxes for GS2023+338 are 
influencedd by Cyg X-l , which is located only 5.5° away and has not been modelled out. The possible 
detectionss are further discussed in Section 4.5.1. 

Thee MLR maps (not shown) for the narrow energy ranges around 2.224 MeV, 4.438 MeV and 6.129 
MeV,, and around the corresponding redshifted lines, are rather empty and show only few excesses, 
mostt of which are of low statistical significance. Apart from a weak excess (MLR ~ 9) in the 4.438 
MeVV MLR map coincident with SS 433, all other features are at most marginally consistent with 
positionss of BHCs. A prominent diffuse-like component at low latitudes, as was observed in the MLR 
mapss for the wider energy ranges, is lacking in these maps (the possible presence of diffuse emission 
inn these narrow energy ranges which contain relatively few events should again be addressed using 
maximum-likelihoodd fits with data-space models for the diffuse emission). Because of the above, we 
havee not included figures containing these MLR maps. Table 4.7 gives the 2<7 upper limits on the 
fluxesfluxes from BHCs for the narrow energy ranges when the possible presence of Galactic diffuse emission 
iss neglected. Also for this table (as for Table 4.5), we have converted each flux to a 2a upper limit , 
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Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 

CygX-1 1 
GS2023+338 8 

WRR 148 
GROO J0422+32 

A0620-00 0 
GRSS 1009-45 

GRSS 1124-684 
GS1354-64 4 
TrAA X-l 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

2.224 4 

<< 1.25 
<< 2.34 
<< 3.27 
<< 1.99 
<< 1.52 
<< 1.61 
<< 1.49 
<< 2.77 
<< 2.29 
<< 1.85 
<< 2.78 
<< 2.32 
<< 1.58 
<< 1.62 
<< 4.79 
<4.99 9 
<< 3.85 
<< 1.89 
<< 2.65 
<< 2.44 
<< 2.88 
<< 2.32 
<< 1.28 
<< 2.19 
<< 2.11 

4.438 8 

<< 1.04 
<< 0.79 
<< 1.31 
<< 2.54 
<< 1.93 
<< 0.87 
<< 1.47 
<< 1.89 
<0.81 1 
<< 1.30 
<< 1.28 
<< 1.01 
<< 1.53 
<< 1.35 
<< 1.78 
<< 2.16 
<< 1.02 
<< 1.71 
<< 1.28 
<< 1.43 
<< 1.41 
<< 1.27 
<< 1.19 
<< 1.31 
<< 1.41 | 

6.129 9 

<< 1.31 
<< 0.88 
<< 1.47 
<0.94 4 
<< 0.78 
<< 1.09 
<< 0.73 
<< 1.11 
<0.85 5 
<< 0.79 
<< 1.17 
<0.91 1 
<0.80 0 
<< 1.53 
<< 0.99 
<< 1.97 
<< 1.30 
<< 1.37 
<< 1.85 
<< 1.23 
<< 1.00 
<< 1.15 
<0.65 5 
<< 0.63 
<< 1.08 

2.0 0 

<< 1.45 
<2.58 8 
<< 5.49 
<< 2.01 
<< 1.49 
<< 2.53 
<< 1.47 
<< 3.09 
<< 1.80 
<< 2.21 
<< 2.77 
<< 1.95 
<< 1.55 
<< 2.20 
<< 3.71 
<< 3.76 
<< 3.81 
<< 3.50 
<< 2.86 
<< 2.94 
<< 3.46 
<< 2.25 
<< 1.56 
<< 2.44 
<< 2.68 

4.0 0 

<< 1.69 
<< 1.30 
<< 1.08 
<< 1.84 
<< 1.40 
<< 1.65 
<< 1.34 
<< 2.14 
<< 1.93 
<< 2.11 
<2.07 7 
<2.05 5 
<< 1.06 
<< 1.09 
<2.60 0 
<2.47 7 
<< 2.14 
<< 1.97 
<< 2.33 
<< 1.21 
<< 1.75 
<2.27 7 
<0.85 5 
<< 1.78 
<< 1.89 

5.5 5 

<< 0.95 
<< 1.50 
<< 1.86 
<0.89 9 
<0.90 0 
<< 1.33 
<< 1.07 
<< 1.24 
<< 0.82 
<< 1.66 
<< 1.32 
<< 1.31 
<< 1.19 
<< 1.47 
<< 1.40 
<< 1.61 
<< 1.02 
<< 1.22 
<< 0.88 
<< 1.80 
<< 2.05 
<< 1.34 
<0.96 6 
<< 1.93 
<< 1.87 

R R 

I I 
I I 
II I 
II I 
11 1 
II I 
II I I 
II I I 
II I I 
II I I 
IV V 
IV V 
V V 
V V 
V V 
V V 

TableTable 4.7. This table gives, for the narrow energy intervals ([MeV]), the 2a upper limits on the üuxes 
assignedassigned to BHCs when the models for the diffuse emission have not been included in the analysis. 
ForFor units see caption to Table 4.5. 

whateverr the significance for a source detection at the position of the BHC. We point out that the 
usee of (modified) SRCLIX type of instrumental background models (Sections 3.4.3 and 3.4.4), gives 
ann estimate for the sum of the continuum and -y-ray line emission. The upper limits in Table 4.7 thus 
nott only include a possible contribution from the Galactic diffuse emission, but also the underlying 
continuumm flux in these narrow energy ranges, if present. In this respect, the excess in the 4.438 MeV 
mapp coincident with SS 433 must presently be regarded an upper limit as well. 
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4.55 The BHC search: discussion 

4.5.11 On individua l sources 
Wee will now briefly discuss the positive flux measurements listed in Table 4.6. In this section, 

wee take 1 degree of freedom to determine detection significances of the BHCs that are positionally 
consistentt with excesses in the MLR maps. No corrections for the number of trials are made. For 
comparison,, in an all-sky survey made with COMPTEL a number of ~ 6 statistical fluctuations above 
ZaZa are expected in a single energy range (assuming that point sources separated by more than 5° can 
bee resolved). 

•• GRS 1915+105: The 0.75-1 MeV sky map for the SS 433 region shows a weak excess consistent 
withh this BHC, which has been found to eject radio-emitting lumps at a superluminal speed (Mirabel 
&& Rodriguez 1994). The detection significances at the position of GRS 1915+105 before and after 
thee inclusion of the diffuse emission are 2.6a and 2.2a respectively. In the individual observations 
forr this region, in general no significant emission from this position is seen, except for Obs. 318 in 
thee first week of February, 1994 (S. Brandt, internal COMPTEL communications). The 0.75-1 MeV 
MLRR map for this observation (Fig. 4.10, right picture) shows a weak excess that is consistent with 
GRSS 1915+105. If the BHC is indeed the origin of this excess, a detection significance of ~ 2.9cr 
andd a flux of (3.7  1.3) x 10~4 photons cm - 2 s_ 1 (0.75-1 MeV) is implied (cf. the 2a upper limit 
duringg Obs. 203.0+203.3+203.6 of 2.3 x 10~4 photons cm - 2 s"1). When the HI and IC models for the 
Galacticc diffuse emission are included, with scale factors as determined from the fits to the complete 
Cygg X-l region (Table 4.4), the flux changes only by 0.2<r. 
Thee 0.75-1 MeV flux at the position of GRS 1915+105 during Obs. 318 is roughly a factor of 
100 higher than the time-averaged flux listed in Table 4.6 and would imply a luminosity of 2.6 x 
IQ^iD/Q.SIQ^iD/Q.S kpc)2 erg s - 1 for an assumed power-law spectrum with a photon spectral index of -2 .5 
(note,, however, that the upper limit in the 1-3 MeV range is incompatible with this assumed spec
trum).. Such a luminosity is only a small fraction of that inferred for the 8-150 keV range during 
observationss on September 23 and 24 (TJDs 8888-8889), 1992 (Sazonov et al. 1994). It is interesting 
too note that Obs. 318 was performed during the second large X-ray outburst of GRS 1915+105, which 
lastedd roughly from December 1993 to April 1994 (Fig. 4.10, left picture). The average 20-100 keV 
fluxflux measured by BATSE during this and the previous large outburst (May 1992 to July 1993) was 
roughlyy 200-250 mCrab, with a highly variable spectral hardness (Paciesas et al. 1995a). For Obs. 43 
(Octoberr 29 - November 3, 1992), which was performed during the first large outburst, a 2a upper 
limitt of 5.5 X 10~4 photons cm - 2 s_ 1 is obtained in the 0.75-1 MeV range. This upper limit is con
sistentt with the flux measured during Obs. 318 and also with the extrapolated power-law spectrum 
measuredd with SIGMA on September 23-24, 1992 (Finoguenov et al. 1994), from which a 0.75-1 MeV 
fluxflux of 7.9 x 10~5 photons cm - 2 s_ 1 is expected. Note that the average BATSE flux in the 20-100 
keVV range (Paciesas et al. 1995a) is considerably higher (~ 40%) than the flux measured with SIGMA 
(Finoguenovv et al. 1994). 

 GS2023+338: This source is perhaps the most interesting candidate for 7-ray emission apart 
fromm GRO J0422+32 and Cyg X-l, because of the observed high 0.2-10.0 keV luminosity during 
thee quiescent state (~ 6 x 1033(rf/3.0 kpc) erg s_1; Wagner et al. 1994) compared to that for other 
BHCss (e.g. McClintock, Home & Remillard 1995). When we include a data-space model for Cyg 
X-ll in the 0.75-1 MeV range, the 2a upper limit for GS2023+338 (cf. Table 4.5) is reduced to 
11.11 x 10~5 photons cm - 2 s - 1 . After the models for the Galactic diffuse emission are also taken into 
account,, this upper limit decreases to 9.7 x 10~5 photons cm - 2 s"1 (cf. Table 4.6). 
Thee analysis for GS2023+338 in the 1-3 MeV range is somewhat more complicated, because the 
observedd excess peaks at (l,b)v (76.5°,-0.5°) with a maximum MLR of 19.3 (Fig. 4.11a). A possible 
(diffuse)) counterpart contributing to this excess is the local enhancement in the HI distribution at 
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555 50 45 40 35 

FigureFigure 4.10. Left: This picture shows the time coverage of the two major outbursts ofGRS 1915+105 
(vertical(vertical fill  pattern) as seen with BATSE (Paciesas et al. 1995a), together with the time coverage of 
thethe COMPTEL observations (horizontal fill  pattern) for which GRS 1915+105 was within 30° of the 
pointingpointing direction (Obs. 2.0, 7.0, 7.5, 13.0, 20.0, 43.0, 231.0, 318.0, 328.0, 330.0, 331.0, 331.5, 332.0, 
333.0).333.0). The most relevant observations, Obs. 43 and Obs. 318, are indicated; Right; This picture 
showsshows the 90% and 95% location contours for the excess observed in the 0.75-1 MeV energy range in 
Obs.Obs. 318. The position of GRS 1915+105 is indicated with an asterisk. 

slightlyy larger longitudes. Indeed, when the. HI and IC data-space models for the Galactic diffuse 
emissionn are included in the analysis, with scale factors determined from the fits to the Cyg X- l region 
(Tablee 4.4), the remaining weak excess is consistent with GS2023+338 (Fig. 4.11b). Another possible 
counterpartt for the excess observed in Fig. 4.11a, is the Galactic 26A1 line emission at 1.809 MeV. The 
celestiall  distribution of this component as observed with COMPTEL (Oberlack et al. 1996), shows a 
weakk excess that is consistent with the position given above. Finally, we cannot exclude contributions 
fromm 2EG J2019+3719, 2EG J2020+4026 and 2EG J2026+3610, which are three nearby sources 
fromm the second E G R ET catalog (Thompson et al. 1995). The low fluxes and upper limit s in the 
COMPTELL energy ranges, however, indicate that one or more of these sources must exhibit a spectral 
break,, given their power-law spectra in the EGRET range. When we include a data-space model 
forr Cyg X- l only (Fig. 4.11a), the 2a upper limi t for GS2023+338 in the 1-3 MeV range becomes 
15.99 x 1 0- 5 photons cm"2 s- 1 (cf. Table 4.5). After the models for the Galactic diffuse emission 
aree also taken into account (Fig. 4.11b), we obtain a flux of (5.3  2.6) x 10~5 photons c m- 2 s- 1 

(cf.. Table 4.6). Given the uncertainties due to the possible source confusion (see above), this weak 
fluxx must be regarded an upper limit . Hence, COMPTEL does not detect significant time-averaged 
emissionn from GS2023+338 in the standard energy ranges; the high fluxes in Table 4.6 are due to 
confusionn with the nearby Cyg X- l . 

However,, in the ML R maps for the individual observations (in which Cyg X- l has not been modelled 
out),, there are several hints for an extension of the Cyg X- l contours in the direction of GS2023+338. 
Thee most extreme example of this is the ML R map for the 1-3 MeV range for Obs. 318 (Fig. 4.11c). 
Thee observed excess with a peak ML R of 18.1 is not consistent with Cyg X- l at the > 3(7 level. 
Whenn the models for the diffuse Galactic emission are included as well (Fig. 4 . l i d ), the excess has a 
maximumm ML R of 12.0 and is consistent with Cyg X-l only at the 2.7a level. In both cases, however, 



4.5.4.5. THE BHC SEARCH: DISCUSSION 151 151 

10 0 

b b 

0 0 

- 5 5 

- 1 0 0 

- 1 5 5 

/ ' • * . ' ' 

L L 
N N 

/ / 
X X 

\ \ \ \ 
\ \ 

V V 

/ / 

s s 

(c) ) 
/ / 

vv / 

// / 

/ / 

V V 

^ ^ 

// / 
/ / 

f f 

/ / 
/ / 

// ^ 
/ / 

/ / 

N N 

// -
ss / 

X,, / 

// . . . -

1U U 

5 5 

0 0 

- 5 5 

- 1 0 0 

- 1 b b 

7 ^ ^ 

*. . 
s s 

J' J' 
/ / 

\ \ 
\ \ 

\\ \j_y \. 

"XX / 

/""  ^ / / 
/ / 

/ / 
x/xx r ^ 

''  ^ V 

,, < \ x . , 

(b) ) 
// / 

M; ; 

5> > 
xx / 

/ / 
/ / 

V.. / 

/ / 
/ / 

/ / 
/ / 

*bV V 
. . 

/ / 
/ / 

/ / 

/ / 
r-r- x, : 

> > 
--

--

>> x-

1 1 

rr / 

//
// -

// /" 

855 80 75 70 65 60 

10 0 

00 -

- 5 5 

- 1 00 -

- 1 5 5 

11 ' X A I 

--
"" X 

X X 

/ / 
\ \ 

\ \ 
\ \ 

X X 

11 ' 

/ / V V 

// N 

XX 1 
x7 7 

ii . 

•• • i^i ' I  ' I 
y // / 

^^  / 
xx / 

// x ^ X 

^ ^ // / 
/ / 

/ / 
/ / 

** . .N . 1 . , . . 1 

'-. . 

x\\ / 

J> > // / 

,, , . y , 
* ** X . / 

7-- x, • 

// "* 
/ / / / 

/ / 

--
v . . 

x.. 1 

\\ /
\\ / -

-- J ' ' 
yr/ yr/ 

X X 755 70 65 60 85 5 755 70 65 60 

in in 

FigureFigure 4.11. This figure shows the 1-3 MeV MLR maps for the summed observations of the Cyg X-l 
regionregion (upper pictures) and for Obs. 318 (lower pictures). The '*'  and the '+'  denote the positions of 
GS2023+338GS2023+338 and Cyg X-l respectively. The contours are the la, 2a and 3a location contours, unless 
specifiedspecified differently, ( a ): including a data-space model for Cyg X-l; (b): including data-space models 
forfor Cyg X-l, HI and IC. The contour levels for this picture represent MLRs, starting at 3.0, with a 
stepsizestepsize of 3.0; (c): no models included; (d): including data-space models for HI and IC. 

thee emission is coincident with GS2023+338. Because this is one of the sources that contain high 
lithiumm abundances (Section 4.1.4), a detection in the 1-3 MeV range would be potentially interesting 
duee to the possible presence of a 2.224 MeV line from neutron capture by hydrogen. However, the 
present,, crude, methods for detecting 7-ray line emission do not show evidence for significant line 
features.. We therefore conclude tha t, although we cannot exclude a contribution from 7-ray lines, the 
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1-33 MeV flux for Obs. 318 at the position of GS2023+338 is not dominated by a 2.224 MeV line, since 
thatt would have shown up in the present spectra. 

Assumingg for now an E~2 ° power-law continuum spectrum, the 1-3 MeV flux at the position of 
GS2023+3388 during Obs. 318 is (4.5 ) X 10"4 photons cm"2 s"1, which is reduced to (3.6  1.0) X 
lO - 44 photons cm- s- 1 when the data-space models for the Galactic diffuse emission are incorporated 
(withh the scale factors obtained from the fits to the Cyg X-l region). The upper limit for the 0.75-1 
MeVV range is consistent with this spectrum, but it does not support soft spectra that have photon 
spectrall  indexes smaller than -2.7. The 2a upper limit for the 3-10 MeV range is below the expected 
flux,flux, indicating a different spectral shape above 3 MeV than the simple E~2-0 power law assumed here. 
Iff  the emission indeed originates in GS2023+338, a luminosity of (1.0  0.3) x 1036 erg s"1 during 
Obs.. 318 would be implied, assuming an E~20 power law spectrum and a distance of 3.0 kpc. The 
weakk excess in the 1-3 MeV MLR map for the Cyg X-l region (Fig. 4.11b) is probably dominated by 
thee contribution from this observation and corresponds to a time-averaged luminosity of (1.5 ) x 
10355 erg s"1. This would correspond to an accretion rate of M = L/TJC2 = 2.6 x 10_11(0.1/?7) M 0 yr^1, 
withh rj  the efficiency of the conversion of mass to radiative energy, which is highly uncertain at these 
energies.. Note that, if the flux measured in Obs. 318 is a rare phenomenon, the time-averaged fluxes 
mayy decrease when more observations are added. 

•• WR 148: Although the flux levels for this source do not reach the requirement to be included 
inn Table 4.6, it should be noted that there is an excess consistent with this source in the 1-3 MeV 
rangee for the Cyg X-l region (Fig, 4,7a). WR 148 is a spectroscopic Wolf-Rayet binary which has 
attractedd attention in the past because of its unusually low mass function (~ 0.3 M s ) and the large 
heightt (~ 800 pc) above the Galactic plane (Drissen et al. 1986). The optical light curve shows broad, 
shallow,, dips when the WR star is in front (Moffat fc Shara 1986) which, in view of the probable 
inclinationn of ~ 67°, are not caused by eclipses but by variable absorption (Drissen et al. 1986). The 
systemm seems to be associated with a small and a large HI ring-shaped shell detected both in radio 
andd in IR (Dubner et al. 1990). For reasonable values of the inclination and the mass of the WR-
star,, the unseen companion is inferred to be heavier than ~ 4 M© (Drissen et al. 1986). However, 
thee nature of the companion is still a mystery. Neither a normal main-sequence star nor a black 
holee fits well into the general picture of the binary: a main-sequence star is difficult to reconcile 
withh the observed luminosity dips and the inclination, while the absence of radio-continuum emission 
(Dubnerr et al. 1990) and X-ray emission (Pollock 1987) sheds doubt on the presence of an accreting 
blackk hole. If the absence of X-ray emission from accretion is hypothesized to be due to very large 
absorptionn (Moffat & Seggewiss 1979), a detection of the source in 7-rays might still be possible. The 
COMPTELL excess near the position of WR 148 should therefore be regarded a tentative, but by no 
meanss conclusive, result which could be substantiated by a detection of flux variations correlated with 
thee orbital period of ~ 4.3 days. 
Theree has been no report of a close-by EGRET source, but a search in the SIMBAD database near 
thiss position returns several other possible counterparts, including a number of EINSTEIN sources. 
Anotherr possible candidate is Nova Cyg 1992, which was discovered in the optical on February 19, 
19922 by Collins (1992). COMPTEL upper limits on the 22Na 7-ray line emission (1.275 MeV) from 
thiss nova, located at (/,&) = (89.13,+7.82), were previously reported by Iyudin et al. (1995). Taking 
intoo account the mean life time of 22Na of 3.75 years and the many more post-outburst observations 
includedd in the search presented here, the possible (marginal) detection of this source would not be 
inn contradiction with the non-detection in Iyudin et al. (1995). We will have to await refined spectral 
analysiss methods to determine if the 1-3 MeV excess is consistent with a continuum spectrum or that 
itt also contains one or more spectral lines. 

•• GRS 1124-684: The flux measurement for this source in the 10-30 MeV energy range is of 
marginall significance only and is below the la significance level when the tp > 4° selection is applied. 
Sincee BHCs are not a priori expected to emit in this energy range, we should also take into account 
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thee number of trials in energy space. Therefore, we consider this measurement to be statistically 
insignificant. . 

•• GRO 31655-40: This is, like GRS 1915+105, a superluminal source which was observed with 
BATSEE to be in outburst several times during 1994 (Zhang et al. 1994; Tingay et al. 1995; Harmon 
ett al. 1995a). A preliminary analysis of the COMPTEL data obtained during a target-of-opportunity 
observationn (Obs. 336.5; 4-9 August, 1994), revealed no evidence of this source at MeV energies 
(McConnelll 1995), with 0.75-1 MeV upper limits that are consistent with the extrapolation of the 
BATSEE data. We have now analysed also Obs. 338.0, the second dedicated observation lasting only 
twoo days, and again find no evidence for this source. 

•• A1524-62: The > 2a flux measurements for this source in the 0.75-1 MeV and 1-3 MeV energy 
rangess are obtained in a region which contains much more residual emission, most or all of which 
iss not understood {Fig. 4.9). Moreover, there is no real evidence for a point source at or near this 
location,, (although the weak excess near (/, b) = (324.5, —7,5) is formally consistent with A1524-62 at 
thee ~ 3<r level). Therefore, we do not regard these measurements as evidence for weak emission from 
A1524-62. . 

•• IE 1740.7-2942: Also for the position of this source, the significance of detection is low and is 
onlyy obtained for one of the two ^-selections applied to the data in the 10-30 MeV energy range. In 
addition,, source confusion may play an important role near the Galactic center, more than in the rest 
off the Galactic plane. In view of this, we regard also the positive flux for IE 1740.7-2942 in Table 4.6 
ann upper limit. 

4.5.22 On the BHCs in general 
Thee search performed in Section 4.4 has not revealed significant (> 3er) time-averaged MeV 

emissionn for any of the BHCs included (for COMPTEL results on GRO J0422+32 and Cyg X-l see 
Chapterr 5). Typical upper limits on continuum emission in each of the standard energy ranges and on 
7-rayy line emission in the selected narrow energy ranges are shown in Table 4.8. These values are the 
resultss of the most sensitive systematic searches for time-averaged continuum and 7-ray line emission 
fromm BHCs in the 0.75-30 MeV range to date. For comparison, the typical 95% upper limit on a 1 
MeVV 7-ray line from the direction of the Galactic center derived from observations with SMM/GRS 
betweenn 1980 and 1987 is 2 x 10~4 photons cm - 2 s - 1 (Harris et al. 1990), while the upper limits for 
0.6-7.00 MeV emission from Cyg X-l during 12 day intervals in the period 1981-1989 derived with the 
samee instrument are roughly 2.4 Crab units (Harris et al. 1993). The COMPTEL upper limits on 
continuumm emission in Table 4.8 are comparable to the COMPTEL upper limits previously published 
(McConnelll et al. 1996), although the latter are somewhat lower at lower energies. These differences 
mayy be due to differences in the amount of observations used, to differences in the treatment of the 
Galacticc diffuse emission and to differences in the instrumental background model, and are therefore 
indicativee for the magnitude of the systematic uncertainties. 

Mostt of the BHCs included in the search were quiescent at hard X-rays over the last few years 
duringg which the COMPTEL observations were performed (as inferred from the continuous BATSE 
monitoring).. The classical* understanding of transient BHCs in quiescence is that they contain a nearly 
'empty'' accretion disk, which is slowly filled with matter that is transferred from the companion. This 
iss inferred from the low (but often observable) X-ray flux (Mineshige et al. 1992; Wagner et al. 1994; 
McCUntock,, Home & Remillard 1995), which is a measure of the mass-accretion rate M at the inner 
edgee of the disk, and from optical observations that provide information on the mass-transfer rate 
MMTT at the outer edge of the disk. In the case of 1A0620-00, McClintock, Home k Remillard (1995) 

•• See, e.g., Narayan & Yi (1995) for advection-dominated accretion disks, which form a recently 
re-discoveredd solution to problem of rotating accretion flows around black holes and neutron stars. 
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7-rayy line emission 

E E 
[MeV] ] 

2.224 4 
4.438 8 
6.129 9 
2.0 0 
4.0 0 
5.5 5 

lala upper limit 
photonss cm- 2 s- 1 

2.44 x 10"5 

1.44 X 10"5 

1.11 x 10~5 

2.66 X 10"5 

1.77 x 10- 5 

1.33 x 10"5 

continuumcontinuum emission 

E E 
[MeV] ] 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 

10-30* * 

2(77 upper limit 
photonss cm- 2 s- 1 MeV-1 

2.33 x 10"4 

3.11 x 10"5 

3.44 x 10"6 

4.00 x 10"7 

4.99 X 10"7 

TableTable 4.8. Typical upper limits {or the time-averaged fluxes of BHCs. These numbers are averages 
ofof the values given in Tables 4,6 and 4.7. Left: Upper limits on continuum emission in broad energy 
ranges,ranges, corrected for the contribution from the Galactic diffuse emission. The asterisk denotes the 
deviatingdeviating <p-selecthn of 4° — 36°. Right: Upper limits on f-ray line emission. The latter values still 
containcontain the possible contributions from continuum emission and from the Galactic diffuse emission. 

findfind M < 5 x 10~15 M@ yr - 1 and Mr ~ 10~10 M 0 y r - 1. After a certain amount of time has passed 
(typicallyy more than a decade), the disk is thought to undergo a thermal instability, leading to the 
thee dramatic outbursts mentioned in Section 4.1. However, are the BHCs truly quiescent between the 
largee outbursts, and is the recurrence time indeed several decades? 

AA number of observations of BHCs during the last few years have revealed previously unknown 
behaviourr of these systems. Most remarkable has been the discovery of the ejection of lumps of 
matterr at superluminal velocities during outbursts of the BHCs GRS 1915+105 and GRO J1655-40 
(Mirabell  & Rodriguez 1994; Tingay et al. 1955). It is possible that GX 339-4, which shows similar 
outburstt patterns (Paciesas et al. 1995b), and IE 1740.7-2942, for which radio jets have been observed 
(Mirabell  et al. 1992), also belong to this type of BHCs. Long-term monitoring of GRS 1915-1-105 
andd GRO J1655-40 indicate that in general the onset of the radio outbursts (Rodriguez et al. 1995; 
Greiner,, Predehl tz Pohl 1995) occurs at the time when the outburst in X-rays is decaying (Paciesas 
ett al. 1995a). These observations led Greiner, Predehl & Pohl (1995) to propose a general picture 
forr the outbursts of such systems, which starts with an X-ray outburst that is associated with an 
increasedd accretion rate, followed by an outflow of (part of) the infalling matter. The matter moving 
outwardss (which is prevented to accrete for some unknown reason) is proposed to be responsible for 
thee subsequent radio emission. Liang fo Li (1995) showed that the lumps of matter observed for GRS 
1915+1055 may be 'pair plasmoids' that are accelerated by the radiation pressure from the hard X-rays. 
Thee large number of pairs that is needed may be liberated in an inner accretion disk region, when 
itt is shielded from the soft photons that normally cool the hot plasma. This may lead to so-called 
'superheating'' of the plasma (kTe ~ rnec

2 keV), which will result in pair production through 7 — 7 
interactionss when the compactness / (« L/R with L the luminosity and R the diameter of the 7-ray 
producingg volume) is large (Liang &; Li 1995). We may expect to observe 7-rays from this type of 
systemss during several parts of the complete outbursts. For instance, during the X-ray outbursts 
themselves,, the extrapolations of the observed hard X-ray spectra predict MeV fluxes close to the 
sensitivityy limit of COMPTEL. If the scenario described above is correct, we might also expect to 
seee an MeV bump during the 'superheating' phase whenever the compactness of the inner region is 
nott large enough to convert all 7-ray photons into electron-positron pairs. The outbursts in these 
superluminall  transient BHCs appear to have a typical frequency of the order of 1 yr - 1 and are seen to 
lastt up to several months (Harmon et al. 1995b). A detectable time-averaged signal at MeV energies 
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iss therefore conceivable. We note that Obs. 231, for which no significant emission from GRS 1915+105 
wass found, was performed when the X-ray flux had already decayed, so that the putative 'superheating1 

phasee which is expected to last only a few days may have been missed. 
Anotherr type of phenomenon which may serve to show the lack of understanding of the quiescent 

phases,, is the detection of so-called mini outbursts from the transient BHCs GRO J0422+32 (Callanan 
ett al. 1995; Chevalier k Ilovaisky 1995) and GRS 1009-45 (Bailyn & Orosz 1995) several hundred 
dayss after the main outbursts. During these mini outbursts, lasting typically 10-20 days, the sources 
brightenn several magnitudes in the optical. For GRO J0422+32, there is suggestive evidence for a 
"-- 120 day periodicity when the mini outbursts are combined with the secondary X-ray outburst 
(Callanann et al. 1995). A pointed ASCA observation, which was performed when the first optical 
minii  outburst for GRO J0422+32 was in progress, found this source also in X-rays, at the level of 1 
mCrabb in the 0.5-10 keV range (Tanaka 1993). Unfortunately, there is no information on the X-ray 
emissionn between the mini outbursts, so it is not known whether it correlates with the mini outbursts 
orr whether it is steady. 

Finally,, we point out that the inferred recurrence times of several decades for some of the BHCs 
(e.g.,, 1A0620-00 and GS2023+338), are in fact only upper limits (outbursts may have been missed) 
soo that the actual timespan between outbursts may be lower. Most noticeable is the extremely short 
recurrencee time of ~ 600 days for the BHC 4U 1630-47, in which an outburst mechanism different 
fromm that in other BHCs may play a role (Parmar, Angelini k White 1995). Recently, a search for low-
Muxx transients in archival BATSE data resulted in the discovery of similar short-recurrence outbursts 
(300-4000 days) from the BHC EXO 1846-031 (Grindlay et al. 1994). 

Thee examples of recent unexpected behaviour of transient BHCs discussed above clearly indicate 
thatt the picture we have of these systems (long quiescent periods during which the systems have very 
loww and constant X-ray and optical emission, separated by strong outbursts once every few decades) 
mayy be too simple. In fact, it is still not precisely known what the outburst mechanisms are in all these 
differentt types of BHCs, although accretion-disk instabilities likely play a role in some of them (see 
Sectionn 4.1). Detectable time-averaged 7-ray emission cannot be excluded in view of the extrapolations 
off  the hard X-ray spectra and the predictions of some theoretical models. However, the present 
indicationss for MeV emission from the transient BHCs GRS 1915+105 and GS2023+338 obtained 
withh COMPTEL (Section 4.4) are all of low significance (< 3a) and do not permit a comparison with 
theoryy beyond speculation. Bearing this in mind, the possible detection of GS2023+338 in the 1-3 
MeVV range in Obs. 318 would be most remarkable because no outburst of this source in X-rays has 
beenn reported during the last years. This hint is similar to that found for GRO J0422+32 in the 1-2 
MeVV range in Obs. 325 (Section 5.2.5). We have checked the BATSE Earth-occultation light curve 
forr GS2023+338, but have not found evidence for significant hard X-ray emission since April 1991 
untill  1995 (Grindlay et al. 1996). In Obs. 318 the 3<r upper limit is about 0.01 photons cm"2 s- 1 

(20-1000 keV). A 4.5a flux (0.018 photons cm"2 s- 1) was found roughly two weeks later. We, however, 
cannott make definite association of this flux with GS2023+338 due to the limited angular resolution 
off  BATSE (about 1 degree at this flux level) and possible weak source interference for the occupation 
analysiss (S.N. Zhang, private communication). 
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