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ABSTRACT

We present the results of the spectral analysis of 42 simultaneous broad-band Ginga—OSSE and
RXTE—-OSSE observations of Cygnus X-1 carried outin 1991 and 1996-1999. The broad-band
spectra from 3 to ~1000 keV can be well described by the thermal Comptonization model
with reflection from the cold disc, with an additional soft component visible below 10 keV.
The relative contribution of this component to the total energy flux appears to be higher in the
spectra with larger reflection amplitude and steeper photon index of the thermal Comptonized
component. We consider a number of physically realistic models to describe the shape of the
E < 10 keV excess. The additional soft component can result from thermal Comptonization
by electrons with a low Compton parameter, or can be a part of a non-thermal, power-law-like
emission extending above 1 MeV.

We study correlations between parameters obtained from the spectral fits with different
models. We confirm a general correlation between the photon index I' and the amplitude of
reflection R. We find that simple phenomenological models (such as power law plus Compton
reflection) applied to the narrow band (3-20 keV) data overestimated the values of R and I,
although the simple models did rank correctly the spectra according to R and I', as demonstrated
in the original publications on this subject.

The dynamic corona model provides a satisfactory description of the observed correlation,
while the hot inner disc models have problems in reproducing it quantitatively. On the other
hand, in the context of the dynamic corona model it is difficult to understand correlations
with the timing characteristics, which seems natural in the hot disc scenario. We do not find
significant correlation between the electron temperature and other spectral parameters, while
the optical depth of the hot medium seems to decrease when the spectrum becomes softer. It
is also shown that spectral parameters are well correlated with the timing characteristics of the
source.

Key words: accretion, accretion discs — black hole physics — stars: individual: Cygnus X-1 —
gamma-rays: observations — X-rays: binaries.

its gravitational energy in the form of X-rays deep in the potential

1 INTRODUCTION well. Accretion may proceed in a number of regimes. The accret-

Matter accreting on to a black hole, whether supermassive in Seyfert
galaxies or stellar mass in Galactic X-ray binaries, releases most of
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ing gas can approach the black hole in a disc-like configuration
(Shakura & Sunyaev 1973) if the gravitational energy is effectively
transported away in the form of radiation, or in the form of an almost
spherical flow if the energy exchange mechanism between protons
(carrying most of the energy) and electrons is inefficient (Shapiro,
Lightman & Eardley 1976; Ichimaru 1977; Narayan, Mahadevan &
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Quataert 1998). Magnetic fields can play an important role trans-
porting a large fraction of the total available energy and dissipating
it in a rarefied medium (corona) above the disc (Galeev, Rosner &
Vaiana 1979; Tout & Pringle 1992; Svensson & Zdziarski 1994;
Beloborodov 1999a; Miller & Stone 2000). However, every model
is based on a number of assumptions that include prescriptions for
the viscosity, the vertical distribution of the energy release through
the flow, the energy transport mechanisms, etc. Given the difficul-
ties in the accretion physics, observations should help in choosing
among the different possibilities as well as guiding theoreticians in
the right direction.

Cygnus X-1, one of the best studied black hole binaries (BHBs),
has served as an accretion disc laboratory since the end of the 1960s.
The most dramatic observed phenomena are the spectral state transi-
tions occurring every few years, when the source, typically emitting
most of its energy at about 100 keV in the hard state, switches
to a soft state consisting of a prominent ~1-keV blackbody and a
power-law-like tail. The hard state spectrum was believed to origi-
nate from thermal Comptonization in a hot electron cloud (Shapiro
et al. 1976; Ichimaru 1977; Sunyaev & Triimper 1979; Sunyaev &
Titarchuk 1980). The blackbody-looking soft-state spectrum was as-
sociated with the optically thick accretion disc (Shakura & Sunyaev
1973), while the origin of ~100-keV emission in that state was not
discussed much, because the detailed spectrum was not available.

During the last decade, the quality of the X/y-spectra increased
dramatically improving our knowledge as well as producing many
new questions. In the hard state, the spectrum turns out to be
rather complicated containing a number of components. Thanks
to the broad-band coverage by Ginga and CGRO (and later by
ASCA, RXTE and BeppoSAX), and advances in modelling of Comp-
tonization at mildly relativistic temperatures (Coppi 1992; Poutanen
& Svensson 1996), the parameters of the electron cloud where
Comptonization takes place were determined to a high accuracy.
In Cyg X-1, the electron temperature of k7. ~ 100 £ 50 keV and
Thomson optical depth of v ~ 1-2 were found to be typical
(Zdziarski et al. 1996, 1997; Gierlinski et al. 1997; Poutanen 1998;
Di Salvo et al. 2001; Frontera et al. 2001; Zdziarski & Gierlinski
2004). The Compton reflection bump, a signature of the pres-
ence of cold matter in the vicinity of the X-ray emitting source,
was discovered (Done et al. 1992; Ebisawa et al. 1996; Gierlinski
et al. 1997). The blackbody associated with the cooler accretion
disc (Baluciriska & Hasinger 1991; Balucifiska-Church et al. 1995;
Ebisawa et al. 1996) and an additional soft excess at a few keV of un-
known origin further complicate spectral decomposition (Di Salvo
etal. 2001; Frontera et al. 2001). A high-energy excess at >500 keV
discovered by CGRO (McConnell et al. 1994; Ling et al. 1997)
gives some clues about the presence of non-thermal particles in the
source.

The X/y-ray soft-state spectrum has been studied extensively
by simultaneous observations with ASCA, RXTE, BeppoSAX and
CGRO during the summer of 1996. In addition to the dominat-
ing blackbody, a long power-law-like tail extending up to 10 MeV
was discovered (McConnell et al. 2002). The high-energy spectrum
could be well described by single Compton scattering off electrons
having a nearly power-law distribution (Poutanen 1998; Poutanen
& Coppi 1998; Gierlinski et al. 1999, hereafter G99; Frontera et al.
2001). The Compton reflection was stronger than in the hard state,
which was interpreted as a change in the geometry of the system,
from the hot inner flow in the hard state to the standard Shakura—
Sunyaev disc with a non-thermal corona in the soft state (Bisnovatyi-
Kogan & Blinnikov 1977; Ichimaru 1977; Poutanen, Krolik & Ryde
1997; Li & Miller 1997; Esin et al. 1998; Poutanen & Coppi 1998).

Evaporation and condensation of the gas can provide a physical
basis for the change of the transition radius between standard disc
and hotinner flow (Meyer, Liu & Meyer-Hofmeister 2000; Rézanska
& Czerny 2000). A smaller reflection fraction in the hard state, how-
ever, can be explained by a beaming of the primary emission away
from the disc due to mildly relativistic motion of the emitting plasma
(ejection model; see Beloborodov 1999a,b; Malzac, Beloborodov &
Poutanen 2001, hereafter MBPO1). In order to distinguish among
different possibilities, it is necessary to compare model predictions
with other observational facts.

A few, well separated in time, broad-band spectra do not give
us a good picture about relations between different components,
such as, for example, Comptonized continuum and the reflection
bump. It is possible to study these relations on a larger data set in
a narrower energy band. Zdziarski, Lubinski & Smith (1999, here-
after Z1LS99) and Gilfanov, Churazov & Revnivtsev (1999, hereafter
GCR99) analysing data from Ginga and RXTE, respectively, have
shown that the photon spectral slope of the Comptonized emission,
I', is strongly correlated with the amplitude of Compton reflection
component, R = 2/2m, where 2 is the solid angle the cool material
covers as viewed from the source of primary X-rays. This correla-
tion exists for individual BHBs and Seyfert galaxies as well as in
a sample of sources (see also Gilfanov, Churazov & Revnivtsev
2000; Revnivtsev, Gilfanov & Churazov 2001). Zdziarski et al.
(2003) studied possible statistical and systematic effects and con-
cluded that the correlation exists beyond any reasonable doubt. Sim-
ilar correlation also exists for Fourier-frequency resolved spectra,
i.e. those corresponding to the variability in a given range of Fourier
frequencies (Revnivtsev, Gilfanov & Churazov 1999).

The observed correlation provides extremely important clues to
the geometry of the accreting material and can be used for testing the
theoretical model. The fact that I" and R are correlated is a natural
consequence of coexistence of the cold media (accretion disc) and
a hot Comptonizing gas in the vicinity of the black hole. The cold
material acts as a source of seed photons for Comptonization and, at
the same time, reflects and reprocesses the hard radiation produced
in the hot gas.

The cold disc with the hot inner flow model naturally produces
the correlation if there is an overlap between hot and cold phases
(Poutanen et al. 1997; ZL.S99). However, the I'-R dependence ob-
served in BHBs can be quantitatively reproduced only if the ratio
of the seed photon temperature, k7 .4, to the electron temperature
is about 10~* (ZLS99; Gilfanov et al. 2000). For kT, ~ 100 keV,
this gives kT seq ~ 10 eV, which is an order of magnitude smaller
than the disc temperature in BHBs and closer to that expected from
Seyferts. For kT seeq ~ 300 eV, the spectra are too hard for the given
reflection fraction. In this model, the spectral slope is an extremely
steep function of the overlap between the corona and the disc, while
the reflection varies very little (Beloborodov 2001). Intrinsic dissi-
pation in the disc can make spectra softer for the given reflection,
but then the spectral slope will be an even steeper function of the
overlap. Values of reflection larger than 1 sometimes observed in
Seyferts also cannot be explained. On the other hand, all the data
can be well described by the ejection model with the correct k7 seeq
(Beloborodov 1999a,b; MBPO1).

The problem is that theoretical models try to reproduce the best-
fitting I" and R, which are subject to a number of systematic effects.
The photon index and, especially, the strength of the Compton re-
flection depend crucially on the spectral shape of the underlying
continuum and description of the reflection physics (see detailed
discussion in Zdziarski et al. 2003). All the papers above, where
this correlation was studied, assumed the underlying spectrum to be
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a power law. Because the Comptonization spectrum has a cut-off at
high energies, it gives fewer incident photons that are available for
reflection (Weaver, Krolik & Pier 1998; Malzac & Petrucci 2002;
Perola et al. 2002), and thus the fitted R would be larger. Fitting an
exponentially cut-off power law to the broad-band data (e.g. Matt
2001; Perola et al. 2002) does not improve the situation, because
this model does not reproduce well the shape of the Comptoniza-
tion continuum (Malzac & Petrucci 2002; Zdziarski et al. 2003).
The approximate treatment of ionization could be another source of
errors.

As discussed above, the spectra of BHBs are rather complex
having a number of components, and it is not possible to resolve
different spectral components (e.g. thermal Comptonization and
soft excess) in the narrow energy range of an instrument such as
RXTE/Proportional Counter Array (PCA) or Ginga/Large Area Pro-
portional Counter (LAC). There is a danger that different compo-
nents overlap in that energy band producing effectively a power
law of one index while in reality the slope of the primary emission
could be rather different. The resulting reflection amplitude could
be also influenced significantly. Thus, in order to obtain actual I
and R to be used in theoretical models, the analysis of broad-band
data with physical models (such as Comptonization) is absolutely
necessary.

Additional sources of information are the width of the fluores-
cent Fe Ko line at 6.4 keV and the frequencies of the quasi-periodic
oscillations (QPOs) that were also observed to correlate with the
reflection fraction and the spectral slope (GCR99; Gilfanov et al.
2000). This seems to be consistent with the variations of the inner
cold disc radius. Not much data exist on the variability of the elec-
tron temperature and Thomson optical depth of the Comptonizing
source, which can provide information about the nature of the emit-
ting plasma (electron—proton or electron—positron). It would be of
interest to determine how the optical depth changes with the bolo-
metric flux, because this can help in distinguishing the accretion
mode the flow is in.

In this paper, we analyse a large set of simultaneous broad-
band spectra. Four observations of Cyg X-1 by Ginga/LAC and
CGRO/OSSE from 1991 as well as 38 observations by RXTE/PCA,
RXTE/HEXTE and CGRO/OSSE from 1996—1999 are studied in de-
tail. For the spectral analysis, we use physically motivated Comp-
tonization models and study correlations between model param-
eters such as the spectral slope of the primary Comptonization
continuum, the reflection amplitude, the width of the Fe line,
the electron temperature of the hot gas, and its Thomson optical
depth.

2 OBSERVATIONS AND DATA ANALYSIS

The observation log is presented in Table 1. Data reduction for RXTE
has been carried out using LHEASOFT 5.3.1 software; PCA responses
were generated using PCARSP v. 10.1 and HEXTE responses were
used from 2000 May 26. In PCA data reduction, all five PCUs were
taken into account, when possible. If not all PCUs were turned on,
we use PCUs 0, 2 and 3. Judging from the Crab data, these two PCU
configurations produce similar spectral slopes. Systematic errors of
0.5 per cent were added in quadrature to the PCA data. CGRO/OSSE
spectra were prepared by adding per-orbit data (average exposure
2-5 ks), with total exposure up to 12 h and contemporary PCA
observation in the middle of the period. The systematic error in
OSSE spectra varies from 3 per cent at 50 keV to 0.3 per cent at
300 keV. The stability of the OSSE spectra was checked using hard-
ness ratios (154-282/52-154 ke V) for per-orbit spectra being added.
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If orbital spectra within 12 h were apparently different, we lowered
the total integration time to include only similar data.

We used PCA data from 3 to 20 keV, HEXTE data from
20-25 to 200 keV and OSSE data from 50 to 1000 keV. In addition,
four Ginga/LAC and OSSE simultaneous observations from 1991,
previously studied by Gierlifiski et al. (1997), were also analysed.
The Ginga/LLAC data are available from 1.7 keV, but we decided to
use exactly the same energy interval as covered by the PCA. For the
spectral analysis, we use XSPEC 11.3.1k (Arnaud 1996).

The spectra may be separated into two groups based on the dif-
ference of their photon index (see Fig. 1). Spectra from 1991 and
1997, represented by observation 6, have I' ~ 1.6 (usual for the
hard state) and those from 1999 (observations 25 and 31) have
I' ~ 1.8-2.2; hereafter, we call the corresponding state flat (be-
cause the spectrum is nearly flat in the EFg plot). The spectra from
1996 and 1998 are close to the hardest ones from 1999. We do not
consider here the broad-band soft-state spectra, for which a similar
analysis has been performed by G99 and Frontera et al. (2001).

3 SPECTRAL ANALYSIS

In order to describe the observed broad-band spectra, we use the
following models:

(0) power law (without or with an exponential cut-off) and Comp-
ton reflection (PEXRAV model; Magdziarz & Zdziarski 1995);

(1) two thermal Comptonization models and reflection, with the
soft excess also modelled by thermal Comptonization;

(2) thermal Comptonization with reflection plus a non-thermal
Comptonization corresponding to the soft state spectrum.

We use the EQPAIR code (Coppi 1999; G99) for modelling thermal
and non-thermal Comptonization. All models include also a Gaus-
sian line at 6.4 keV and interstellar absorption with column density
Ny, which we find often larger than the value of 0.6 x 107> cm™2
(derived from the reddening towards the companion star; see
Baluciniska-Church et al. 1995). To avoid unreasonably low val-
ues of this parameter, its low limit was set to 0.5 x 10*2 cm~2. The
presented uncertainties are given at a 90 per cent confidence level for
a single parameter (A x? = 2.71). Fluxes, unless stated otherwise,
correspond to the range covering all the model emission.

3.1 Power law and reflection model in the 3-20 keV data

The spectra of Cyg X-1 clearly show correlations between reflec-
tion amplitude and the spectral index (GCR99, ZLS99). Detailed
analysis confirms (Zdziarski et al. 2003) that the extent of correla-
tion is much larger than typical errors in the best-fitting parameters.
However, because the PCA spectrum falls in a quite narrow en-
ergy interval, it is difficult to distinguish between various spectral
components that may form an ‘effective’ power law. Therefore, it
is not certain that the values for I' and R obtained from the simple
power-law/reflection fits indeed correspond to the actual physical
situation.

Still, in order to compare our results with those of previous anal-
ysis, we have performed fits similar to those presented in ZLS99
and GCR99. We later compare them to the results obtained with
more physical models (see Section 4.4). We use the XSPEC model
PHABS*(PEXRAV+GAUSSIAN) (model 0), i.e. a power law with the pho-
ton index, I', and Compton reflection with the relative strength, R
(Magdziarz & Zdziarski 1995), accompanied by a Gaussian fluores-
cence Fe Ko line (characterized by the relativistic smearing width
o and the equivalent width), all absorbed by interstellar material of
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Table 1. Observation log.
No RXTE Ginga or PCA HEXTE Date Time (UT) CGRO OSSE Time (UT)
ObsID exposure® (s) exposureb (s) VP exposure (s)
1991 hard state
Gl 2304 June 6 00:18-02:10 02 4121 00:03-02:11
G2 888 June 6 04:43-06:29 02 4040 04:29-06:51
G3 2828 June 6 11:03-14:25 02 5975 10:43-14:32
G4 1272 June 6 20:22-20:44 02 1629 20:02-20:33
1996 flat state
1 10238-01-08-000 14592 5083 March 26 10:12-17:36 516.5 17538 07:22-20:01
2 10238-01-07-000 8446 2922 March 27 23:06-05:20 516.5 23018 20:20-07:47
3 10238-01-06-00 11455 3713 March 29 11:43-17:33 516.5 21868 08:24-21:06
4 10238-01-05-000 10397 3524 March 30 19:54-01:58¢ 516.5 24153 16:51-04:12¢
1997 hard state
5 10239-01-01-00 9095 - Feb 2 20:13-02:03 612.5 47 864 16:53-04:52¢
6 10238-01-03-00 6441 1938 Feb 3 19:30-22:06 612.5 44530 14:38-02:36°
7 30158-01-01-00 1175 809 Dec 10 07:08-08:30 705 7552 02:55-12:46
8 30158-01-02-00 2012 823 Dec 11 07:06-08:45 705 12004 04:11-14:05
9 30158-01-03-00 2027 706 Dec 14 08:48-10:20 705 11599 03:09-11:35
10 30158-01-05-00 2614 901 Dec 15 05:26-07:09 705 16721 23:31-11:18¢
11 30158-01-06-00 3210 941 Dec 17 00:40-02:05 706 13017 20:13-07:324
12 30157-01-02-00 2309 784 Dec 18 07:07-08:16 706 9924 01:49-08:46
13 30158-01-07-00 2275 766 Dec 20 07:11-08:29 706 11847 02:46-12:52
14 30158-01-08-00 2581 878 Dec 21 05:28-07:05 706 14924 00:51-12:31¢
15 30157-01-03-00 2846 860 Dec 24 21:24-23:03 707 10127 21:36-03:18¢
16 30161-01-01-000 13244 4136 Dec 28 13:56-21:03 707 13717 11:33-00:24¢
17 30158-01-12-00 2836 916 Dec 30 03:52-05:00 707 8979 23:49-07:57¢
1998 flat state
18 30155-01-01-020 10027 3897 Dec 23 00:07-05:58 804 2957 21:52-09:00¢
19 30155-01-02-00 9625 3399 Dec 28 01:40-07:09 804 5124 23:14-10:29¢
20 30161-01-03-01 9863 3371 Dec 28 13:08-18:37 804 5289 11:50-21:31
21 40100-01-04-00 8472 - Dec 29 01:37-05:57 804 5476 22:51-10:08¢
22 40100-01-05-00 8476 - Dec 30 01:38-05:57 804 5288 22:30-09:46¢
23 40100-01-06-00 7245 - Dec 31 03:12-07:11 804 5552 23:44-11:00¢
1999 flat state
24 40101-01-09-00 2405 665 Oct 5 18:39-19:45 831.5 29 605 15:04-01:12¢
25 40101-01-11-00 731 165 Oct 6 19:22-20:03 831.5 25960 14:39-00:50¢
26 40101-01-12-00 865 - Oct 7 07:10-07:40 831.5 28389 03:08-12:55
27 40101-01-15-00 741 218 Oct 8 08:07-08:48 831.5 31014 04:20-14:35
28 40101-01-16-00 757 215 Oct 9 09:41-10:22 831.5 33770 03:55-15:48
29 40099-01-20-01 1228 354 Oct 12 17:33-19:56 831.5 37186 12:11-01:23¢
30 40100-01-11-01 4300 - Oct 28 10:46-15:12 832 19559 06:16-17:46
31 40099-01-22-00 1444 520 Nov 8 14:44-15:25 832 17504 09:52-21:28
32 40099-01-23-01 3084 1453 Nov 23 15:26-17:32 834.5 8734 15:14-21:54
33 40100-01-13-01 770 - Nov 24 20:08-20:59 834.5 19652 14:51-02:13¢
34 40100-01-14-02 479 - Nov 25 20:05-20:56 834.5 16683 14:24-01:47¢
35 40100-01-15-03 1729 - Nov 26 21:40-22:32 834.5 24372 17:11-04:33¢
36 40100-01-16-02 14438 - Nov 27 19:59-20:50 834.5 19063 15:13-02:34¢
37 40100-01-17-03 1902 - Nov 28 21:32-22:27 834.5 10309 19:19-00:28¢
38 40100-01-18-03 1961 - Nov 29 21:29-22:25 834.5 19999 16:03-03:19¢

2The deadtime-corrected exposure. "HEXTE cluster 0 exposure. Symbol ‘—” means that no HEXTE data are available. “The observation finished on the

following day. “The observation started on the previous day.

column density Ny. Hereafter, we assume the disc inclination of
i = 50° and neutral reflector.

The fit results are presented in Table 2. Only the low-energy
3-20 keV (RXTE/PCA and Ginga/LLAC) data were fitted, and there-
fore we did not apply any high-energy cut-off to the power law. We
find that the correlations between spectral parameters (see Fig. 2)
are similar to the results of GCR99.

As shown in Section 3.2, there is a likely overlap of different
spectral components in the PCA energy range. Therefore, model 0

cannot represent a good approach for physical interpretations for
the spectra. Taking into account also the OSSE data and includ-
ing an exponential cut-off in the model, we can model the joint
data only very roughly, with x2/dof ~2. This is likely to be due to
the shape of the exponential cut-off (which is assumed in PEXRAV)
being substantially different from the shape of the cut-off of ther-
mal Comptonization (see, for example, Zdziarski et al. 2003). This
provides an argument against utilizing simple phenomenological
models in the analysis of BHB spectra.

© 2005 RAS, MNRAS 362, 1435-1450
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Figure 1. Broad-band spectra of Cyg X-1 as observed by RXTE and OSSE (with the respective observation number from Table 1) and the best-fitting models.
Theoretical curves represent model 1 for observations 6, 25 and 31 (see Section 3). All of the figures are colour in the online version of the paper on Synergy.

3.2 Comptonization model and broad-band spectra

The hard-state spectra are well described by thermal Comptoniza-
tion (Gierlinski et al. 1997; Poutanen 1998; Frontera et al. 2001),
with a weak soft excess. To describe Comptonization we use the
XSPEC model EQPAIR (see Coppi 1999; G99). The spectrum of seed
photons is from a pseudo-Newtonian accretion disc (see G99). The
parameters of emission are expressed through the compactness

¢= L7 M

Rmec3’

where L is the source luminosity, R is the radius of the emitting
spherical cloud, and o 1 is the Thomson cross-section. We consider
here thermal plasma. The model is characterized by the following
parameters: £ is the compactness of soft seed photons (assumed here
to be 1); £, /¢, is the ratio of the dimensionless energy dissipation
rate in a hot cloud to £; kT . is the maximal colour temperature
of the disc (at 9.5 gravitational radii, R, = GM/c?, or at the inner
radius of the disc, if it is cut-off at larger value); 7, is the Thomson
optical depth corresponding to the ions; R is the reflection amplitude.
Because there are large (~25 per cent at 1o) errors on kT ,x, We
decided to fix it at the common value of 200 eV. The model computed
the coronal temperature, kT, and the total optical depth, 7, from
the background electrons and produced e* pairs self-consistently
from the energy and pair balance. For the assumed compactness,
pair production is negligible for all considered spectra, and thus
the resulting total optical depth 7 = 7. In the fits, we assume the
inner disc radius of 6R, (this parameter only has an effect on the
relativistic smearing of the reflected component, which could hardly
be resolved with present energy resolution).

The normalization of EQPAIR, corresponding to the disc compo-
nent, is f, M>cosi/(D*B.*), where f. is the covering factor, M is the
black hole mass in units of the solar mass, D is the distance to the
source in units of kpc, and B, is the ratio of the colour temperature
to the effective temperature.

At low energies, the effect of the interstellar absorption is clearly
visible. The addition of an additional soft component leads to further
improvement of the fits. Such soft excesses were observed in both the
hard state by Di Salvo et al. (2001) and in a flat state (similar to that
analysed here) by Fronteraetal. (2001) in BeppoSAX data. However,
this component, whose nature we address below, is relatively weak in
the case of 1991 and 1997 (observations G1-G4, 05-17) hard-state
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data. The spectra observed in 1996, 1998 and 1999 (observations
1-4, 18-38) appear similar in overall shape to those of the hard state,
but are significantly softer (see Fig. 2). The soft excess in the flat
state is stronger.

We stress that the requirement of an additional soft excess is
implied only by the joint PCA/HEXTE/OSSE data, because the PCA
data cover a too narrow energy range. Even if the actual spectrum
in the PCA 3-20 keV band is not a power law but is, for example,
concave, a good fit with a power law plus reflection (model 0) can
be still achieved. However, the real strength of Compton reflection
can be significantly different.

Because the data require an additional component only in a rela-
tively narrow range (~3-10 keV), the parameters of the soft excess
cannot be constrained accurately. Below we consider a number of
physically realistic scenarios of its nature. In each of the considered
models, we restrict the parameters controlling its spectral shape to
values that make its flux significant only at low energies, and we fit
only its normalization. These fits allow us to completely describe
the broad-band spectra and to constrain the parameters of main
continuum.

3.2.1 High temperature of the optically thick disc

The additional component may, in principle, be emitted by the
hottest part of the optically thick disc provided its temperature is
high enough. We find that the spectra of the observations 1-4, 18—
38 can be well fitted with kT ., ~ 1 keV. However, Di Salvo et al.
(2001) have shown that the spectral decomposition of the BeppoSAX
data of Cyg X-1 in the hard state requires the presence of both the
soft blackbody disc photons (with k7, 2~ 0.1-0.2 keV) and an ad-
ditional soft excess component. Therefore, we consider this model
to be not appropriate.

3.2.2 Hybrid model

We also tried to apply hybrid thermal + non-thermal EQPAIR model
to the spectra. Most of the data require nearly non-thermal injection
and the resulting spectrum becomes a power law directed by the
PCA part of the spectrum. Because the observed hard tail is not a
power law, large reflection appears to mimic the cut-off region, but
it is still not enough to describe both the soft excess below 10 keV
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Table 2. The best-fitting parameters for model O (fitted to the low-energy Ginga and RXTE/PCA data only).

No. Ny (102 cm™2) r R o (keV) EW (eV) x2/dof
1991
1.2 0.09 0.19 0.81 47
G1 0.5%, 163700 0.39%0 08 0.467 05 134%¢; 3/11
1.2 0.09 0.18 0.93 54
G2 0.5% 1624003 0.377005 0.5870% 152133 4/11
+1.3 +0.10 +0.17 —+0.95 +77
G3 13003 160700 0267011 0.6075% 142777 3/11
1.2 0.09 0.19 0.97 36
G4 L4*ys 1691008 041701, 0.42107 82t 5/12
1996
01 12£02 1.80 £ 0.02 0.51 +0.05 0.68 +0.16 96 £ 19 24/43
02 0.6£0.2 1.79 %+ 0.02 0.48 + 0.05 0.80 £ 0.12 148 £20 20/43
03 0.7+02 1.80 + 0.02 0.48 +0.04 0.72 +£0.12 138 £ 19 20/43
04 12402 1.89 + 0.02 0.66 = 0.05 0.87 £0.16 112£19 24/43
1997
05 13+03 1.65 £ 0.02 0.25 & 0.04 0.40M535 66 % 20 19/39
06 12£03 1.65 + 0.02 0.24 +£0.04 0.387043 76 £ 20 27/39
07 1.0+03 171 £0.02 0.35£0.05 0.521531 79 £22 16/39
08 1.0£03 1.69 + 0.02 0.29 £ 0.04 0.4410-% 86 + 21 35/39
09 1.2+03 171 £0.02 0.36 £ 0.05 0.567021 82+£22 26/39
10 12+02 1.69 + 0.02 0.32 £ 0.05 0.431020 77 £ 20 22/39
11 12402 1.70 £ 0.02 0.32 £ 0.04 0.3570-29 69+ 19 15/39
12 3.1+02 1.72 4 0.02 0.38 £ 0.05 01042 32412 23/39
13 2.1£03 1.71 £ 0.02 0.37 £ 0.05 030703 56+ 19 21/39
14 1.1£03 1.70 £ 0.02 0.37 £ 0.05 043703 78 £ 21 21/39
15 21403 1.70 £+ 0.02 0.35 £ 0.05 0.151033 41418 17/39
16 21£02 1.69 £ 0.02 041 £0.05 0.171543 57+ 16 22/39
17 27403 1.71 £ 0.02 0.36 & 0.05 0.03727 37417 19/39
1998
18 12£02 1.87 £ 0.02 0.54 £ 0.05 0.73 £0.16 99 + 20 19/39
19 12402 1.84 £ 0.02 0.48 % 0.05 0.71 £0.17 95 £ 20 19/39
20 12£02 1.85 £ 0.02 0.50 £ 0.05 0.71 £0.17 96 =+ 20 17/39
21 L1£02 1.83 £0.02 0.47 +0.05 0.71 £0.17 93 £ 20 14/39
2 0.7+02 1.83 £ 0.02 0.47 £ 0.05 0.69 +0.14 123 £21 20/39
23 0.7+02 1.82 £ 0.02 0.46 %+ 0.05 0.72 +£0.13 135 £ 21 17/39
1999
24 057! 2.09 +0.01 0.89 % 0.07 0.93 +0.12 203 +£23 28/33
25 05701 230 + 0.02 138 £0.16 1.12£0.16 249 + 34 48/33
26 057! 223 +0.01 115 £0.10 1.09 £0.13 247 £27 43/33
27 0.5792 2.05 £ 0.01 0.81 +0.08 0.95+0.14 188 £25 14/33
28 0.7+03 2.05 +0.03 0.84 +0.10 0.82 £ 0.15 161 £ 26 32/33
29 057! 2.01 +£0.01 0.74 + 0.07 0.91 £0.15 185 £ 25 22/33
30 0.5 2.20 +0.01 1.07 £ 0.07 1.03 £0.11 237 +£22 27/33
31 05702 1.94 £ 0.02 0.61 +0.06 0.82 +£0.13 170 £ 22 25/33
32 1.1£03 1.85 £ 0.03 0.50 % 0.06 0.54 +£0.23 79 £22 20/33
33 0.7153 1.87 +0.03 0.53 & 0.07 0.63 +0.19 113 + 26 30/33
34 0.6703 1.86 £ 0.03 0.47 +0.08 0.61 £0.19 125 +£28 14/33
35 0.5757 1.88 & 0.02 0.52 £ 0.05 0.65 £ 0.13 141+ 18 25/33
36 0.5702 1.88 £ 0.02 0.55 + 0.06 0.72+0.14 156 £ 22 25/33
37 12403 1.92 £ 0.03 0.62 + 0.07 0.68 £ 0.18 109 £ 24 27/33
38 12403 1.98 £ 0.03 0.77 £ 0.08 0.78 £ 0.16 125 + 24 39/33

and the hard tail, in which the systematic difference between the
data and the model remains. Therefore, we ruled out this model.

3.2.3 Two thermal Comptonization components

The soft component can be described by additional thermal Comp-
tonization (Di Salvo et al. 2001; Frontera et al. 2001). We use the

model 1, PHABS(COMPTT+EQPAIR+GAUSSIAN), where EQPAIR gives
the main Comptonization and COMPTT (Titarchuk 1994) the addi-
tional soft component. Because the parameters of the soft excess
are rather weakly constrained by our data, we fixed the parameters
of coMPTT at kT = 20 keV and t = 1. Such a model produces
a soft power law that does not extend to very high energies. This
model fitted to the data of observation 24 is shown in Fig. 3. In

© 2005 RAS, MNRAS 362, 1435-1450
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Figure 2. Correlations between parameters for model 0 (PEXRAV). (a) The reflection amplitude, R, versus the photon spectral index, I". (b) The relativistic
smearing Gaussian width o versus reflection R. (c) The Fe Ka 6.4-keV line equivalent width versus R.
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Figure 3. The model spectrum with two thermal Comptonization compo-
nents (model 1, Section 3.2.3) fitted to the RXTE+OSSE observation 24
(from 1999). The spectral components of the fit are shown by the dotted
(green), dot-dashed (red) and dashed (blue) curves, which correspond to
the main thermal Comptonization continuum, the additional thermal Comp-
tonization with k7' = 20 keV and 7 = 1, and the Compton reflection in-
cluding the Fe line, respectively. The solid (black) curve shows the total
spectrum. The lower panel shows the residuals of the fit.

spite of its simplicity, it yields a relatively good description of the
data.

The fit parameters are given in Table 3, and the dependences
between various model parameters are shown in Fig. 4. We also
quote the values of the spectral index I" of the power law obtained
from the least-squares fitting of the logarithm of the intrinsic model
flux at a logarithmic energy grid in the 2-10 keV range (chosen to
enable comparison with the results of other papers).

The meaning of the normalization of EQPAIR has been described in
Section 3.2. Substituting f. =1, M = 10M@,i =50°, D =2.0kpc
(see references in G99; Frontera et al. 2001) and 8. = 1.7 (Shimura
& Takahara 1995), we expect the normalization of ~1.92. The lower
normalization of the obtained fits (see Table 3) is caused either by a
larger B. ~ 1.77-1.98 or by a smaller covering factor f.. A slightly
smaller, than the assumed disc temperature of 200 eV, can also re-
duce the normalization. On the other hand, some flat-state normal-
izations are larger than the expected value of 1.92. This cannot be
explained by changing f. (a smaller covering factor can only reduce
the normalization), but could be a result of somewhat larger inner
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disc radius or larger temperature. The largest observed normaliza-
tions correspond to kT, ~ 220-245 eV.

We see that there is a clear anticorrelation between the strength
of the soft component and the hardness of spectrum expressed in
terms of £,/¢s. There is also a correlation between 7 and £;,/¢,.
The reflection amplitude is correlated with the Fe line equivalent
width and anticorrelated with ¢, /€, (while at high values of €5,/
the anticorrelation possibly breaks down).

The electron temperature k7' is a calculated parameter and no
errors on it can be obtained from fitting. However, we estimated its
1o limits using its extremal values within the uncertainties of the
parameters controlling spectral shape, i.e. €5, /¢ and 7. This estima-
tion gives us a possible conservative error on kT, of about 15 keV
for both models 1 and 2. Taking this into account, no correlations
between kT .—flux and kT, — €y, /¢ are apparent.

3.2.4 Thermal continuum and non-thermal Comptonization
component

As an alternative to the second thermal Compton component, we
consider here addition of a non-thermal Comptonization compo-
nent. We find that such a non-thermal component can describe both
the soft excess and the MeV non-thermal tail observed in hard states
by the Compton Telescope (COMPTEL; McConnell et al. 2002),
while neither of these components can be described by the main
thermal Compton emission. This model fitted to the spectrum 24 is
shown in Fig. 5. Note that the COMPTEL data are shown for illus-
tration only and were not taken into account in the fitting. The used
model 2 consists of PHABS(EQPAIR-+EQPAIR-+GAUSSIAN), in which the
second EQPAIR component produces the non-thermal spectrum. In
EQPAIR, the available power is supplied in part into heating electrons
and in part into their acceleration, with the resulting steady-state
electron distribution calculated self-consistently. The compactness
corresponding to the acceleration is hereafter denoted as £,,;,. Then
the relative fraction of the input power going into the non-thermal
acceleration is £, /€1, where £, (as before) corresponds to the total
rate of energy dissipation in the plasma.

For that additional component, we assumed that all the available
power goes into non-thermal acceleration, i.e. £, /¢, = 1. Note that
the resulting self-consistent electron distribution is not purely non-
thermal but hybrid, i.e. it does contain a low-energy Maxwellian
heated by Compton and Coulomb interactions. We further assume
R =0, the power-law index of the accelerated electrons of I'y,j =
2.4 (see Poutanen & Coppi 1998; G99; Frontera et al. 2001;
McConnell et al. 2002), the minimum and maximum Lorentz fac-
tors of the power law of y i, = 1.3 and y n.x = 1000, respectively,
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Table 3. The best-fitting parameters for model 1.

Obs. NY On/ls T R o EW Nb F¢, Fdy kT T/ x2/dof
Gl L1798 13.8709 1.3910:07 0.38+0-02 0.671032 189737 1367005 532 011 90  1.62  49/73
G2 13+08 15673 1.5870. 02 0.3510:04 0.87793¢ 235173 1637008 724 024 82 159 5874
G3  14+02 140707 1.341098 0.261008 0.6070% 151157 LI3T00 418 0 94 162  53/73
G4 20107 134£18 136703 0.26175:0 0.637541 13243 1047000 383 014 90 163 53/73
01 26£02 10341 1317008 0277007 1,005 173138 1997005 732 126 86  1.68 501/478
02 21+03 976018 1.32+0:92 0.291901 L1+ 24012 250700 883 156 83 1.69  531/493
03 22103 102153 L47T00 026 +£0.02 1027003 227738 218+003 804 149 75 168  542/506
04  29+02 877101 1387003 031+£001  L12+011 21573 285T09% 100 244 77 171 529/493
05 1.6%04 11.8%)2 1097088 022+£0.02  04810% 778 1307093 446 008 110 165  61/73
06 1.8+04 128703 1.2970:93 0.191002 054702 9619 10509 399 019 95  1.64  374/402
07 19%0%  120+04 1247083 022+002 075100 121123 1547000 580 052 96 165  367/415
08 2003 119793 141700 0.207 07 0.6870 11813 147700 543 046 84  1.65  404/415
09  23+03 120794 1L41T0%  023+£002  0.8510% 131126 156709 598 062 84 165 350/415
10 L6103 11.3%02 1.1870%8 0.24100 0.567519 10224 1437002 492 025 99 166 301/334
11 41£03 116701 L19T008  023+£0.02 041700 S48 153£004 572 058 99 1.65 193/236
12 42+£03 11878 1.2075.59 0.2310:0 0431978 5512 1527000 577 061 99 1.65  202/238
13 25009 128+£04 1457000 022+002 058707 10613, 145700 574 047 83 1.63  369/411
14 22£03 124704 134£003  024£002 074701 12623 158709 625 063 90 164 397/415
15 32£03 136+05 126700 019+£002 060703 75t 129700 551 057 99 162 201/244
16 34+£03 13.7+£02 1.61£004 024£001 0557019 98%19  147+£002 653 076 76 162 446/402
17 38+£03 129708 1.337015 0.1915:02 0.60702% 7321 1257002 512 055 92 163 345/415
18 25+£03 8.13+015 123700 0.281002 0.9870-13 18273 2324004 7.09 141 84 173 512/489
19 27+£03 943703 L61T00r  021+£002 102101 182123 1677002 587 129 66 1.69  457/502
20 26£03  9.1470% 1457003 0.24700) 100013 182138 179700 611 129 73 170 472/502
21 26+04 991128 1.361033 0.20791} 0.947918 161135 1.837028 652 128 81 168  46/73
22 2.1703 8.967328 1197543 024709 090+0.12 18873 2.13703% 686 121 90 171 45/73
23 20+04 85715 1.291023 0.2610-19 0.8910-12 19239 214708 657 110 81 172 43/73
24 16103 5431068 1087083 036+£0.03 09979 33728 185709 471 146 83 182 389/409
25 1L5£02 4707037 1041007 0.361004 0.9870-08 3953 246700 651 271 81 185  355/409
26 13+£03 40803 0.89702 0407508 101+007 382728 254702 544 192 90 1.89  48/67
27 18£03 595+£030  L10Y007  033£003 1.02+£010 3054£30  2.19%00 592 181 84 180  386/409
28 1.7+02 575798 1.21+59¢ 0.3310:0¢ 0.987900 335730 174£0106 471 152 75 181 389/409
29 16+03 601703 L09T0  033+£0.03 099701 295139 1987007 506 128 85 180  394/409
30 09102 2711098 0.46102¢ 0.62%008 097008 32872 406101 567 146 141f 193 52/67
31 17£03 6747532 1.09759¢ 0297004 093+0.11 25373 Lo1t08y 510 L1289 177 390/409
32 24+03  938%0% 1371000 0227003 0.83+0.15 151737 149+£006 508 101 79 170  393/409
33 2.1102 7.947938 1.23+09 0.27+5:07 0.83791 179+ 193702 576 116 84 173 62/67
34 1.5103 708703 1.087015 0.29707 0747010 17431 183105 464 067 92 176 43/67
35 1.4+03 7.051033 1.08%014 030750 078 +£0.11 20633 203%019 526 085 91 176 40/67
36 L6t 7467973 1.071525 0.3215:06 0.887012 23012 1927039 535 096 94 175 62/64
37 3343 6.527 101 1.04703 0.3510-06 0.98102¢ 179*3 2027039 553 139 92 178 40/62
38 3279 6.247967 0967013 037+£005 096701 199+£28 229707 633 180 98 178 41/62
“Hydrogen column density, in units of 10>2cm~2. "Normalization of the EQPAIR model component. “The unabsorbed total model flux, in units of 108

erg cm-—

2

s~!. ¥The unabsorbed model flux of the COMPTT component, in units of 108 erg cm

EQPAIR component). f Photon spectral index of the EQPAIR component in the 2—10 keV range.

kT ax equal to that of the main component, £,/¢, =1, and 7, =
1. No pair production is required, and t is found to be equal

to 7.

The best-fitting parameters are presented in Table 4 and correla-
tions between them are shown in Figs 6 and 11. The normalization
of the thermal EQPAIR component corresponds to 8. = 1.63-2.01,

728

—!. ¢Temperature of the emitting plasma in keV (for the

values similar to those obtained with model 1. The strength of the
additional (non-thermal) component is again clearly anticorrelated
with the spectral hardness. The anticorrelation between R and £}, /¢
is apparent and corresponds to the R-I" correlation that we discuss
in Section 4.4. The values of R and the Fe line equivalent width
are well correlated and can be approximated by a linear function

© 2005 RAS, MNRAS 362, 1435-1450
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Figure 4. Dependences of the spectral parameters for model 1 (Section 3.2.3) fitted to the 1991 and 1997 (blue filled circles) and the 1996, 1998 and 1999 data
(red filled squares) on the Compton amplification factor of the main Comptonization component £}, /¢. (a) The reflection fraction R; (b) the relativistic smearing
Gaussian width o at 6.4 keV; (c) ratio of the additional thermal Comptonization flux to the total flux; (d) Thomson optical depth of the main Comptonization
continuum component t; (e) electron temperature of the main Comptonization component k7 ¢; (f) total luminosity of the Comptonizing cloud (assuming

D =2kpc).
10
A
=
5§
014, o — .
2 + H(}%%_m _______ :
< ok A
1 10 100 1000

E (keV)

Figure 5. The model spectrum with the thermal and non-thermal Comp-
tonization components (model 2, Section 3.2.4) fitted to the RXTE+OSSE
observation 24 (from 1999) together with the COMPTEL (McConnell et al.
2002) hard-state data (marked by squares). The spectral components of the fit
are shown by the dotted (green), dot-dashed (red) and dashed (blue) curves,
which correspond to the main thermal Comptonization continuum, the ad-
ditional non-thermal Comptonization and the Compton reflection including
the Fe line, respectively. The solid curve shows the total spectrum. The lower
panel shows the residuals of the fit.

passing through zero (see Fig. 11c). Again, there is a correlation
between t and £, /€. The electron temperature does not seemingly
depend on the hardness, but the spread becomes smaller at larger
£n/€s where kT, ~ 90 keV.
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4 DISCUSSION

4.1 Absorption

As noted in Section 3, the hydrogen column density Ny was free in
our fits. We find that our data require absorption significantly larger
than 0.6 & 0.2 x 102 cm~2, which is derived from the reddening
towards the companion star (Baluciriska-Church et al. 1995).

Cyg X-1 is known to show X-ray dips in its light curve, caused
by obscuration by the stellar wind from the companion star. During
dips, the absorption increases up to Ny = 20 x 10%? cm~2. The
absorption shows strong orbital phase dependence with maximal
column density around phase 0, when companion star is in front of
the black hole (Baluciriska-Church et al. 2000; Feng & Cui 2002).
We plotted the fitted values of Ny versus Cyg X-1 orbital phase (see
Fig. 7), using the ephemeris with the time of the primary minimum
at 50234.79 MJD and the period of 5.599829 d (LaSala et al. 1998;
Brocksopp et al. 1999). We see a good correlation of Ny with the
orbital phase, which indicates that variable absorption can indeed
be caused by the companion’s wind obscuring the X-rays from the
black hole.

We note that because our models are relatively complicated in
the range of 3-10 keV (consisting of absorption, Comptonization
together with the seed photon emission and a soft excess), and also
the PCA energy range is affected by absorption rather weakly, it
is difficult to determine the exact values of Ny, even though the
derived values of the parameter are in the range quoted by other
authors and its relative changes are quite remarkable.

4.2 Spectral variability patterns

Using CGRO/BATSE and RXTE/ASM data, Zdziarski et al. (2002)
showed that Cyg X-1 has two types of variability: changes of
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Table 4. The best-fitting parameters for model 2.

A. Ibragimov et al.

Obs. Ny® 2n/ls T R o EW NP F¢,  FY, kT T/ x2/dof
Gl 0.9703 142755 141£008 040004 061703 18279 1294009 532 021 90 162  49/73
G2 1.0+02 16412 L62*00 037+£005 078703 210768 1507032 823 093 81 158  56/74
G3 14709 14.0192 1.3510% 0.267507 0.5870% 14473 L12700 419 001 93 162  53/73
G4 16702 13.8739 1377934 0.3010:93 0.561023 122733 097013 381 023 91 162  53/73
01 20£02  114£03 1397002 034+£002 0857013 148139 1637007 755 198 83 166  498/478
02 14£02 105£02 136+£002 035700 095+£0.10  203%%  212+006 900 230 83 167 528/493
03 1.6+ 111152 1557093 0324002 085011 18212 181709 828 234 73 166  527/506
04 21700 986700 1497003 04175002 093+0.12 16773 2167009 1045 386 73 1.69  515/493
05 1.7+02 13.0102 121409 021+£002 051102 81118 117509 462 031 101 163 60/73
06  16+02  13.070% 1297093 020001 047708 90" LOITHSY 402 029 95 163 372/402
07 157902 125+04 127700 025+£002 0.64+018 108+£21 142700 585 076 95 164  366/415
08 L6+£02  12270F  142£003 023+£002 056708 10672 1377098 545 065 84 164  401/415
09 1.9%02 127153 1447003 027+£0.02 0724079 110*% 1407006 611 098 84  L64  348/415
10 1.4%04 11.5%07 11715083 0.261502 0.557922 10312} 137709 497 040 101 1.66  301/334
11 37503 123703 1.221549 027903 0.0770238 432 1387007 582 090 99  1.64 193/236
12 3.6704 12344 1224008 027+£003 021708 4672 138709 578 085 99 164 201/238
13 25+£08 134708 1477098 025+£0.02 050702 8872 1317098 596 091 83 162  365/411
14 17+£02  13.0703 137M003  028+£0.02  0.61%0 5 109720 142700 635 096 89 163  391/415
15 2,802 14.6708 1327009 023+£0.02 0427030 6212 L1479 563 092 96 161 198/244
16 28+£02 140+03 149700 0.30700) 0417027 858 138£004 667 102 84 162  436/402
17 33£02 137+05  14270% 0224002 0377939 58112 LT 506 083 87 162 342/415
18 20000 9537090 1.59M00T 033+002 0837013 150132 1707007 734 247 67 169 4817489
19 2.0%02 1047901 1667000 029+£002  0.867)}2 14872 1341096 610 199 66  1.67  455/502
20 19+02 99370 149709 0317500 0.85+0.13 151730 L47T000 630 195 73 169 467/502
21 L74£02  973M% 13143 0307007 0.82+£0.14 139£20 1647030 647 173 84 169  47/73
2 13+02 870737 1.087032 0.3475:05 0767513 160739 1987032 682 159 99 L7l  44/73
23 12£03 725733 097733 039+004 080x0.12 171722 220703 632 111 103 175 43/73
24 07153 661103 1427009 0.4919:06 0.8979%8 30172 L15T09 503 255 66 178 379/409
25 0502 606703 1477529 0.631042 0.887008 346728 L1709 428 222 62 180  354/409
26 05102 520111 1.30703% 0.59%008  093+£0.07 348+27 132703 369 170 67 183 52/67
27 Lo*03  6.8670%% 1.2870%3 0461506 0917919 263138 14870 421 139 76 177 380/409
28 08+£02 663703 1431008 0.50100% 0.9070% 299133 L1477 331 120 66 178 379/409
29 09+02 651707 1.14159 047T500  091+£0.10 26427 1517013 374 101 83 178 388/409
30 06+01 3.6870% 08670 0.7517509 0.937008 324728 217798 391 158 89 191 49/67
31 1.0+02  7.261047 LI5T0Y 038+£0.04 085001  228%28 153011 386 0.84 87 175  388/409
32 18+02 10472 L47%09%  029+£002 0697013 128122 L19T03 403 075 76 1.67  388/409
33 14702 8267038 1.2470-19 0.3510:04 0.6910-18 151738 1.63+£021 444 081 8 172 62/67
34 10+£03 718703 108t 0.3470:03 0.667517 160732 1667030 365 046 92 175 42/67
35 09+02 74873 1137531 0367000 070011 189733 1747033 415 063 89 175 41/67
36 L1+04 815712 116100 0.387907 0787912 20312 1567030 421 074 89 173 58/64
37 23500 72715 114703 0457008 0.797013 14913 154708 572 216 88 175 41/62
33 22409 726102 1117920 0.497908 0.79+0-18 16972 1607038 458 132 89 175 45/62

“Hydrogen column density, in units of 10> cm~2. ?Normalization of the thermal EQPAIR model component. ‘The unabsorbed total model flux (without
reflection) in units of 108 erg cm=2 s~!. The unabsorbed model flux from the non-thermal component, in units of 10~% erg cm=2 s~!. ¢Temperature of the

emitting plasma in keV (for the thermal EQPAIR component). / Photon spectral index of the thermal EQPAIR component in the 2—10 keV range.

flux without spectral slope change and pivoting at ~50 keV,
which produces anticorrelation of the fluxes in the soft and hard
parts of the spectrum. However, these instruments do not pro-
vide detailed spectral information, giving fluxes only in some en-
ergy intervals. The effective photon spectral indices using fluxes

in two energy bands and calculated in the wide (20-300 keV)
energy interval, where real spectra experience a cut-off, should
be treated with caution. Now it is possible to check the re-
sults of Zdziarski et al. (2002) using our set of observations, on
which we have detailed spectral information in the wide energy

© 2005 RAS, MNRAS 362, 1435-1450
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Figure 6. Dependences of the spectral parameters for model 2 (Section 3.2.4) fitted to the 1991 and 1997 (blue filled circles) and the 1996, 1998 and 1999
data (red filled squares) on the Compton amplification factor of the main Comptonization component £y, /€. The meaning of the axes is the same as in Fig. 4,
except (c) the ratio of the additional non-thermal Comptonization flux in model 2 to the total flux.
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Figure 7. (a) Fitted value of absorption column density Ny for model 1
versus orbital phase of the binary system. (b) Same, for model 2. Distributions
are repeated twice for clarity. Ny is in units of 10?2 cm~2.

range. For this purpose, we use the model spectra obtained from
model 1.

In Fig. 8 we present the spectra related to different time periods.
It is possible to see that 1991, 1996-1998 spectra only change their
normalization. However, the spectral slope is different for various
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Figure 8. Sample of the spectra from different periods. Lowest and highest
spectra from each time period are shown: red solid lines, 1999; blue dotted
lines, 1991 (the 1997 spectra are similar to them); black dashed lines, 1996
and 1998. The 1991+1997 and 1996+1998 data form two groups with
slightly different spectral slopes.

years and forms two groups: 1991 4 1997 and 1996 + 1998 spectra.
In the 1999 data, we can again see normalization changes (see pairs
of red solid curves) as well as pivoting behaviour.

The I'-flux correlations are shown in Fig. 9. It is clearly seen that
the 1991 and 1996-1998 data do not show dependence between
flux and I'. The 1999 data show clear anticorrelation between I'
and flux at low energies (3—12 keV) and correlation at high energies
(20-100, 100-300 keV), which indicates the pivoting behaviour
with the pivot energy between 12 and ~50 keV. In Fig. 9(d) (see
also fig. 8 in Zdziarski et al. 2002), it can be seen that spectra
from 1996 and 1998 are somewhat softer at high energies than the
hard-state spectra from 1991 and 1997, but the fluxes in all en-
ergy intervals generally correlate with each other. The 1999 spectra
show clearly different dependence: the high-energy fluxes are corre-
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lated, but there is a clear anticorrelation between 3—12 and 100-300
keV fluxes due to pivoting. The timing behaviour has also changed
its nature in late 1998, as was pointed out by Pottschmidt et al.
(2003).

4.3 Quasi-periodic oscillation frequencies

Among the data sets we have studied, there are timing data for 33 ob-
servations available from the recent paper by Axelsson, Borgonovo
& Larsson (2005). This allows us to check the relation between
the characteristic frequencies in the power density spectra and the
spectral parameters. In the work of Axelsson et al. (2005), several
values of QPO frequencies vpo might be determined during one
observation, and for these data points we assume the averaged mid-
dle frequency and consider the uncertainty from lower to higher of
obtained values. In agreement with the earlier results of GCR99, we
find a clear anticorrelation between the characteristic frequencies
of the aperiodic variability and ¢, /¢, (Fig. 10), indicating an appar-
ent connection between QPO frequencies and the parameters of the
Comptonizing region. This provides an argument (but not a proof)
in favour of the presence of a hot inner corona and a variable inner
radius of the surrounding disc.

The frequency—hardness correlation can be described by a power
law vpo o< (€h/€s)~ with o = —1.48 £ 0.04. The best fit is shown
by the solid curve in Fig. 10. A similar correlation was observed by
Pottschmidt et al. (2003) and Nowak, Wilms & Dove (2002).

4.4 Comparison between phenomenological and physical
spectral models and R-T' correlation

Fig. 11 compares the results obtained with the simple phenomeno-
logical model of power law + reflection in the 3-20 keV en-
ergy range (model 0) with those from our model 2 applied to the
3-1000 keV range. More elaborate and physically justified models
utilizing the full energy range of our data do not change the pic-

-2 Sil.

Vapro (HZ)
o

Figure 10. Dependence between QPO frequencies and €y, /€. The £, /45
are best-fitting values from model 2. The QPO frequencies are from
Axelsson et al. (2005). The solid curve shows the best power-law fit vgpo o
(Cn/s)™ 148,

ture qualitatively. On the quantitative level, we find that the simple
power law + reflection spectral fits to the 3—20 keV data overesti-
mated the amplitude of the reflected component R and the slope I" of
the primary Comptonization continuum. We confirm, however, that
the simple models did correctly rank the spectra according to the
strength of the reflected component and slope of the Comptonized
radiation, as demonstrated in the original publications on this sub-
ject (GCR99; ZLS99). This is also illustrated by the lower three
panels of Fig. 11. The difference of the obtained parameters comes
from the fact that, for wide-energy observations, the main thermal
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slope I" versus reflection scaling factor R correlation. For model 0, I" is a fitting parameter, for model 2 the index of a power-law fitted to the spectral model
in the 2-10 keV range. The solid curve shows the dependence predicted for the ejection model (Beloborodov 1999a; MBPO1) with the parameters of i = 50°,
the albedo of 0.15, s = 0.5 and © = 2, the dotted curve shows the same for s = 0.4. The dashed curve shows the dependence predicted by the model with
a hot spherical corona and cold overlapping disc (Poutanen et al. 1997; ZL.S99) with the blackbody temperature of 0.2 keV (see Section 4.4 for details). The
dot-dashed curve shows the same model with the dissipation effect taken into account (dissipation parameter Liy = 1, Lin /47 = 1 atr < 1; see Appendix A
for details). (b) The relativistic smearing Gaussian width o at 6.4 keV versus R. (c) The equivalent width of the 6.4-keV line equivalent width versus R. The
straight line is EW (eV) = 500R. (d)—(f) T, R and equivalent width obtained from model 2 versus those from model 0.

Comptonization component that describes well the hard energy tail
may lie well below the observed flux in the 2-10 keV range (see
Figs 3 and 5) and has a different slope in this band. The difference
is largest for 1996, 1998 and 1999 data, while in the 1991 and 1997
cases the soft excess is weak and parameters obtained with the phys-
ical models are similar to those obtained with the phenomenological
models.

In Fig. 11(a), we see a clear correlation between I' and R. For
comparison, we also show the dependences predicted by the plasma
ejection model of Beloborodov (1999a,b) and MBPO1 (cylindrical
geometry with i/r = 2), using the geometric parameter of that
model of g = 0.4 and 0.5, i = 50°, the albedo of the reflecting
medium of 0.15 and v = 2. We used the dependence between the
amplification factor A of Comptonization and I" from MBPO1. We
also compared our data with the dependence expected in the model
of ZLLS99, assuming the blackbody temperature of 0.2 keV, appro-
priate for Cyg X-1, with one minor change. In the original paper,
all the reflection luminosity was assumed to reach the observer. Re-
flection amplitude is an integral that consists of two parts, from the
disc inside the corona and from the outer part of it. We multiplied
the part of luminosity coming from the former part by e ™%, to ap-
proximately take into account scattering of radiation in the corona
(r = 1 was chosen). We see that this model cannot quantitatively
describe the presented data. Moreover, taking into account intrinsic
dissipation in the disc (see Appendix A for details) will further in-
crease the slope of the dependence, making the discrepancy larger.
Intrinsic dissipation becomes important for a small inner disc radius
(when reflection is relatively large) and the increase of the soft seed
photon flux in that case makes the spectrum softer (see Beloborodov
2001).

© 2005 RAS, MNRAS 362, 1435-1450

4.5 Physical scenario

The hard spectral state of BHBs is commonly defined as the state
in which the spectrum is dominated by the hard Comptonization
component, without significant contribution of the blackbody-type
emission from the optically thick accretion disc. Naturally, the hard
state is not characterized by a single, uniquely defined spectrum,
but rather includes a continuum of spectral shapes with the major
spectral parameters varying in a rather broad range. The diversity
of the hard-state spectra reflects the position of the source with re-
spect to the ‘bottom hard’ state and the soft state. Quantitatively,
this position can be characterized by the strength of the reflected
component (reflection scaling factor R or Fe line equivalent width)
or properties of the main Comptonized component (Comptonization
parameter, or Compton amplification factor A = €,/¢,, or the pho-
ton index I' in the low-energy limit) or characteristic frequencies of
the aperiodic variability. The existence of good correlations between
all these quantities suggests that they all are an equally good mea-
sure of the source position within the hard state. The results found
in earlier work (GCR99; ZLS99; Gilfanov et al. 2000; Gilfanov,
Churazov & Revnivtsev 2004) and presented in the previous sec-
tions of this paper suggest the following pattern of spectral and
temporal variability. An increase of the strength of the reflected
component is accompanied by an increase of the width of the Fe
line, an increase of the characteristic QPO frequencies and a soft-
ening of the Comptonized component observed as an increase of its
photon index I' in the low-energy limit.

We find from our spectral analysis that in the ‘bottom hard’
state the broad-band spectrum (3—-1000 keV) is mostly described
by the single thermal Comptonization spectrum with superimposed
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component due to reflection of the primary emission from relatively
cool and neutral, or partly ionized, optically thick matter (the ac-
cretion disc), with an additional relatively weak soft component.
As the source moves towards the soft state, the strength of the re-
flected component increases, and the soft component becomes more
significant. Considering the 3—-1000 keV energy range covered by
our data, this spectral component reveals itself most clearly in the
E < 10keV energy domain as the ‘softexcess’. Another independent
indication of spectral complexity is the gamma-ray power-law tail
detected at MeV energies by the COMPTEL telescope (McConnell
et al. 2002).

From the point of view of the formal fit quality, the E < 10 keV
excess can be described equally well by an additional thermal Comp-
tonization component due to low temperature, low Comptoniza-
tion parameter plasma or by non-thermal Comptonization with the
power-law index of accelerated electrons I'j,; ~ 2-3. Owing to the
complex shape of the continuum at these energies defined by the su-
perposition of several spectral components, these two possibilities
cannot be easily discriminated based solely on the low-energy data.
The task is further complicated by the rather limited low-energy cov-
erage provided by the PCA instrument, £ > 3 keV. However, the
above possibilities predict very different behaviour in the ~MeV en-
ergy domain, where the main thermal Comptonization component
diminishes and the power-law tail due to the non-thermal Comp-
tonization should reveal itself. As the OSSE sensitivity and energy
range are insufficient to probe the existence of the MeV tail corre-
lated with the E < 10 keV excess, we cannot, strictly speaking, give
preference to either of these two models.

There are however several additional considerations to be taken
into account. (i) COMPTEL detected a weak MeV tail in the aver-
aged hard-state data for Cyg X-1 (McConnell et al. 2002). The slope
and amplitude of this tail are qualitatively consistent with the ex-
trapolation of the non-thermal Comptonized component, required
to explain the £ < 10 keV excess (Fig. 5). (ii) In the soft state,
the non-thermal power law is the dominant (the only) high-energy
component. (iii) The E < 10 keV excess is more pronounced in the
spectra characterized by large reflection and the rather steep slope
of the main Comptonized component, i.e. in those sufficiently close
to the soft state. Its strength seems to increase with the increase of
the reflection. These arguments suggest that the non-thermal origin
of the E < 10 keV excess is more plausible. We note that the 1991
and 1997 data show much weaker excess. This may be explained
by the lower relative luminosity of the non-thermal Comptonization
component, which therefore reveals itself at lower energies, below
the £ = 3 keV threshold of the PCA instrument, but can be de-
tected by instruments which have a response at lower energies, i.e.
BeppoSAX (see Di Salvo et al. 2001; Frontera et al. 2001).

The overall qualitative picture can be outlined as follows. The
overall geometry of the accretion flow is adequately represented
by the truncated disc model with the inner radius of the stan-
dard optically thick geometrically thin disc varying from ~6R, to
~ several tens of R,. Inside this radius, the accretion flow proceeds
via quasi-spherical optically thin hot flow. The plausible mechanism
governing the transition from the disc accretion to the coronal flow
is the disc evaporation process as proposed by Meyer & Meyer-
Hofmeister (1994). The geometrically thin disc gives rise to the soft
blackbody-type component. In addition, due to dynamo, solar-type
magnetic flares can be produced above the accretion disc (Galeev
et al. 1979). The electrons there can be accelerated and form non-
thermal distribution. Comptonization of the disc emission on these
electrons results in the power-law-like Comptonized emission. The
inner optically thin flow gives rise to the thermal Comptonization

component. The relative contributions of non-thermal and thermal
Comptonized components are defined by the fractions of the gravi-
tational energy released in the disc (i.e. outside R;;) and in the inner
hot flow (inside R;,). The position of the transition radius is defined
by the mass accretion rate and is modified by the irradiation-related
effects. The transition radius decreases as the mass accretion rate
increases.

The QPOs are due to some processes in the transition region near
Ri, and approximately scale with the Keplerian frequency and other
characteristic time-scales of the coronal flow and standard accretion
disc in the transition region.

The configuration with the large inner disc radius, probably
Rin 2 50-100R,, corresponds to the classical hard state. The main
features of this ‘bottom hard’ state are low strength of the reflected
continuum, relatively narrow fluorescent Fe line of small equiva-
lent width, large Comptonization parameter of the thermal Comp-
tonized component (hard spectra with the low-energy photon index
I' ~ 1.6), and low frequencies of QPOs. As only a small fraction of
the gravitational energy is released in the disc, the contribution of
the non-thermal component is small and the spectrum is adequately
described by thermal Comptonization.

As the mass accretion rate increases, the transition radius de-
creases, and the disc moves towards the compact object. This results
in an increase of the reflection, broader fluorescent Fe line, larger
QPO frequencies, and smaller ¢}, /¢, i.e. a smaller Comptonization
parameter in the inner hot flow. The contribution of the non-thermal
component increases. The optical depth of the thermal plasma of
the inner flow decreases due the shrinking of the inner hot flow as
the disc extends towards the compact object.

The classical soft state (we ignore all the complications and sub-
states here) corresponds to the accretion disc extending all the way
towards the last stable orbit or very close to it. Correspondingly,
the inner hot flow disappears and the dominant or the only hard
component is that due to non-thermal Comptonization of the disc
emission on the non-thermal electrons accelerated in the magnetic
loops/flares above the disc.

The behaviour of the temperature of the thermal Comptonization
component is unclear. It seems relatively constant, which suggests
the possible presence of electron—positron pairs (see MBPO1).

The physical scenario qualitatively outlined above is based on the
truncated disc picture and on the assumption that the spectral evolu-
tion is governed by the change of the transition radius between the
standard accretion disc and the hot inner flow. In this picture, many
of the observed correlations can be explained naturally. However,
the R-I" correlation is significantly better quantitatively explained
by the non-stationary corona model (MBPO1), in which the gov-
erning parameter is the velocity of the blobs of emitting plasma
relative to the accretion disc. We note that both models are geomet-
rical in their nature and the predicted qualitative relations between
the physical parameters are obtained with a number of simplify-
ing assumptions. Therefore, the results of quantitative comparison
of the model predictions with the observed pattern of the spectral
variability should be interpreted with caution and any conclusions
regarding the validity of either model based on such a comparison
would be premature.

5 CONCLUSIONS

Based on the broad-band (3—1000 keV) data from simultaneous
observations by Ginga and CGRO/OSSE in 1991 and PCA and
HEXTE instruments aboard RXTE and OSSE in 1996-1999 we
have studied the spectral variability of Cyg X-1.
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(i) We confirm earlier results on R—I" correlation. Considering the
3-20 keV data, we find very tight one-parameter relations between
reflection, spectral index and the width of the Fe line.

(i1) More elaborate and physically justified models utilizing the
full energy range of our data do not change the picture qualita-
tively. On the quantitative level, we find that the simple power law
+ reflection spectral fits to the 3-20 keV data overestimated the am-
plitude of the reflected component R and the slope I'" of the primary
Comptonization continuum. We confirm, however, that the simple
models did correctly rank the spectra according to the strength of
the reflected component and slope of the Comptonized radiation, as
demonstrated in the original publications on this subject (GCR99;
Z1.899).

(iii) Based on the analysis of the broad-band data, we found that
the spectra in our sample can be adequately described by the thermal
Comptonized component with superposed reflection from the opti-
cally thick disc and a soft excess. This excess is relatively weak in the
case of the hardest spectra of our sample (I" ~ 1.7). As the strength of
the reflection increases, the excess becomes much more significant.
The presence of this excess was the primary reason for the simple
spectral approximations of the 3-20 keV data to overestimate both
R and I'. The nature of this excess cannot be unambiguously deter-
mined from our data. Based on the circumstantial evidence we sug-
gest that it is the lower energy part of the non-thermal Comptonized
component with the power-law index of accelerated electrons
I"inj ~ 2-3. At higher energies, this non-thermal component reveals
itself as a power law detected by COMPTEL at MeV energies in the
average hard state spectrum of Cyg X-1.

(iv) We note the variability of the absorption correlated with the
phase of binary system. These results confirm previous findings of
the X-ray dips in the source.

(v) The overall pattern of spectral and temporal variability can be
summarized as follows. An increase of the strength of the reflected
component is accompanied by an increase of the width of the Fe line,
an increase of the characteristic QPO frequencies and a softening
of the Comptonized component observed as an increase of its pho-
ton index I' in the low-energy limit or, equivalently, a decrease of
the Compton amplification factor €, /£. Simultaneously, the optical
depth of the thermal Comptonization decreases and the fractional
contribution of the non-thermal component to the total energy flux
increases. The exact behaviour of the electron temperature in the
hot inner flow is not constrained by our data.

(vi) We suggest a qualitative physical scenario naturally explain-
ing the observed behaviour. In this scenario, the evolution of the
spectral parameters is governed by the value of the transition ra-
dius between the standard optically thick accretion disc and the
inner quasi-spherical hot flow. The thermal Comptonized compo-
nent originates in the inner hot flow as a result of Comptonization of
the soft photons emitted by the accretion disc. The origin of the non-
thermal component is related to the optically thick disc; for example,
it can be produced due to non-thermal electrons accelerated near the
surface of the optically thick disc in the solar-type magnetic flares.
The relative contributions of non-thermal and thermal components
to the total energy flux depend on the fractions of the gravitational
energy of accreting matter released in the optically thick disc and
in the hot inner flow.
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APPENDIX A: DISSIPATION AND
ATTENUATION IN THE DISC-HOT
FLOW MODEL

Z1.S99 have considered an idealized geometrical model for thermal
Comptonization, reprocessing and reflection in an accretion flow
consisting of a central hot sphere surrounded by a flat cold disc (see
fig. 2 in ZLLS99). The sphere has a unit radius, and the inner radius
of the disc can assume any value, d. For d < 1, there is an overlap
between the two components. The hot sphere Comptonizes soft seed
photons emitted by the disc. In the original model of ZLS99, the
disc reprocesses and re-emits only the photons emitted by the sphere
incident on the disc.

Here, we generalize this model to include intrinsic dissipation
in the cold disc (as expected in an accretion flow). Also, we take
into account scattering of the Compton-reflected photons in the hot
sphere, which was neglected in ZLS99. For completeness, we give
here the full set of relevant equations, but refer the reader to ZL.S99
for details of the derivation.

The hot sphere has a unit luminosity and emits isotropically. The
total flux incident on the disc at a radius, 7, is then given by (ZLS99)

3h(r)

Fine(r) = W,

(AD)

where

h(r) = (4/3)

(@ = r)EC?) + 02 = DK r<l,
[@r = r DEC) 4207 = NKGED)], r>1, (A2)

where E and K are complete elliptic integrals. The luminosity of the
disc due to re-emission of photons incident on it is

Linc(d):47[/ dr r Fine(r). (A3)
d

This can be divided into the contributions to the integral from the
parts of the discatd < 1andd > 1, Lj, = L, + L;_, where the
first term is non-zero only ford < 1.

Then, the relative strength of Compton reflection can be identified
(ZLS99) with the ratio of the luminosity of the disc due to irradiation
to the fraction of the sphere luminosity that is not incident on the
disc. However, we correct here for attenuation of the reflection from
the parts of the disc with d < 1 because of scattering by the hot
electrons in the sphere. For the radial optical depth of the sphere ,
we can then write

e "L .+ L

R~ inc inc . A4
1- Linc ( )

Another effect not included in the treatment of ZLS99 is the
intrinsic dissipation in the disc. Far away from the centre (so any
effect of the inner boundary condition is negligible), the dissipated
flux per unit area is o3, and we assume it for 7 > 1. On the other
hand, the dissipation in the part of the disc inside the hot sphere,
r < 1, is reduced due to the transfer of the power to the hot plasma.
We assume here that dissipation is either null or constant matching
that of the outside disc

Lim{o or 1,r<1,

Finl(r) = 47t -3

r=2, r>1, (A3)
where we parametrized the relative intrinsic dissipation by the di-
mensionless factor, Ly, defined as the intrinsic luminosity of the
disc extending from r = 1 to infinity (regardless of the actual value
of d).

The power in seed photons scattered in the sphere from both the
reprocessing and the intrinsic dissipation (assuming v = 1) is then

3(1 — °° Liw [ h
Ld) ~ —(47_[26!) / drri*(r) + —[/ dr g
d m;

ax(d, 1) r

Lii [
+-= / dr rh(r), (A6)
T Ja

where a is the albedo and the term given by the second line of
equation (A6) appears only in the case of non-zero dissipation within
the sphere and when d < 1.

The amplification factor of the process of thermal Comptonization
is then A(d) = 1/L(d). It can be related to the spectral index of the
power-law part of the Comptonization spectrum using, for example,
the formula of MBPO1

r=CA-17", (A7)
where C = 2.19 and § = 0.14 for BHBs with kT j..q = 0.2 keV.

This paper has been typeset from a TEX/IATEX file prepared by the author.

© 2005 RAS, MNRAS 362, 1435-1450



