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Abstract. The most important temporal and spectral character-
istics of X-ray radiation arising near black holes, neutron stars,
and white dwarfs in the presence of matter accreting from the
disk that surrounds the compact object are reviewed. It is shown
how these characteristics are related to the physical parameters
of these systems. A key characteristic of X-ray radiation is
photon index I', defined as the slope of the emission spectrum
in the energy range of 0.5-500 keV. If the compact object of a
binary is a black hole, the X-ray radiation features saturation of
the photon index (with increasing accretion rate), its value is
ranging from 2 to 3. A correlation between I" and the quasi-
periodic oscillation frequency, vqpo, is revealed in these sys-
tems, which can be employed to independently determine the
black hole mass using scaling method. The developed model of
radiation transfer is now the basis of a scaling method which
provides an independent estimate of mass also in the case of a
supermassive black hole. The generated X-ray spectrum can be
presented in a wide energy range as a combination of thermal,
Comptonized, and Gaussian components that describe the emis-
sion lines. A model of radiative transfer in the vicinity of black
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holes and neutron stars can also explain the properties of the
X-ray emission when the compact object is a white dwarf. The
example of four dwarf novae, U Gem, SS Cyg, VW Hyi, and
SS Aur, is used to show that the continuum of the X-ray
spectrum of nonmagnetic cataclysmic variables can be described
as a result of the Comptonization of soft photons on hot elec-
trons of the accretion cloud that surrounds the white dwarf.

Keywords: accretion, accretion disk, nonthermal radiation mechan-
ism

1. Introduction

X-rays are emitted in binaries containing a compact object
(black hole (BH), neutron star (NS), or white dwarf (WD))
due to the accretion of matter flowing from the donor star
(Fig. 1). Closer examination shows that the main X-ray
source is identified with a transition layer: the region between
the rotating accretion disk and the surface of the more slowly
rotating central object (for example, the light hypersurface for
a BH), where the gravitational energy of the falling matter is
released.

In standard concepts of the transition layer, the matter
accretion rate determines the optical thickness of the layer,
whose value, along with the high electron temperature T,
leads to the emergence of X-ray radiation (see, for example,
[1]D. A shock wave is formed at the outer boundary of the
transition layer, where the energy of the matter arriving from
the disk is released. As a result of the adjustment of the
accretion flow to the rotation of the central compact object, a
transition layer is formed. This adjustment implies that the
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Figure 1. X-ray generation in a binary system. An accretion disk, a hot
Compton cloud (transition layer), wind (jet), and a compact object (black
hole, neutron star, or white dwarf) are shown.

angular velocity of the accretion flow at the inner boundary of
the transition layer is equal to the rotation velocity of the
central object; the derivative of the angular velocity with
respect to the radius lies within certain limits; and, at the
radius of the junction of the transition layer with the outer
Keplerian disk, the angular velocity of the accretion flow
should be equal to the Keplerian angular velocity.

The authors of [2] assumed that, at a high accretion rate
close to the Eddington value! (M > 10'® gs~1), the transition
layer becomes optically thick and radiates as an absolutely
black body with temperature 7 ~ 10° K. Respectively, at a
low accretion rate (M < 10'8 gs~! orsi1 < 1), i.e., in a state of
relative rest, the transition layer has a low density and is
optically thin. Since the cooling of the optically thin plasma is
less efficient, the temperature of the transition layer becomes
higher. In this case, a thermal bremsstrahlung component
arises in the spectrum of the binary, which is hard X-ray
radiation with a characteristic temperature T ~ 108 K [3].
Part (up to half) of such radiation should be absorbed by a
compact object (NS or WD) and re-emitted in the soft X-ray
range with an effective temperature of Tor < 10° —10° K (see,
for example, [3-5]). The spectra of X-ray systems, in which a
BH, NS, or WD is the compact object, are well described
by Comptonization models, such as COMPTT [6-8] or
COMPTB [9], characterized by a relatively small number of
parameters (see a description of models and parameters on
the site of the XSPEC public software package?).

A number of relations or correlations can be established
between the spectral and temporal characteristics of sources
where a BH is the compact object. These relations show the
evolution of properties during the transition from a hard state
to a soft one, when the radiation hardness (in other words, the
spectral index o) changes.? Figure 2 shows an example of the
evolution of X-ray spectra from the hard state (spectra 1105-

! The accretion rate M corresponds to the value of the dimensionless
accretion rate m = M/MEdd > 1, where Mpqq = Lgaa/(nc?),n = 0.1isthe
accretion efficiency, Lgqq is the Eddington luminosity, and c is the speed of
light.

2 https://heasarc.gsfc.nasa.gov/xanadu/xspec/.

3 The degree of radiation hardness implies two close qualitative concepts.
The first is the change in the shape of the radiation spectrum (presented, as
a rule, in energy units) in the course of evolution when one state of the
source successively converts into another. The second, more formalized,
concept implies the movement of the source on the ‘color—color’ or ‘soft
color—hard color’ diagram. This refers to the ratio of intensities in the
energy range, for example, (3.5-6 keV)/(2-3.5 keV) (‘soft’ color) to a value
in the range of (9.7-16 keV)/(6-9.7 keV) (‘hard’ color).
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Figure 2. Typical evolution of X-ray energy spectra formed in binary
stellar systems with black holes, from a low/hard state to high/soft state
using the XTE J1650-500 source as an example. Numbers next to the
spectral curves are the timestamps: 1105 and 1111 correspond to the low/
hard state, while the rest of the spectra correspond to the high/soft state
[10].

1111) to the soft state (spectra 1303-1308) in the XTE J1650-
500 source, which, apparently, contains a BH.

The X-ray source spectrum J(E) can be represented in
the general form as a linear superposition of blackbody
radiation from the accretion disk BB(E) and part of this
radiation f, convolved with the Comptonization Green’s
function G(E, Ey) (see [11]):

ﬂE%zCN(ﬁ%S?

+fBBG), (1)

where Cy is the normalized flux of soft photons from the disk.
It is of importance to emphasize that the shape (1) of the
resulting Comptonization spectrum from compact sources is
the general one and does not depend on the source type (BH,
NS, or WD). The parameters of this model are the color
temperature of the blackbody component BB, the spectral
index o (or the photon index I = o + 1) of the Comptoniza-
tion Green’s function G(E, Ey), the fraction of soft (outgoing
from the disk) photons intercepted by the Compton cloud, f,
and the normalized flux Cy of photons from the disk, which is
proportional to the accretion rate and the mass of the central
object.

It should be noted that the described approach does not
imply the use of a specific model of disk accretion (for disk
accretion models, see review [12] and references therein),
which, like any model, has limited application. The spectral
model under consideration is based on the fact that the
resulting spectrum of an X-ray source is the sum of direct
blackbody radiation with a temperature of about 1 keV for
galactic compact sources of stellar masses (BH or NS) or a
fraction of 1 keV for extragalactic sources and the Comp-
tonized component. In the case of an NS, it also contains an
additional blackbody component with a temperature on the
order of a fraction of 1 keV, due to the contribution of
radiation from the accretion disk. An additional Comptoni-
zation component is the convolution of a certain fraction of
blackbody radiation with the Comptonization Green’s
function (see, for example, [11]). Thus, the presented
structure of the spectrum is, in a certain sense, a ‘theorem’ of
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radiation transfer for compact objects. Our review is devoted
to the Compton model of X-ray emission from the accretion
flow onto compact objects, which has been successfully used
for 40 years and is based on the single assumption regarding
the blackbody nature of disk photons. Of course, in some
cases, this model may fail (for example, when the BH rotates
very strongly or the dynamics of the accretion disk is greatly
influenced by its magnetic field). A discussion of various disk
models is beyond the scope of our review.

The considered structure of the spectral model sets the
number of parameters that are determined as a result of its
fitting to the observed spectral data. There are only five of
these parameters: (1) the color temperature of blackbody
radiation, which provides the so-called soft (seed) photons for
Comptonization; (2) the spectral index of the Green’s
function o; (3) the fraction of soft photons f that are
Comptonized in a relatively hot Compton cloud; (4) the
plasma temperature of the Compton cloud 7¢; and (5) the
normalization of soft (seed) photons proportional to the
accretion rate. The experience of using the Comptonization
model (COMPTB in the XSPEC package mentioned above)
confirms that spectral X-ray data are excellently approxi-
mated by the Comptonization model.

The scaling method developed for X-ray binaries (see [13])
turned out to be very successful also for extragalactic ultra-
luminous sources (for example, M101 ULX-1) and for
supermassive BHs in active galactic nuclei (NGC 4051, 3C
454.3, etc.). This became possible due to the discovery of
correlations between the photon index I' and the accretion
rate observed in the nuclei of these galaxies (see [14]). It is
worth noting that a characteristic of the correlation of the
photon index I' with v, the lowest frequency of quasi-
periodic oscillations (QPOs), is that v, is inversely propor-
tional to the BH mass and, thus, for the same I', the lowest
QPO frequencies will differ according to the relation
Ve 1/ve,2 = mpH,2/mpu, 1, where mpy, and mpy > are the
black hole masses. In turn, in the correlation of I' with the
accretion rate or normalization N, which is proportional to
the BH mass, for the same I', the values of N for two sources
will differ according to the relation N|/N, = mpn,1/mpH, 2.
These relations underlie the scaling method for estimating BH
masses.

Using Eqn (1) for the X-ray spectrum, 17 transitions from
a hard state to a soft state were analyzed in [13] for eight X-ray
binaries containing BHs (observational data were obtained
using RXTE#). On the other hand, based on the energy
balance equation and the diffusion transfer equation for the
transition layer in the case of an NS, a formula was derived in
[15] for the spectral index « for thermal Comptonization. As a
result, it was possible to show that, in this approximation, in
the transition layer, there should be a relationship between
the electron (plasma) temperature of the corona T, the
optical thickness 7y, and the ratio of the energy flux from the
disk intercepted by the transition layer, Qgisk, and the corona
radiation, Q. In principle, the spectral index o depends on
the electron (plasma) temperature of the corona T, and it
turns out that & = f(Quisk/Qcor) ~ 1 at Quisk/ Qcor < 1.

This prediction was confirmed by further research. In
particular, the authors of [16] analyzed the spectral properties
of X-ray radiation from a binary system with an NS, 4U 1728-
34, during transitions from low to high luminosity, when the

4 Rossi X-ray Timing Explorer is an orbital X-ray observatory. https://
heasarc.gsfc.nasa.gov/docs/xte/XTE.html.

electron temperature 7, of the Compton cloud decreased
monotonically from 15 to 2.5 keV. Transition episodes were
studied by analyzing data obtained by BeppoSAX® and
RXTE. It was found that the X-ray spectra of 4U 1728-34
for all spectral states can be modeled by a combination of the
thermal (blackbody), Comptonization (which, for definite-
ness, we will call COMPTB), and Gaussian components. A
spectral analysis carried out on the basis of this model showed
that the photon index I’ in the analyzed data remains almost
constant in the course of all these spectral transitions. The last
interesting observation is explained by the dominance of a
powerful Comptonization component in this source, which is
formed in the transition layer. Consequently, the quasi-
constancy of I' is realized when the energy released in the
transition layer is much greater than that of the flux coming
into the transition layer from the accretion disk. Moreover,
the stability of the photon index established for the spectral
evolution of the 4U 1728-34 source has also been confirmed
for a number of other binaries with NSs, namely: 4U 1700-37,
4U 1705-44, Sco X-1, GX 340+ 0, 4U 1820-30, and GX 3+ 1.
This property of the sources fundamentally differs from that
observed for systems with a BH, in which I" monotonically
increases during the spectral transition from a low to a high
state and saturates at large values at large accretion rates
m > 1.

Studies have shown (see [17]) that the Comptonization
model can also be used to describe the emission continuum of
cataclysmic variables, where matter is accreted onto a white
dwarf that has a relatively low magnetic field or belongs to the
Intermediate Polars® (IP) type. Since structural properties of
such systems are common with those of low-mass X-ray
binaries (LMXBs), i.e., they contain an accretion disk, a
transition layer (corona), and a compact object (see Fig. 1),
it is logical to assume that, in this case, the same physical
processes occur and, consequently, the spectral continuum
of cataclysmic variables’ can be successfully described by
Comptonization (scattering ‘up’) of soft photons on hot
electrons of the Compton cloud.

As noted above (see also [18]), the photon index I" for
neutron starsis ~ 2. Study [15] analytically demonstrated that
this is the result of the release of the gravitational energy of the
accreting matter in the transition layer near the NS surface. A
similar effect should also be observed in white dwarfs, where
it is necessary to take into account the absorption of X-rays
by the WD surface, while X-rays are reflected from the NS
surface.

2. Black holes in X-ray systems: temporal
and spectral manifestations, interpretation

2.1 Black holes in our Galaxy
Observational manifestations of black holes in the X-ray
range, as a rule, can be described in terms of spectral states

3 Space station for observation in the X-ray range. Beppo is the surname of
a famous Italian physicist. SAX is an abbreviation of Italian name Satellite
per Astronomia a raggi X (astronomic X-ray satellite) (https://hea-
sarc.gsfc.nasa.gov/docs/sax/sax.html).

6P or intermediate polars are the white dwarfs included in binary systems;
their magnetic field is 10°—107 G and the rotation period is less than the
orbital period (equal to 1- 100 hours).

7 A cataclysmic variable is a star exhibiting burst (cataclysmic) and other
activity, which is a close binary system consisting of a white dwarf and a
companion.
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Figure 3. Evolution of the power spectrum of the Cyg X-1 energy spectrum
from a low/hard state (at the top of the figure) to a high/soft state (at the
bottom of the figure) [22].

(see [19-21]), while the X-ray spectrum itself can be decom-
posed into three components: blackbody, Comptonization,
and several emission lines of iron K.

Conventionally, the following states are distinguished in
the evolution of emission X-ray sources, which include BHs:
quiescent state (QS), low/hard (LHS), intermediate (IS), high/
soft (HSS), and, for some sources, very high state (VHS) (see
Fig. 2). In describing the sequence, it is logical to start with the
quiescent state, which ends when a burst occurs in the source.
The source then changes from the quiescent state to a low/
hard state, characterized by a lower luminosity in the soft
X-ray range and, at the same time, a generally harder
spectrum. In terms of spectral components, this implies that
the thermal (blackbody) component weakens, while the
Comptonization component, which is the result of the
Comptonization of soft photons of the accretion disk on hot
coronal electrons, is enhanced (see, for example, [10, 11]).

In such a (Comptonization) model, the photon spectrum
of X-ray binaries with BHs (see Fig. 2) is due to a thermal
component reflecting the manifestation of powerful emission
from the accretion disk. A weak power-law component is also
present, at a level not exceeding 20% of the total source flux.

Figure 3 shows an example of the evolution of the power
spectrum as a function of frequency for a Cyg X-1 source. In
the low/hard state, the source exhibits high fractional
variability —up to 40% —and the power spectrum is para-
meterized by a power-law function with a break at frequency
vy and quasi-periodic oscillations with the lowest frequency
vr. QPOs, being, in fact, a resonant effect, are not always
present in the power spectrum. In the very high/very soft
state, the QPOs disappear along with the white-red noise, and
the power spectrum of variable X-ray radiation becomes a
purely power-law. High/soft state variability is typically less
than 5%.

The temporal and spectral properties of accreting BHs are
closely related (see a fairly complete list of references in [13]).
Both groups are determined by the physical conditions and

properties of both the binary system as a whole and its
components, of which the BH mass is the most important
parameter. The authors of [23] were the first to propose to use
relations between the photon index I" and QPO frequencies to
determine BH masses. Subsequently (see [24]), the developed
method for determining the masses, called the scaling
technique, was also applied to Cyg X-1, as a result of which
the mass of the BH in this system was found to be
(8.7+£0.8) M. This estimate does not disagree with the
values found by dynamic methods, but is more accurate.
Thus, the scaling method provides an independent estimate of
the BH mass.

It is worth noting that study [25] has recently reported the
estimated mass of the same BH equal to (21.2 £2.2) M, a
value which is much higher than that obtained from earlier
estimates and ours. The authors of [25] used the following
physical parameters derived from fitting for Cyg X-1 (see
Table 1 in [25]): inclination i, eccentricity e, orbit periastron
argument o, O-star mass M, filling factor of the Roche lobe
11, effective temperature Ty, semi-amplitude of the radial
velocity curve K for an O star, shift parameter ¢ necessary to
take into account the ephemeris error, and the ratio of
rotation frequency of the O star Q. to its orbital frequency.
Thus, the calculations of the BH mass in [25] require nine
parameters to be determined from observations. In addition,
such model parameters are used as black hole mass Mgy,
O-star radius Ry (expressed in units of solar radius Ry),
luminosity L (also expressed in units of solar luminosity L),
the value of surface gravity g; for the O-star, magnitude of the
semi-major axis of the orbit a, star orbit |, and BH orbit agy.
The values of the listed seven parameters were obtained using
the above nine fitting parameters for a given value of the
orbital period Cyg X-1. We also note that in [25] the
dimensionless BH rotation parameter was estimated,
a, > 0.9985, implying that the accretion disk comes very
close to the gravitational radius Ry = Ry/2, virtually
coinciding with it. It might be concluded then that the
resulting X-ray spectrum should be described by black-
body radiation from the disk. However, as shown in [24],
the resulting spectrum is represented by a strong Comp-
tonization component, in which the photon index I
evolves from 1.5 to 2.1 (Fig. 4).

The scaling method was also used to estimate the BH mass
in ultraluminous X-ray sources GRS 1915+ 105 and XTE
J1550-564 [23], M82 X-1 [26], M8&1 X-9 [27], and NGC 5408
X-1 (see [28] and references therein). Note that some of the
listed sources include BHs of intermediate masses lying in the
range of (100—250) M.

The method of scaling by correlations I' with the QPO
frequency, combined with scaling by correlation I with the
accretion rate, was used in [13] to estimate BH masses and
distances to galactic sources H 1743-322, GX 339-4, XTE
J1550-564, XTE J1650-500, 4U 1543-47, XTE J1859 + 226,
and Cyg X-1. Previous estimates of the BH masses, distances
to sources, and orbital inclination were used as additional
data: microquasar GRO J1655-40 was used as a reference
source.

For the analysis, the archived RXTE data from HEA-
SARC?® were employed, namely, the Proportional Counter
Array (PCA) data, from which the power spectra were
constructed. Corrections for ‘dead’ time in the energy and

8 High Energy Astrophysics Science Archive Research Center, http://
heasarc.gsfc.nasa.gov/.
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Figure 4. Correlation of the photon index of Comptonization spectrum I’
in the Cyg X-1 source with (a) the QPO frequency and (b) the frequency of
the break in the power spectrum vy, according to data obtained by RXTE.
Corresponding correlations are also displayed for GRS 1915+ 105 and
XTE J1550-564 [22].

temporal spectra were made following the recommendations
set out in The RXTE Cook Book and [29], respectively. Next,
the PCA spectra were modeled using the XSPEC software,
and each spectrum was considered as the sum of a Bulk
Motion Comptonization (BMC) component (see a more
detailed description of the model in [30]) and a Gaussian
with an energy of ~ 6.5 keV, modeling the emission line of
iron. Furthermore, interstellar absorption was added to the
model: the absorption of the hydrogen column along the line
of sight Ny was taken equal to that given by the HEASARC
code (see [31]) for each source with a spectrum cutoff at high
energies. The width of the Gaussian was limited to the range
of 0.8-1.2 keV. The high-energy cutoff of the component
makes it possible to take into account the exponential dip in
the spectrum due to the electron recoil effect. Finally, all
RXTE/PCA spectra were assigned a systematic error of 1%.
Note that the model describes the spectrum outgoing from the
source as a convolution of the spectrum of soft blackbody
photons characterized by the color temperature 7., normal-
ized by Ngmc, with the Green’s function for Comptonization.
As usual, the Ngyc normalization implies normalizing to the
Eddington luminosity of a star with the solar mass and the
distance to the source squared:

L 10 kpc
Nome = (1038 erg s*1> ( d ) ‘ @

The resulting spectrum is characterized by the parameter
log A associated with the fraction f= A4/(1 4+ A) of Comp-
tonized photons in the emission and the spectral index of the
Green’s functiono = I' — 1.

There are two main reasons for using the BMC model.
The first is that the model can be applied in the general case
when photons gain energy not only due to thermal Comp-
tonization but also when Comptonization is dynamic (see [22,
30, 32]). The second reason is that the BMC model is related
to the normalization Ny of seed photons, which in the case
of a BH are produced in the accretion disk. The normalization
Npwmc is proportional to the disk accretion rate, i.e., is directly
related to the accretion disk model (see, for example, [33]).
The adopted spectral model describes well the overwhelming
majority of the data analyzed in [13], i.e., the value
72q = 12/ Naof, wWhere Ngyor is the number of degrees of
freedom in a given fit, is close to unity, and only for a small
fraction (< 3%) of all spectra does the value y2, increase
to L.5.

The power spectrum in the low/hard and transient states
has the form of limited noise, which can be described by the
empirical formula

x 29 —in
PX - |:1'0 + <;> :| ’
X

where parameter x, is equal to the characteristic frequency of
the break in the power spectrum and 2 x in determines the
slope of the power spectrum after the break. It should also be
noted that a Lorentzian profile was used to fit the QPO.

Processing of the BeppoSAX data revealed saturation of
the spectral index with an increase in the accretion rate (see
[10]), which can be considered observed evidence of a
converging flow for XTE J1650-500 (see details in [34]).

It is important to note that, when the source attains a
high/soft state, the white-red noise variability disappears
along with the QPO manifestations, and the power spectrum
acquires a pure power-law form. The total variability in the
high/soft state is on the order of 5% rms. The correlations of
the photon index I' with the QPO frequency and BMC
normalization are shown in Figs 5a and 5b during the rise of
an X-ray burst in XTE J1550-564 in 1998. Two different
tracks of the I' correlation with the QPO frequency corre-
spond to different saturation levels of the index.

The burst began at MJD 51063 (MJD; Modified Julian
Date) and passed via an initial low/hard state that ended at
MID 51069. During this transition, the photon index I’
increased from 1.3 to 2.2, and the QPO frequency increased
from 0.3 to 3.3 Hz (this phase is marked in Fig. 5 with black
dots). Over the next 10 days, the source exhibited an
intermediate state with a strong burst on MJD 51076 (these
data are marked with red dots) when the QPO index and
frequency reached 2.8 and 14 Hz. After the burst, the source
returned to the intermediate state with a photon index of
~ 2.3 and QPO frequency of ~ 3 Hz. Over the next 20 days, a
gradual evolution to the high/soft state could be observed,
with the photon index slightly increasing to 2.5 and the QPO
frequency reaching ~ 5 Hz. Around MJD 51105, the source
entered a high/soft state.

Figures 6a, b show the spectral evolution of another X-ray
source, GRO J1655-40, presented as a change in the light
curve (PCA) and radiation hardness defined as the ratio of
fluxes in the energy ranges of 9-20 keV and 4-9 keV. The
correlations of the photon index I with the QPO frequency,
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Figure 5. Correlations of photon index I" with the QPO frequency (a) and
BMC normalization (b) during a burst in XTE J1550-564 in 1998. Two
different tracks in panel a correspond to two different levels of index
saturation [13].

the normalization Ngmc, and the Comptonized radiation
fraction f= A/(A4 + 1) are shown in Figs 6c—e.

Thus, the QPO frequency and BMC normalization
correlate with the photon index I', while the fraction of
Comptonized radiation f'and the I" index usually anticorrelate
(Figs 6¢c—¢). In the upper part of the correlations, we observe
saturation of I, which is best seen in plots of I' versus
normalization (proportional to the accretion rate) rather
than in plots of I' versus QPO frequency. This observation is
of importance, because I" and the spectrum normalization can
be determined independently from the spectral state of the
source, while QPOs become weak and completely disappear
when the source enters the high/soft state.

The saturation of the photon index I" in the GRO J1655-
40, Cyg X-1, and GRS 1915+ 105 sources was first reported
in [24]. Later, the saturation effect was confirmed for Cyg X-1
in the 2001-2002 observations (Fig. 7) (see also Figs 3-6).
Moreover, the saturation of the index was found in the XTE
J1650-500, GX 339-4, H 1743-322, and 4U 1543-47 sources
(Figs 6, 8-10). The saturation of the index with respect to
spectrum normalization in XTE J1650-500 was revealed in
[10] in analyzing the BeppoSAX data for the 2001 burst. A
similar behavior is observed for all transitions from a low/
hard state to the high/soft state in XTE J1550-564, H 1743-
RO3, and J1859-R99 (see [13]).

For the next step, it is of importance that the available
I'-normalization relationships indicate the absence of a

hysteresis effect for the Cyg X-1 source. This phenomenon
can be associated with a relatively constant rate of wind
accretion due to the optical component. Thus, data on the rise
and fall of the flux from Cyg X-1 can be used to derive a
correlation pattern.

During periods of decay, the source luminosity is lower
than during periods of rise, and the variability is suppressed.
As a result, spectral and temporal data are associated with
decay transitions when the signal-to-noise ratio (S/N) is
lower than that observed for rise transitions. The saturation
levels of the photon index for the decay phases are close to 2.1.
Most likely, this is due to the fact that, at low accretion rates
characteristic of decay, the cooling of the X-ray emission
region (Comptonization cloud) by photons from the disk is
less efficient than at high accretion rates. As a result, the
plasma temperature in the Compton cloud 7. rises, thereby
leading to more efficient Comptonization and a harder
spectrum. Such a direct relationship between 7, and the
hardness of the resulting spectrum was shown in [32] using
Monte Carlo simulations. Thus, periods of decay are different
from periods of rise, and the index saturates at different levels.

To illustrate all the nuances noted above, we consider the
properties of spectral transitions in GX 339-4. This source has
five different (rise and decay) transitions, represented by five
different tracks (see the third and fourth rows in Fig. 8). The
two rise transitions, GX339-R02 and GX339-R07, involve
higher fluxes than the two decay transitions, GX339-D03 and
GX339-D07. These rise transitions also exhibited steeper
photon index—QPO frequency (photon index—normaliza-
tion) relations with higher saturation levels. On the other
hand, GX 339-4, in transiting from the hard to soft state, is
like a decay track with index saturation at a level of 2.15. The
decay during the 2004 burst was very fast and did not show
sufficient activity in the QPO.

Apparently, conditions in the accretion flow change
between episodes. During the transition and high/soft states,
the source likely entered a phase of a large increase in the
accretion flow. This intense flow provided strong cooling,
which manifested itself in an increase in the photon index.
Figures 9 and 10 show the resulting complex correlations in
sources H 1743-322 and 4U 1543-47. It is worth noting the
significant saturation of the photon index I' with respect to
the BMC normalization at a level of 3 in the case of H 1743-
322. According to [32, 35], this saturation level corresponds to
the plasma temperature of the converging flow 7, ~ 5 keV
and below. At the same time, in 4U 1543-47, we see a strong
saturation of the photon index at a level of 2.1, and the BMC
normalization changes by a factor of four. According to [32,
35], such a saturation level for 4U 1543-47 corresponds to the
temperature of the converging flow T, ~ 10—15 keV. As for
the correlations of I with the QPO frequency, the saturation
of I' is barely noticeable for these two sources.

2.2 Scaling method and parameterization

of correlated samples

One of the goals of studying BHs is the use of X-ray
observations to obtain the fundamental characteristics of
these sources.

First of all, X-ray observations should be used to test
the theoretical conclusion that the lowest of the QPO
frequencies is inversely proportional to the black hole
mass mpy = My /Mg (see [1, 23]). This dependence of the
QPO frequency on the mass mpy is a simple consequence of
the fact that all characteristic dynamic time scales in a flow



September 2023  Generation of X-ray radiation in the inner regions of accretion disks around black holes, neutron stars, and white dwarfs 891

0.40 "
L = a 035 g
gloE LS 030 #
— = ) 3 ﬁ J-L! g
;9 r e + s — it
e f i £30% |
ch: - *, 232020 3 §
55 [ % w| £ 0151 oy '
“e 0 w | £5010f gL d
-, |
8 102 |- L ~ 2005+ + .
=] - T 4+
= E 0k ik a o, R
C 1 1 1 1 1 1 1 1 _0.05 1 1 1 1 1 1 1 1
52,15052,16052,17052,18052,19052,20052,21052,22052,23052,240 52,150 52,16052,17052,18052,19052,20052,21052,22052,23052,240
MID, day MID, day
2.3 2.3 5 2.3 -
22 . —% | 2o e di aaf i ¢
2.1 2.1 ; 2.1 + ;
20 | & 5 20 &' 2.0 :g ot
w19 = S 1.9 e =
B8 ® B1sfe Z18 .
S 17 ® E 17 e ST F .
1.6 _3." 16 1.6 - ;’&
1.5 poo 15f- 15 F e
Rise 2005 L 1y
14 F Decay 2005 +—e=— = I
13 ! 1 | ! ! ! ! 13 ! ! ! !
0 5 10 15 20 0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1.0
QPO frequency, Hz BMC normalization, L39/d120 Comptonized part f

Figure 6. Light curve (a) and variation in radiation hardness (b) for the burst of the GRO J1655-40 source detected in 2005. Photon index as a function of
the QPO frequency (c), normalization Npymc (d), and the fraction of Comptonized radiation (e). Red and blue colors indicate transitions of rise and decay,
respectively [13].

3.0 ~
9 L a b
<
9] .
B L ~25F .t
& g * 3 % i ¥ +
e o = %8, o
5 3 o g ot 4 =1 Y20+ + * $
5 g H - SN LY 2 ZEa ",
- 3 e 2% v, Ve + + e o %2 = * +
=0 PRt i R o = § o My .
= S - 0‘0 3.1 + ﬂ"' #+ - _9 > -
5 . io S . S 915+ s ++ +
o ¥ . | + PO 8 -, .3+ *
510% 4 ¢ B y T * < o . i*t
] - poi R by * e S <+ o8 ¥
g [ ey Tt . 20k S8 Lt J - AP
: PO o “ : 3, e
- + &
1 1 1 1 1 1 0.5 1 1 1 1 1 1
52,000 52,100 52,200 52,300 52,400 52,500 52,600 52,700 52,000 52,100 52,200 52,300 52,400 52,500 52,600 52,700
MIJD, day MIJD, day
2.0 2.2 g 22
C * . &
T @
- et Sowg = I o o4 .
19 | oo 21 se e S RY
& 20 wi e 201 ° .
18 F e t 0'er ®os o
. " 19 v g ? 1.9 -
. ’ » '
g 17k '??1 g 18 °» § 18 F oy
— g — | oq:o — | 12
1.6 e 171 17 L
Fo Ak 1.6 ?" 16 1N
= s & 4
S i Rise 2001 o 15k 15 B A
Decay 2002 +—=—
1.4 1 1 [ 1 pal1 1 14 1 1 1 1
2 4 6 8 10 0.1 0.2 0.3 0.4 0.50.6 0.7 0.8 0.9 0 02 04 06 038 1.0
QPO frequency, Hz BMC normalization, L3o/df, Comptonized part f

Figure 7. Light curves (a) and radiation hardness (b) for Cyg X-1 in 2001-2002. Red symbols correspond to the transition from a high/soft state to a low/
hard state, and blue symbols correspond to the reverse transition. Data from observations during the transition state are shown in black. Photon index as
a function of the QPO frequency (c), BMC normalization (d), and Comptonization fraction (e) [13].

accreting onto a compact source depend on the mass of the  these time scales, are inversely proportional to the BH
object (see, for example, [33] and below in this review). mass (see also [13]). This assumption has now been
Thus, the QPO frequencies, being inversely proportional to  confirmed by observations.
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Thus, we can formulate the first scaling law (which was
applied to determine the BH mass) using the scaling factors:

Vr Mt

0 G)

Sy =
Vt

where the subscripts r and t denote the reference and target
source, respectively.

The second scaling law, which can be used as a basis for
estimating the mass of and distance to a BH, sets the ratio of

the fluxes F coming to the observer:

Fo Lo d? @
F, L d?’

where L is the isotropic luminosity of the source and d is the
distance to it. The source luminosity can be represented as

MpaM
L:G% (5)

= n(ry)mLgdd ,
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where R, = r,Rs is the radius of the disk on which the main

energy releases (effective radius), Rs = ZGMBH/C2 is the

Schwarzschild radius, the efficiency of gravitational energy
releasen = 1/2r,, m = M /M., is the dimensionless accretion

rate, and Lgqq is the Eddington luminosity.

On the other hand,
4nGMpumpe
Lggg=—""—"+
oT
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i.e., Lggq x Mpy and, thus, using Eqns (5) and (6), we obtain

LO(H(I‘*)H.’ZMBH. (7)

Assuming that riz and 5 are the same for sources that are in
the same spectral states, we find L,/L, = M, /M = 1/s, (the
BH subscript is omitted).

The ratio of normalizations of the intensities of the seed
photons of the disk for the reference and target sources in the
same spectral state can be represented as

N Lid?
N, Ld?

SN

Jfa, (8)

where fg is a geometric factor that takes into account the
difference in angles of viewing of the inner part of the disk,
which emits soft photons entering the Compton cloud.
Therefore, when the radiation comes directly from the disk,
Jfo = (cos0),/(cos 0),, where 0 is the inclination angle of the
inner part of the disk. Note that the expression for fG may be
not very accurate, since the geometry of the inner disk and
corona may differ from that of the disk-sphere. Despite this
ambiguity in identifying fg, the last formula can be used by
setting 6 ~ iin it if the information on the system inclinations
is unknown. Now, it is possible to derive the final formulas of
the analysis using the scaling method. If s, and sy have been
measured, the mass of and distance to the source under
investigation (M, and d,) can be calculated as

M[:S‘;Mr, (9)

susa) 2
di=d. (= .
' <fc )

In using Eqns (9) and (10), the problem of determining the
mass of and distance to the source under study is reduced to
finding the scaling factors s, and sy. The corresponding
technique was applied in [24]. For transition episodes, the
correlation pattern is parameterized by the expression

f(x) = A BDIn [exp (I_(j)/xt)ﬁ) + 1} ,

(10)

(11)

where x is either the QPO frequency v or the Ngyc value. By
approximating the corresponding correlation with this func-
tion, the values of the constants A4, B, D, xy, and f can be
found. If x > Xy, f(x) — A; thus, 4 has the meaning of the
photon index at the saturation level, and f is a power index at
X < Xy, Xy being the frequency of the onset of the constant
index I" (or the normalization value Ngwmc). The D parameter

Table. Masses of and distances to black holes.*

determines how rapidly the transition occurs. It can be scaled
to the sample under study using the x — s x transformation.
The use of an analytic function to parameterize correlations
makes it possible to avoid theoretical modeling of the
relationship between the photon index and the QPO fre-
quency based on some physical model. This approach makes
the scaling procedure model-independent.

2.3 Black hole mass and determination of the distance

to X-ray binaries

The galactic microquasar GRO J1655-40 is a well-known
X-ray binary black hole whose mass and distance have been
measured the most accurately of any known stellar-mass
black hole. Therefore, it is logical to use the GRO J1655-40
source as a reference for scaling. The orbital inclination angle
is known for this source, due to which the determination of
the distance is more reliable. However, not all sources
analyzed here have transitions directly scalable to GRO
J1655-40 data. Such transitions are only available for GX
339-4 and 4U 1543-47, since their photon index saturation
levels are the same.

Having estimated the mass of and distance to GX 339-4
BH, we can use this source as a reference for the analysis of
XTE J1550-564 and XTE J1650-500. Note that this scaling
between GX 339-4 and XTE J1650-500 is possible for both
rise and decay phase data. In this case, XTE J1550-564 can be
used as a reference for data scaling for H 1743-322 and XTE
J1859-226 (see [13]). Finally, using GRO J1655-40 and
4U 1543-47 as references, the BH mass and the distance to
Cyg X-1 can be estimated. All obtained estimates of the BH
masses, summarized in the table, are illustrated in Fig. 11.

It should be noted that the scaling based on the use of
Eqn (8) contains an uncertainty factor fg. To eliminate this
uncertainty, the observed correlation of the photon index I’
with the QPO frequency can be used (see Fig. 11).

The very existence of the correlation was predicted in the
late 1990s in [1], where the authors defined the transition layer
as a region located between the boundary of a sub-Keplerian
disk with an internal radius R;, = bRs (Rs is the Schwarz-
schild radius and b is numerical factor ~ 3) and the first
Keplerian orbit (see also [23]).

Numerical calculations have shown that the value of the
dimensionless outer radius 7oy = Rout/Rin strongly depends
on the Reynolds number y associated with turbulent viscosity
(analysis of observational data shows that the value of y varies
in the range of 2-3) when the rotational speed of the central
compact object wy is less than the Keplerian frequency wg
at the outer radius of the transition layer. The fact that ryy,
is a function of the parameter y implies that the dimension-
less thickness of the transition layer (Compton cloud)

Name Mayn, Mg i, deg. dhit, kpe M;, M, Meal, Mo dscal, kKpe References

GRO J1655-40 6.3+0.3 70 + 1 32402 [36, 37]
GX 339-4 >6 — 7.5+ 1.6 9.0+3.8 123+ 1.4 575+0.8 [38, 39]
4U 1543-47 94+1.0 20.7+ 1.5 7.5+1.0 148+ 1.6 94+14 94+138 [40, 41]
XTE J1550-564 9.5+ 1.1 7245 ~ 2.5 ~6 94+2.1 10.7 £ 1.5 33405 [42—44]
XTE J1650-500 2.7-173 > 50 2.6+0.7 10.6 +4.0 9.7+ 1.6 33+£0.7 [45, 46]
H 1743-322 ~ 11 ~ 70 ~ 10 — 13.3+3.2 9.1+1.5 [47]
XTE J1859-226 7.6—12.0 — 11 123+1.7 7.7+1.3 424+0.5 [48, 49]
Cyg X-1 6.8—13.3 3545 25403 — 79+1.0 22403 [50, 51]

* Mayn — dynamically determined BH mass, i—inclination of the system, dj;; — distance to the source reported in publications, M; = M cos .
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Figure 11. Correlation photon index—QPO frequency and photon index—Nppmc normalization for black holes. Studied transition between spectral states is
shown in red, and the reference transition is shown in black [13].

lcc = (Rout — Rin)/Rin = rout — 1 18 also a function of y. In  spectral state, we inevitably come to the conclusion that /cc
particular, assuming 7y to be the parameter that determines the  remains constant for a fixed spectral state of an X-ray source
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with a black hole, even if the BH masses differ by several
orders of magnitude .

Thus, the size of the transition layer (Compton cloud)
Lee = b Rslee(y) = 9 lee(y)m [km] is proportional to the BH
mass m = M/M for the selected spectral state (or 7).
Moreover, as shown in [1], the dimensionless extension of
the transition layer lcc = Lcc/(bRs) anticorrelates with the
spectral index. The authors of [23] identified the QPO
frequency v, as that of the normal mode of oscillations of
the Compton cloud, which yields, since the QPO frequency is
proportional to the ratio of the perturbation propagation
velocity in the transition layer to its size, a QPO frequency
inversely proportional to the BH mass. In other words, the
magnetosonic speed? V4 essentially depends on the spectral
state. Since the QPO frequency v, can be expressed as the
ratio of Vya to the size of the Compton cloud Lcc,

Pva(y) - Vma()
Lee(y,m)  9mlec(y)

(12)

the following conclusions can be drawn. First, v, should
correlate with the spectral state, and second, for a given
spectral state, v, is inversely proportional to the BH mass.
Thus, if the correlation between the index and the QPO
frequency persists during the spectral transition and has a
shape similar to the correlation shape for another source, the
mass ratio of the considered BHs can be determined by
shifting the correlation along the log v, axis relative to each
other (see the fine details of applying the scaling technique
in [13]). A detailed analysis of the spectral and temporal
properties of X-rays radiated from Cyg X-1, which was
carried out in [53], confirmed that the QPO frequency v,
indeed correlates with the Reynolds number y and the photon
index I'.

The spectral index o = I' — 1 characterizes the efficiency
of Comptonization, defined as the product of the average
relative change in photon energy in one scattering n and the
average number of scatterings N in the Compton cloud.

In [23], the Monte Carlo simulation of Comptonization
processes and directed plasma motion under the action of
gravity was used to show that, as the accretion rate increases,
I first increases and then saturates. Thus, taking into account
the existence of correlations of v; and I' with M, we can
conclude that the QPO frequency v, should also correlate
with the photon index I'.

The observational data for GX 399-4 and 4U 1543-47 can
be scaled with respect to the data for the GRO J1655 source
(see [13]), which makes it possible to obtain black hole masses
for GX 339-4 and 4U 1543-47 (see Fig. 11). Other transitions
for the decay period (GX 339-D03, XTE J1650-D01, and
H J1743-D03) feature slightly higher saturation levels of
about 2.1, and therefore represent a different sample for
scaling.

The GX 339-4 source was also used as a reference source
for determining the mass of and distance to a BH which is part
of the XTE J1650-500 (Fig. 11g) and H 1743-322 (Fig. 11i)
sources. The resulting parameters of the black hole were then
used to measure the BH mass of and the distance to XTE
J1550-564 (Fig. 11¢). The BH mass obtained by the scaling
method is in excellent agreement with the value found on the

9 The magnetosonic velocity arises due to the presence of a magnetic field
in the disk, from which the magnetic field penetrates into the transition
layer. The influence of the magnetosonic velocity is described in more
detail in [52].

GRO J1655-40 2005 Decay
Cyg X-1

2.1 F =

2.0

Photon index

TF = 1

VQPO, Hz

Figure 12. Black hole mass in Cyg X-1 estimated by the method of scaling
the I — vqpo correlation [24].

basis of the dynamic characteristics (see the table). Also,
transitions GX 339-R04 and XTE J1650-R01 (Fig. 11h) were
used as references to provide a double check by scaling the
decay data (Fig. 11g) for the same sources. The results
obtained by these three independent scaling procedures are
in very good agreement.

Finally, data from XTE J1550-564 (J1550-R98) were used
for scaling in the case of H 1743-322 (1743-R03) (Fig. 11m)
and XTE J1859-226 (J1859-R99) (Fig. 11n). As emphasized
earlier, during the 1998 burst, two correlation tracks were
obtained for the XTE J1550-564 source with different
saturation levels of the photon index. The initial low/hard
state was combined with a subsequent transition phase from
the intermediate state to the high/soft state, similar to the
transition in H 1743-322 observed during the 2003 rise (H
1743-R03). Therefore, it was this subset of the XTE J1550
(J1550-R98a) observational data that was used to scale the
H 1743-R03 data. The phase of the exit from the intermediate
state to the high/soft state of the J1550-R98 source is scaled
from J1859-R99 (Fig. 11n). It should also be noted that the
XTEJ1550-R98, XTE J1859-R99, and H 1743-R03 bursts are
similar, not only in the form of the correlations between the
photon index and QPO frequency and the photon index and
the BMC normalization, but also in the form of the
correlation between the photon index and the fraction of
Comptonization (I' —f), presented in Fig. 9 using the
example of source H 1743-322.

Figures 110 and 12 present the scaling between observa-
tional data for GRO J1655 and Cyg X-1. Figure 13 shows the
correlation between the I' index and the QPO frequency for
GRS 1915+105 and GRO J1655-40 during the 2005 out-
burst. The BH mass estimates obtained for Cyg X-1 and GRS
1915+ 105 are given in the table.

Thus, it is possible to derive a sequence of scaling
operations that make it possible to obtain masses of and
distances to BHs for a number of X-ray sources in the Galaxy,
and in some cases to double check these estimates. The table
presents the results for BH masses and distances obtained
using the scaling method, together with independent esti-
mates of masses, distances, and orbital inclinations found in
the literature. For the sources for which independent
estimates can be made using two different data samples, the
results of the best fit obtained as the average between
individual measurements are presented, and the error range
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Figure 13. Correlation of photon index I' with the lower frequency of
quasi-periodic oscillations vqpo. Determination of the black hole mass in
the source GRS 1915+ 105 by the scaling method [24].

was determined from the sum of the error ranges obtained by
individual scaling procedures.

2.4 Physical scenario for the evolution of spectral

and temporal properties during spectral transitions

The process of accretion onto black holes is far from fully
understood. The theoretical models developed to date often
deal with limited aspects of the broad observational picture.
For example, there are several QPO models (see [20]), most of
which only concern the observational manifestations of QPO,
while their connection with the spectral properties of
radiation and transitions between states are not taken into
account. In the concept of the transition layer (Compton
cloud), finally, several main observational aspects of accret-
ing BHs are naturally explained, due to which this concept is a
strong candidate for the role of the underlying theory of
accretion onto compact objects.

The starting point in the development of the transition
state concept is the idea of the necessary deviation of the
rotation profile from the Keplerian one in the innermost part
of the accretion disk. Indeed, the boundary condition near a
compact object without a significant magnetosphere is that its
rotation is much slower than the Keplerian one. This problem
was first raised in [1], where it was shown that the adjustment
of the Keplerian rotation in the accretion disk to the sub-
Keplerian rotation of the central object inevitably leads to the
formation of an internal hot Compton cloud.

2.5 Saturation of the spectral index with respect

to the accretion rate as observational evidence

of a converging flow into a black hole

As emphasized, positive correlations between the photon
index I' and the QPO frequency should be observed when
the corona is cooled by a photon flux coming from the disk [1,
23]. Since the temperature of the transition layer decreases
during the transition to the soft state, the effect of dynamic
Comptonization becomes dominant in the formation of a
hard tail in the final spectral state, i.e., in the high/soft state
(see [32, 34]).

As shown in Figs 2, 5-11, index saturation is found in
correlations between the photon index and normalization for
most sources analyzed, and saturation of the index is some-
times seen in index—QPO frequency correlations. More

specifically, saturation of the index was found for the X-ray
sources GRO J1655, GX 339, XTE J1550, XTE J1650,
H 1743, 4U 1543, and Cyg X-1. The saturation level of the
index can vary from one source to another, and even for the
same source it can be different for different spectral transi-
tions. For example, GRO J1655-40 exhibits different satura-
tion levels I'sy; ~ 2.3 and 2.05 during the rise and decline of
the 2005 burst (see [24]).

The effect of index saturation with respect to the accretion
rate (and the optical depth of the converging flow, 1) was
predicted in [34] as a result of the analytical solution of the
relativistic kinetic equation (RKE) in the case of a Schwarz-
schild black hole for a cold plasma, when k7, <1 keV.
Subsequently, this result was reproduced in Monte Carlo
simulations (see [32]). Note that the RKE solution was
obtained by the method of characteristics, which, in fact, are
the trajectories of photons propagating in the gravitational
field of a Schwarzschild BH:

)1/2 xo(l_#g)l/Z
—xp )

x(1—u?
(1-xH"" (1

=p, (13)

where x =r/rs is the dimensionless radial coordinate,
u = cos b, 0 is the angle between the radius vector r and the
line tangent to the photon trajectory, and p is the impact
parameter at infinity. For the planar geometry, these
characteristics degenerate into straight lines:

(1= =p. (14)

The saturation of the photon index reflects the fall of
plasma into the black hole, since the spectral index o = I" — 1
is a quantity inversely proportional to the Comptonization
parameter Y, which in turn saturates with an increase in the
optical depth 7 of the convergent flow or the dimensionless
accretion rate m. Indeed, Y is the product of the average
photon energy change in one scattering # and the average
number of effective scatterings N, i.e., ¥ = nN.

The preferred direction of propagation for Comptonized
photons is along the flow converging on the BH, i.e., along the
radius. The fractional change in photon energy is defined as

AE 1—mVr/c

E 1—mVgr/c’

where y; and p, are the cosines of the angles between the
electron velocities for the directions n= Vg/Vx of the
incoming and scattered photons. Ny can be estimated as the
ratio of the characteristic size of the converging flow along the
radius L and the mean free path /: Ny, o< L/l = 7, taking into
account that AE/E reaches a maximum g, = 1 for given p;
and Vg. On the other hand, the efficiency of one scattering for
a converging flow is # o 1/7 for © > 1 (see [54]). Thus, the
Comptonization parameter Y and the spectral index ot =~ Y !
saturate, becoming constants when the optical depth (or
accretion rate) of the converging flow increases.

The value of the saturation index is determined by the
plasma temperature during the spectral transition (see [32]).
On the other hand (see [1]), the plasma temperature strongly
depends on the accretion rate in the converging flow My, and
its illumination (by the photon flux) by the disk Fyisx. For
large My, and Fyig, the plasma temperature is low, on the
order of 5 keV. The index saturation level decreases as the
plasma temperature in the converging flow increases (see
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Figure 14. Correlation of the photon index with the accretion rate for extragalactic sources M101 ULX-1 and ESO 243-49 HLX-1 [56].

[23]). Thus, index saturation levels can vary from source to

source, depending on the power of the soft photon flux e —NGCa0sh
arriving from the disk. ESuzkn o

It is worth noting that the thermal Comptonization

parameter Y ~ [4kT/(mec?)]t2, since, in this case, n = 20 - -}r_‘f '.r'-";' g‘L
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2.6 Estimates of black hole masses 103 104 10-3 10-2 10°! 10°

for extragalactic sources

The same method described in Section 2.5 can also be used to
estimate masses for extragalactic sources. Such a study using
Swift/XRT data was carried out for ultraluminous sources
M101 ULX-1 and ESO 243-49 HLX-1 (Fig. 14). The XTE
J1550-564, H 1743-322, and 4U 1630-472 X-ray sources were
used as reference sources. As a result, the BH masses were
estimated to be Mpy ~ 7 x 10°M, for ESO 243-49 and
Mgy ~ (3.2—4.3) x 10*M,, for M101 ULX-1 [56, 57]. The
color temperature of seed photons for these sources is in the
range of 50-140 eV.

The scaling method was also applied to active galactic
nuclei, namely to NGC 4051 [58]. In the analysis, GRO J1655-
40 and Cyg X-1 were taken as reference sources. The
correlations between the photon index and BMC normal-
ization are shown in Fig. 15. Observational data were
obtained by XMM-Newton, Suzaku, and RXTE. Study [58]
also presented an analytical model showing that the photon
index changes from a low value to relatively high values,
depending on the accretion rate. The obtained mass value was
6 x 10°M.

Study [14] announced the discovery of correlations
between the photon index and the accretion rate observed in
the nuclei of the galaxies 3C 454.3 and M 87. The analytical
model developed was used to show that I" evolves from low to
high values, depending on the accretion rate. Supermassive
black holes (SMBHs) in NGC 4051 and NGC 7469 (see [59])
along with galactic BHs Cyg X-1 and GRO J1550-564 were
used as reference sources to estimate the mass of the 3C 454.3
BH. For the masses of black holes in the central regions of the
galaxies 3C 454.3 and M 87, the value obtained is

BMC normalization, Lsy/d},

Figure 15. Correlation of photon index I' with the BMC normalization.
Red line corresponds to the studied source NGC 4051. Green and black
lines refer to the reference sources GRO J1655-40 and Cyg X-1,
respectively. Red triangles and black and blue squares show the data
obtained by RXTE, Suzaku, and XMM-Newton, respectively [58].

34 x 10°M, and 5.6 x 10"M, respectively. Recall that
MS87* is currently one of the two black holes (the other
being SgrA*) (see Ref. [60]) whose masses have been
estimated using radio interferometric measurements. For
MS87*, the mass turned out to be 6.5 x 10° M. Such a large
disagreement in the masses of the BHs at the center of the
M87 galaxy, obtained by different methods, raises questions.
The situation with the actual value of the mass of this BH will
undoubtedly be clarified in the future.

2.7 High-temperature blackbody radiation
in black-hole spectra. Shifted annihilation line
It was shown in [61] that broadband BH energy spectra
contain a blackbody component with a temperature in the
range of 15-40 keV (Fig. 16), which is called the High-
Temperature BlackBody (HBB) component. It was studied
in detail using observational data for five X-ray binaries: Cyg
X-1, GX 339-4, GRS 1915+ 105, SS 433, and Sgr V4641 in
low/hard, intermediate, high/soft, high, and very soft states,
and using data on spectral transitions between them obtained
by RXTE, INTEGRAL (INTErnational Gamma-Ray
Astrophysics Laboratory), and BeppoSAX.

To fit these broadband spectra, an additive XSPEC model
was used, which consists of Comptonized and Gaussian
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Figure 16. Results of calculations using the XSPEC model tbabs (comptb + gauss + bbody) smedge applied to spectra obtained by RXTE and
BeppoSAX. Ordinates are v X F,, where v is the photon frequency and F, is the spectral flux. Presence of a high-temperature blackbody component
(gravitationally shifted annihilation line) is seen: green and red curves are for GRS 1915+ 105, SS 433, and V 4641 Sgr, respectively. Experimental data are
shown as crosses; components of the spectral model are shown as a pink curve for the spectral line of iron (according to the relativistic Laor model in
XSPEC) and as a blue curve for the Comptonization continuum (comptb-continuum). The resulting spectrum is represented by a red curve for GRS

1915+ 105) and green curves for SS 433 and V 4641 Sgr [61].

components. The study showed that, when the source was in
the intermediate state, its spectrum contained an HBB
component with a color temperature of Tygg in the range of
4.5-5.9 keV. Using the data obtained with various X-ray
telescopes, this component was detected only in some spectra
of the five studied sources and only in the transition state
(when the photon index I" > 1.9).

The time scale of this spectral feature turned out to be
several orders of magnitude smaller than that of the iron line
and its edge, which implies that similar spectral features are
formed in geometrically different parts of the source and in no
way are related to each other. Previously, study [35] used
numerical simulation to show the presence of a gravitation-
ally shifted annihilation line in BH sources; therefore, the
observed HBB bump in the BH spectra led to the assumption
that the noted feature is a gravitationally shifted annihilation
line. The equivalent width of the HBB singularity lies in the
range from 400 to 800 eV (Fig. 17).

2.8 Discussion of the results of black-hole mass estimates
Currently, in X-ray observational astronomy, a compact
object is identified as a BH based solely on its mass. A source
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Figure 17. Equivalent width EW of a gravitationally shifted annihilation
line as a function of the photon index. Points with error bars correspond to
sources: Cyg X-1 (pink), GX 339 (green), GRS 1915+ 105 (red), and
V 4641 Sgr (black) [61].




900 L G Titarchuk, E V Mikheeva, V N Lukash

Physics— Uspekhi 66 (9)

is classified as a BH if its mass exceeds the stability limit of a
rotating neutron star, namely 3.2 M, (see, for example, [62]).
To date, there is only one widely used method for determining
the mass, associated with the measurement of the mass
function f(M), which is based on optical spectroscopy.
Unlike the theoretical mass function, which is a combination
of two masses and the orbit inclination angle, the observa-
tionally derived mass function, which sets a lower limit on the
mass of a compact object, only depends on the radial velocity
amplitude K and the orbital period P,,, and does not depend
on the inclination angle i, i.e., (M) o PonK>.

In [40], measurements of rotational velocities and inclina-
tions for 17 binary systems containing black holes are
collected. In many cases, the observed light curve is formed
not only by the companion star but also by contributions
from other radiation sources (usually the accretion disk).
Another challenging aspect is the uncertainty of the radial
velocity amplitude, which is contained in the solution in the
third power.

Dynamic measurements of the mass of a compact object
are more than the theoretical limit of a stable configuration.
Note, however, that such a mass measurement is not direct
evidence per se that the object under consideration is a black
hole. Such evidence, for example, should originate from the
confirmation of the presence of an event horizon for a BH.
According to theoretical concepts, direct observations of the
horizon are impossible. Therefore, it is necessary to look for
such manifestations that require the presence of the horizon
and thus may be proof of its presence. Section 2 presents
theoretical arguments and observational evidence that the
saturation of the photon index observed during spectral
transitions in X-ray sources occurs due to dynamic Comp-
tonization in a converging flow in the innermost region of a
compact object. This region of a converging flow cannot be
formed in the presence of a solid surface, which would
observationally manifest itself as feedback in the form of a
strong spectral component emerging due to the release of
energy on the surface and coherent pulsations, for example,
when the compact object is a neutron star. In fact, none of
these features of the feedback has ever been observed in the
case of X-ray sources, the compact object of which is assumed
to be black holes. Therefore, we can assert with confidence
that the observational fact of saturation of the photon index
with an increase in the accretion rate is a unique property
indicating the existence of a converging flow on a BH.

The table lists the values of the BH masses found using
both dynamic methods and the scaling method. The mass
values obtained by different methods are in good agreement.
The BH masses found fall into a narrow range near 10M,
which may be due to some selection effect. Note that the
scaling method has been fairly successfully used for extra-
galactic sources as well. In particular, for the ultraluminous
sources M101 ULX-1 and ESO 243-49 HLX-1, we obtained
black hole mass estimates Mgy ~ 7 X 10°My and Mgy ~
(3.2—4.3) x 10*M, respectively.

2.9 Conclusions regarding estimation of black hole masses
We displayed an analysis of a representative set of observed
spectral transitions in X-ray sources containing black holes
with stellar masses. Spectral transition data for several
galactic and extragalactic BHs obtained by RXTE and other
missions, and correlations between the photon index I” of the
Comptonization component, its normalization, and the QPO
frequency are presented.

Analyzing the behavior of correlation samples, four basic
scaling laws can be formulated:

(1) inverse proportionality of the QPO frequency to the
BH mass;

(2) proportionality of the X-ray flux from the disk to the
BH mass;

(3) proportionality of the flux to the accretion rate;

(4) inverse proportionality of the flow to the distance
from the source squared.

Combining correlation patterns for scaling of frequency
and normalization datasets for a number of galactic X-ray
binaries with BHs, the BH masses and distances to them were
determined using the new independent method. The results
obtained confirm that the scaling method is a powerful
technique for determining BH masses. Applying the scaling
method to determine BH masses with high accuracy requires
very precise observations of source evolution during the burst
and accurate scaling of reference sources.

The scaling method was tested using already known (from
optical and IR observations and X-ray spectroscopic meas-
urements) masses of BHs in 4U 15434-47, XTE J1859 + 226,
XTE J1550-564, and Cyg X-1. Using the inverse proportion-
ality of the QPO frequency to the BH mass for a given spectral
state, we determined the masses of some BHs, which are in
good agreement with the dynamically measured masses.

Itis also shown that the transition layer model (see[1, 23])
makes it possible to fairly accurately predict the dependence
of the frequency of quasi-periodic oscillations on the BH mass
and the form of correlations between spectral and temporal
properties observed during spectral transitions. The success
of the scaling method for determining the BH masses provides
important support for the assertion that the Compton cloud is
the source of the observed correlation between the photon
index and the QPO frequency. Indeed, the correlation
between I and the QPO frequency (or accretion rate) arises
from the fact that soft photons coming from the disk
illuminate a fairly hot region adjacent to the source
(transition layer), where these photons gain energy due to
Comptonization.

We have presented observational evidence supporting the
theory of the flow converging on a BH, since saturation of the
photon index is observed with an increase in the accretion
rate. As a result of the analysis, for example, of observations
made by RXTE of a number of bursts near BHs, it was found
that the saturation of the index is seen in the correlations
between both the photon index and the QPO frequency and
the photon index and the BMC normalization. We present
arguments in favor of the fact that the saturation of the
photon index with an increase in the accretion rate as a sign of
a converging flow should always occur in the sources with
BHs. It is only in such sources that there is no radiation
pressure from the surface, similar to that observed in X-ray
binaries with neutron stars, which occurs at a high accretion
rate. In other words, the effect of saturation of the I' index
provides strong observational evidence of the existence of
black holes in the X-ray sources under consideration.

A comparison of the black hole masses determined using
dynamical methods with the mass values derived using the
scaling method showed them to be in good agreement.

For extragalactic sources— ultraluminous X-ray (ULX)
sources and active galactic nuclei (AGNs) — the existence of a
correlation between the I index and the accretion rate and the
saturation of the photon index is shown, which makes it
possible to estimate masses of BHs contained in these objects.
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It has also been shown that the spectra of some black hole
candidates, Cyg X-1, GX 339-4, GRS 1915+ 105, SS 433, and
V 4641 Sgc, contain a component of high-temperature
blackbody radiation with a color temperature in the range
of 4.5-5.9 keV, which is interpreted as a strongly redshifted
annihilation line. This line is formed near the event horizon in
a 200-300-m layer for a BH with a mass of ~ 10M,.

3. Spectral characteristics
of binaries with neutron stars.
Constancy of the spectral index

The behavior of the spectral characteristics of radiation from
systems containing neutron stars without significant magnet-
ospheres can be analyzed using the X-ray source 4U 1728-34
as an example (see also [16]). A similar behavior of the
spectral characteristics was also found in other sources,
including NSs, such as 4U 1700-37 [63], 4U 1705-44 [64],
Sco-X-1[18], GX 340 +0[65], 4U 1820-30 [66], and GX 3+ 1
[67]. For such objects, during the transition from a high state
to a low state, the temperature of electrons in the Compton
cloud changes from 2.5 to 15 keV. Thus, a high spectral state
corresponds to one with a low electron temperature. During a
burst visible in the ASM (All-Sky Monitor) light curve, the
electron temperature 7. decreases from 15 to 2.5 keV. A
detailed data analysis can be found in [16]. The data used,
which are publicly available, can be found in the GSFC
(Goddard Space Flight Center) archive.!’

3.1 Spectral analysis

The spectral analysis in [16] used a model consisting of a
Comptonization (COMPTB) component (see [9]), a black-
body component with a characteristic temperature Tgg, and a
Gaussian one describing the ionized-iron line. The para-
meters of the COMPTB spectral component are the tempera-
ture of the seed photons Tg, the energy index of the
Comptonization spectrum ¢, the electron temperature T,
the Comptonization fraction f, presented in the conventional
form as f=A4/(1 4+ 4), and the normalization of seed
photons Ncompts-

Figure 1 illustrates the source structure. Matter accreting
onto a neutron star without a significant magnetosphere
arrives from two regions: a geometrically thin accretion
disk, which can be represented, for example, by a Shakura—
Sunyaev disk [33], and a transition layer, where soft photons
emitted from the disk and the neutron star surface gain energy
on the hot electrons of the Compton cloud. Thus, as in the
case of X-ray sources with black holes, the resulting
Comptonization spectrum is formed in the transition layer,
where photons from the disk and neutron star, which initially
have soft X-ray temperatures, gain energy in the hot plasma.
Some fraction of these soft photons can be directly observa-
ble.

Figure 18 (according to RXTE data [16]) displays the
X-ray spectrum of 4U 1728-34 (see also [16] for BeppoSAX
data). The analysis shows that the X-ray spectrum of 4U 1728-
34 can be described by the Comptonization model, and its
component of the same name can be represented by the
COMPTB model. For broadband BeppoSAX observations,
this spectral component is modified at low energies by
photoelectric absorption. Also, following [68, 69], to
improve the fitting statistics, a Gaussian can be added at an

10 http://heasarc.gsfc.nasa.gov.

energy of 6.7 keV and a thermal blackbody component in the
low energy range (1-4 keV). Along with these components,
the authors of [68] included a narrow Gaussian line in the
spectral model to take into account the excess in the residual
deviations near energies of 1.7 keV. In [16], the possible
presence of this line was tested to show that its addition does
not improve the quality of the model fit. It should be noted
that study [70] analyzed the simultaneous observations made
on March 2-5, 2002 for 4U 1728-34 by Chandra and RXTE.
The continuum was fitted in the range of 1.2-35 keV by the
sum of the blackbody and Comptonization components, and
large residual deviations in the range of 6-10 keV were fitted
by a wide (with the equivalent full width at half maximum
width (FWHM) ~ 2 keV) Gaussian emission line or,
alternatively, two absorption edges associated with low-
ionized iron and Fe XXV/XXVI. The authors of [16], using
the wabsx(blackbody + COMPTB + Gaussian) model,
found signs of an iron line in all observations made by
BeppoSAX and RXTE.

An analysis of the BeppoSAX data for this source (see
[10]) showed that the spectral index remains constant,
o = 1.03 £ 0.04. At the same time, the temperature of soft
photons T for the COMPTB component increases from 1.2
to 1.3 keV, and the color temperature of the soft blackbody
component Tgg varies around 0.6 keV.

Unfortunately, RXTE detectors cannot provide well-
calibrated spectra at energies below 3 keV, while the wide
energy range of the BeppoSAX telescopes makes it possible to
determine the parameters of soft blackbody components.
Thus, to approximate the data obtained by RXTE, it is
necessary to fix the temperature of the blackbody component
at a level of Tgg = 0.7 keV, obtained as an upper limit using
the BeppoSAX data.

The electron temperature T, of the COMPTB component
varies from 2.5 to 15 keV, while the photon index I' remains
almost constant (I' = 1.99 £ 0.02) for all observations, and
the width of the Gaussian component varies within 0.3—
0.6 keV. The color temperature 7, of the COMPTB
component remains close to 1.3 keV, which agrees with the
value obtained using the BeppoSAX data and previously
obtained results [68, 69].

The important parameter COMPTB can be fixed at the
level f=1, when, by virtue of the accepted definition
f=A4/(1+ A), the value of log4 > 1. In further calcula-
tions, the value of the hydrogen column can be set equal to
Nu = 2.73 x 10?2 ecm~? [69]. Figure 18 illustrates the best
fit of the RXTE spectrum for 4U 1728-34 in the low state.
The parameters of the best model fit for these observations
are I'=199+0.02, 7.=104+0.3 keV, and Ejp =
6.54 +0.03 keV.

The same procedure can be applied to the spectrum
of a source in a high state; its results are given in [16].
The parameters of the best fit of the model in this case
are I'=199+0.02, T.=55+0.1 keV, and Ej, =
6.75 £ 0.04 keV. The adopted spectral model yielded very
good results for all data used in the analysis. Note that the
value of y?/Ngor, Where Nyof is the number of degrees of
freedom, is close to 1.0 for most observational data.

An analysis of high-resolution spectra obtained by XMM-
Newton for 4U 1728-34[71, 72] using various spectral models
also showed significant discrepancies in the 6—7 keV range
due to the presence of a broad emission line. Note the
difference between the values of the same parameters in
different models. In particular, the photon index I" estimated
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Figure 18. Best approximation of the 4U 1728-34 spectrum for the low state in energy units (a) and counts (b, ¢) with residual deviations Ay for observation
30042-03-01-00 by RXTE. Red, purple, and blue lines represent the blackbody component, COMPTB, and Gaussian, respectively. (b) Approximation
and residual deviations for the wabsxCOMPTB model. (c) Same as in panel b, but with the addition of a Gaussian iron line and a blackbody component,
namely, using the wabsx(blackbody + COMPTB + Gaussian) model. Best approximation parameters are I’ = 1.99 +0.02, 7. = 10.4 £ 0.3 keV, and

line Ejne = 6.54 = 0.03 keV [16].

in [73] for the observation ObsID=20674001 was
1.60 + 0.25, while in [16], I' = 1.9 £ 0.2. This difference in
index values can be explained by the use of different spectral
models: in [68], a narrow Gaussian line of about 1.7 keV
(recombination emission of Mg XI) was included to eliminate
the excess of the residual deviations of the continuum model.
In[16], a slightly different model was applied. The value of the
photon index I' = 1.9 £ 0.2 is very close to that obtained in
[69], where the fit to the observed spectrum was carried out by
the COMPTT model (see [6]); as a result, the values of the
electron temperature 7. = 3.16 £ 0.03 keV and optical depth
(for spherical geometry) 7o = 11.4 & 0.2 were obtained.

3.2 Evolution of X-ray spectral properties

during spectral transitions

Figure 18 (see also [16]) displays typical examples of the
4U 1728-34 spectra observed by RXTE in the low and high
states. As can be seen, the normalization of the thermal
blackbody component is twice as high in the high state as in
the low state, although the photon indices I for each of these
spectra vary only slightly from 1.8 to 2.1, localizing around
I' = 2 (see the distribution of I' in Fig. 19). It is of importance
to emphasize that the index I does not depend on the plasma
temperature of the Compton cloud 7, (see [16]). Using the
BeppoSAX data, the authors of [15] assumed that the value of
I is close to 2 for a sufficiently large number of X-ray sources
containing a neutron star. The spectral state of such a system
is characterized by electron temperature 7., and, as the

N
30 -
20
10
0 I_J—l_lﬂ_l‘—\_rl_l‘rJ—L I—l_l_\_'i
1.8 1.9 2.0 2.1

Index I

Figure 19. Histogram of the distribution of index I” for the source 4U 1728-
34 [16].

authors of [15] show, I' =2 +0.2 (or & = 1 £0.2) when T,
varies from 2.5 to 25 keV.

In 1998-2000, RXTE detected a sizable number of X-ray
bursts with good coverage of rise/decay transitions for source
4U 1728-34.
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An analysis of the observations shows that, in the case of
neutron stars, as the flux of soft disk photons increases, the
temperature 7. of the Compton cloud decreases, a well-
known effect that was explained in [1, 23]. In most cases, the
soft disk emission in 4U 1728-34 is processed in the Compton
cloud, and only a small fraction of the flux from the disk
(I —f) is directly visible to a terrestrial observer. Thus, the
energy spectrum of the 4U 1728-34 source in all states is due
to the Comptonization component, while the direct disk
emission is always weak and only visible during a burst (see
[16]).

Note that the determination of the spectral transition for a
BH is related to the change in the photon index I (see, for
example, [13]). However, there is no direct correspondence
between I' and the energy of the exponential dip. Study [74],
based on the analysis of RXTE data for a binary system
containing XTE J1550-564 BH, showed that the energy of the
dip decreases with an increase in I" from 1.4 to 2.1-2.2, and
only after I' reaches 2.2 does the energy of the dip also
increase. Thus, for X-ray systems containing black holes, the
main parameter used to describe the spectral transition is the
variable photon index I', which increases monotonically
when the source with a BH evolves into a high/soft state.

It is of importance to emphasize that in 4U 1728-34, a
binary system with a neutron star, the transition from a low
state to a high state occurs when the electron temperature
decreases from 15 to 2.5 keV. Thus, following the assumption
made in [15], the spectral transition of states in a source with a
NS can be determined using the electron temperature 7, of
the Compton cloud. In this case, the low state is characterized
by a high temperature 7., while the high state is associated
with a lower T, value. Note that T, is a directly measurable
quantity and corresponds to the cutoff energy in the source
spectrum.

Bursts only occur in a few X-ray systems containing
neutron stars. However, such events make it possible to
establish a significant difference between an NS and a BH.
During the burst, the source evolves from a low state to a high
one, and the plasma temperature of the Comptonization
region changes significantly, similar to the plasma tempera-
ture in the 4U 1728-34 source, where it rises from 2.5 to
15 keV. Thus, when the source returns from a low to a high
state, the temperature T, decreases, while the photon index I’
remains close to 2. In systems with a BH, a steady monotonic
increase in I is seen, which is not observed in systems with a
NS, and ends with saturation of the index (see, for example,

(13D.

3.3 Correlation between spectral

and temporal properties during spectral transitions

Figure 20 presents the typical evolution of the temporal and
spectral characteristics of X-rays during bursts. The evolution
of RXTE/ASM signal counts during the 1998 burst is shown
in Fig. 20a. The red/blue dots A, B, and C mark the moments
MID = 51,122/51,128, 51,133.27/51,133.34, and 51,196/
51,193 before, during, and after the X-ray burst, respec-
tively. Figures 20b—d show the power spectra for the energy
range of 13-30 keV along with the spectral diagram EF(E) for
X-ray light curve points A (Fig. 20e), B (Fig. 20f), and C
(Fig. 20g).

Strong noise components with a kink at 1-3 Hz and wide
QPOs concentrated in the 7-10 Hz region are visible both
before and after the burst, but the QPOs disappear during the
peak of the X-ray burst (Fig. 20c). During the Bl burst, a

noise component can be seen with a peak shifted to high
frequencies relative to the A1/C1 events. In other words, the
power spectra during the burst consist of high-frequency red-
white noise with a kink around 40 Hz. Figures 20e—g show the
spectral diagrams associated with the corresponding power
spectra (Fig. 20b-d). The data are shown as red dots, and the
spectral model components are presented as solid blue, black,
and dashed purple lines for the Comptonization, blackbody,
and Gaussian components, respectively.

In particular, before the burst (Al red, RXTE 30042-
03-08-00, MJD = 51,122), a noise component can be seen
with a power-law spectrum and with a kink at 1 Hz and a
wide QPO at 20 Hz, described by a Lorentzian with
FWHM = 11.74+4.5 Hz, rms = 6.3+ 1.0%, and »* = 131
for 102 degrees of freedom at a 67% confidence level. Later
(A1 blue, 30042-03-11-00, MJD = 51,128), the kink fre-
quency in the power noise component shifts from 1 to 3 Hz,
and the presence of QPOs becomes less visible, although they
are still seen in the range of 10-20 Hz. The low frequency part
of the v x power diagram (below 1 Hz) rises before the burst
(Fig. 20D, blue curve). During the burst (Fig. 20c, red curve,
30042-03-14-02, MJD = 51,133.27; Fig. 20c, blue curve,
30042-03-14-01, MJD = 51,133.34), white-red noise can be
seen with a kink frequency shifted to a higher frequency,
about 40 Hz. This QPO component is not visible in the power
spectrum during the burst at frequencies of 80 Hz or below.

A similar behavior, which can be called a ‘burst transi-
tion,” was also detected earlier for 4U 1728-34 (see [75]) during
the 1996-1997 transition from the ‘island’ state to the
‘banana’ state in the diagram (see Fig. 1 in [75]). Note that,
according to [75], the power spectrum in the upper ‘banana’
state (during the burst maximum) consists of two noise
components, namely, low-frequency and high-frequency.

After the burst (Fig. 20d, blue curve, 30042-03-18-00,
MID = 51,193; Fig. 20d, red curve, 30042-03-20-00,
MJD = 51,196), the same features can be seen on the
v X power diagram as before the burst, but with shifted
values of the parameters: vy, ~ 1, 2 Hz and vgpo ~ 6, 10 Hz
(described by the Lorentzian profile with FWHM = 6.0 +
2.1/15.0 £2.9 Hz, rms = 8.1 £ 0.4/10.6 & 1.4%, and 1%, =
139/143 for 102 degrees of freedom (all errors correspond to
the 1o confidence interval)).

For comparison, study [16] presents the v X power
diagram obtained on March 7, 2000 (50023-01-01-00
RXTE, MJD = 51,610) in the quiescent state (compare with
Fig. 20c¢).

3.4 Discussion

Thus, in the source 4U 1728-34, a constancy of the photon
index was found in all observations. In [16], the index I is
shown to correlate with the COMPTB normalization (which
is equal to the normalization of blackbody photons) and the
fraction of Comptonized photons f. These results are
obtained ‘from first principles.” This stability of the index,
which was also revealed in observations of other X-ray
binaries with an NS, was explained in terms of the transition
layer concept [15].

The energy balance in the transition layer is due to
Coulomb collisions of protons (release of gravitational
energy), while inverse Compton emission and free-free
transitions are the main cooling channels [76, 77].

For the characteristic range of electron temperature
(3<T.<30 keV) and characteristic density values
(< 107 gecm™3) in these regions in low-mass X-ray binaries,
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Figure 20. (a) RXTE/ASM count rate during the 1998-1999 burst transition (R3, R5). Red/blue dots A, B, and C mark the moments at MJD = 51,122/
51,128, 51,133.27/51,133.34, and 51,196/51,193 (before, during, and after the X-ray burst, respectively) (MJD is the modified Julian date), (b—d) PDS for
the energy range of the 13-30 keV band plotted together with the energy spectral diagram EF(E) (e—g) associated with points A, B, and C of the X-ray light
curve in panel a. Strong noise component due to discontinuity at 1-3 Hz and wide QPOs centered at a frequency of 7-10 Hz are present before and after
the burst (see panels b and d). At the peak of the X-ray burst (panel c), white-red noise is seen with a pause at 40 Hz. Spectral diagrams EF(E) shown in
panels e—g are related by the corresponding power spectra displayed in panels b—d. Data are shown with red symbols, and the components of the spectral
model are shown with solid blue and black lines and dashed purple curves for the COMPTB component, blackbody component, and Gaussian

component, respectively [16].

Compton cooling prevails over free-free emission; the relation
between the energy flux per unit corona surface Qcor, the
radiation energy density ¢(t), and the electron temperature 7,
(see also [1]) has the form

Qoor  20.26(1) Tu(1),

To

(16)

where 1 is the Thomson optical depth of the transition layer.
The distribution ¢(r) was obtained as a solution to the
diffusion equation

&% —_3 @
dz? cTo

: (17)

where Quot = Qcor + Quisk 18 the sum of the flux from the
corona and the flux intercepted from the disk. Combining
Eqn (17) with two boundary conditions on the NS surface and
on the outer boundary of the transition layer,

de
a 3 :Ov (18)
T=T¢
de 3
(a—zﬁ) 1:0—0, (19)

leads to the formulation of the transition layer problem [15].

Boundary condition (18) implies that photons incident on
the NS surface are completely reflected; in other words, the
albedo 4 =1 at the inner boundary of the transition layer,
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T = 179. Boundary condition (19) at t = 0 is associated with
the absence of diffusive (scattered) radiation incident from
the outside on the intermediate layer (transition layer,
corona). Thus, the solution for &(t) can be represented as

2001 3 [t 7P
AN PN LA |
£(7) ¢ [ * 2™ (ro 213

To find the average plasma temperature T, it is necessary to
estimate the average energy density in the transition layer:

(e(x)) = %Jm g(t)dr = Quot (24 10).

0 Cc

(20)

(21

If the result that follows from Eqn (21) is substituted into
Eqn (16), after simple algebraic transformations, we obtain

kTeT0(2 + ‘C()) . 0.25 (22)
H’leCZ 1 + Qdisk/Qcor ’

It is also necessary to use the following formula for the
spectral index o:

where @ = kT, /(mec?) and f is the parameter defined in [8].
If we replace the function f by its diffusion limit S,

1

B — —————
Baitr w2+ 1)

then, using Eqn (22), we obtain the diffusive spectral index

3 9 1 is cor
+\/ + Quisk /O

i R N B

or agiff ~ 1 4 0.8 Quisk/ Ocor and

Ouisk
QCOI‘

Liee ~ 1 + ogier = 2+ 0.8

for Qgisk/Qcor < 1. Thus, as long as Quisk/Qcor < 1, the
photon index I' ~ 2; exactly this is observed in 4U 1728-34
(see Fig. 19).

The observational data on black holes show that the
photon index increases monotonically with an increase in
the QPO frequency and the accretion rate and, saturating,
becomes constant (see [13, 78, 79]). In [35], the formation of
X-ray spectra in a Compton cloud surrounding a BH was
simulated using the Monte Carlo method. The authors
successfully reproduced the observed correlations between
the index and the accretion rate. It was also shown that the
index saturation in the BH is the result of two effects, namely,
the cooling of the converging flow into the BH by soft photons
coming from the disk and the capture of photons by the black
hole. Indeed, the spectral index o is inversely proportional to
the Comptonization parameter Y, which in turn is propor-
tional to the average number of effective scatterings (up-
scattering) Ny and the energy gain efficiency 7.

However, in a relatively cold converging flow, when the
accretion rate ma > 1, photons are scattered by electrons in the
direction of the flow, in which the number of scatterings Ny is
proportional to the optical depth t¢cp (or #7), and 5 is inversely
proportional to tcg. Thus, the spectral (photon) index
saturates when the accretion rate increases, which was
reproduced in Monte Carlo simulations in [35]. Therefore,

we can conclude that the monotonic increase in the photon
index with the accretion rate that follows the saturation of the
index is an observable signature of the BH, while the
constancy of I' (about 2) with respect to m (or electron
temperature) is a characteristic feature of a neutron star.
The authors of [80] found that in ultraluminous X-ray
sources (HLX1) the photon index varies from 1.8 to 2.95, but
failed to find arguments to conclude whether this source is an
intermediate-mass BH or NS. A comparison of the results of
[15]and [16] for an NS and the results of [13] for a BH (see also
[35]) shows that HLX1 is apparently a BH, since the photon
index of this source varies over a wide range from 1.8 to 2.95,
while in the NS case the index would not change and would
remain almost constant, close to 2 (see, for example, Fig. 19).

3.5 Conclusions

Thus, X-ray broadband energy spectra for all spectral states
can be adequately approximated by the sum of the Compton
(COMPTRB), blackbody, and Gaussian components. Figure
21 shows examples of plots of the dependence of the photon
index I' on the accretion rate for the BH sources GRS
1915+ 105 [78], GX 339-4 [13], and SS 433 [79], and for the
neutron star 4U 1728-34. As can be seen, the index I" for BH
sources first increases and then saturates (moreover, the
saturation level changes from source to source), while, for
4U 1728-34 NS, I remains almost unchanged and varies in a
narrow range of about 2 (see also Fig. 19). The photon index
T for the best fittings of the Compton component in 4U 1728-
34 remains almost constant, close to 2, and depends neither
on the Ljo/dj normalization of the COMPTB, which is
proportional to the accretion rate in the disk 71, nor on the
plasma temperature of the Compton cloud T (see [16]).

The luminosity of the soft (coming from the disk) photon
component Lsg is presented in units of 10*° erg s~! and the
distance to the source dj¢, in units 10 kpc. The stability of the
index was also initially discovered for a number of other
sources, where the X-ray emission of the system is formed
near the NS it contains: Cyg X-2, Sco X-1, GX 17+2, GX
340+0,GX3+1,GX 349 +2, X 1658-298, GS 1826-238, and
1E 1724-3045, which were observed by BeppoSAX in various
spectral states (see details in [15]). It was revealed that these
sources are characterized by a relatively high value of the
Comptonization fraction, f=0.6—0.9, obtained in the
spectral model considered in [16], which, in turn, indicates a
significant processing of disk emission in the Compton cloud
in 4U 1728-34. Based on the observational data obtained by
BeppoSAX, it is also found that black body radiation
originates from two sources. One of them (with a tempera-
ture of about 0.7 keV) is apparently associated with the
accretion disk, while the other, with the NS surface itself
(1.3 keV).

The photon index for neutron stars remains constant at
~ 2 when the source evolves from a low spectral state to a high
one, in other words, when the plasma temperature of the
Compton cloud changes from 2.5 to 15 keV (see [16]). We
present theoretical arguments in favor of the assertion that, if
the release of gravitational energy in the transition layer
dominates over the flux of soft photons coming from the
accretion disk, i.e., Qgisk/Qcor < 1, this leads to an almost
constant photon index I' ~ 2.

Thus, the constancy of the photon index is an intrinsic
property of an X-ray binary with an NS, while, in systems
where a BH is a compact object, the index changes mono-
tonically with the accretion rate and then saturates.
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Figure 21. Examples of plots of photon index I' vs. accretion rate for sources GRS 1915+ 105[78], GX 339-4[13], SS433[79], and GRO J1655-40 [13] and

for 4U 1728-34. Level I' = 2 is indicated by a blue dashed line.

4. White dwarfs as X-ray sources

We now briefly review results on the study of the X-ray
spectral continuum of nonmagnetic cataclysmic variables
(nmCVs) using as an example four nmCVs: U Gem, SS Cyg,
VW Hyi, and SS Aur, which are among the brightest sources
of this type. The observational basis for the analysis consists
of the data obtained by XMM-Newton Epic-pn, Chandra
HETG/ACIS, LETG/HRC, RXTE PCA, and HEXTE
(High-Energy X-ray Timing Experiment).

4.1 Data description

4.1.1 HMM-Newton. Study [81] analyzed four sets of publicly
available observational data obtained with the XMM-New-
ton EPIC-pn instrument, one observation for each source. All

XMM-Newton observations were made when the sources
were in the quiescent state.

VW Hyi, U Gem, and SS Aur were observed using the pn
camera operating in Imaging mode, while SS Cyg was
observed with the pn-camera in Timing mode. All light
curves and spectra were plotted using Science Analysis
Software (SAS), version 14.0.0.

4.1.2 Chandra. Eight publicly available sets of Chandra
observations were used for the analysis. VW Hyi was
observed only once during the burst, while SS Cyg and
U Gem were observed four and three times, respectively,
both during the burst and in the quiescent state. The data
archive contains no observations of SS Aur. SS Cyg, U Gem,
and VW Hyi were observed once in LETG/HRC-S mode,
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while SS Cyg and U Gem were observed thrice and twice in
HETG/ACIS-S mode, respectively. For each observation,
two light curves were extracted in the 0.4—4 keV and 4-10 keV
bands and tested for variability. Significant changes in the
hardness of the spectra were not observed; therefore, the total
exposure time was used to reproduce the observed spectra.

4.1.3 RXTE. Six RXTE observations of three nmCVs were
analyzed: one for U Gem, one for SS Aur, and four for
SS Cyg. SS Aur and SS Cyg (Obs. ID 50012-01-01) were
observed in the quiescent state. All other observations were
made when the source was in the burst state. PCA data were
analyzed according to the standard procedure using RXTE/
FTOOLS tools.

4.2 Spectral analysis

To test the results of fitting the Comptonization model to data
specifically for nmCVs and to obtain more accurate estimates
of the physical parameters and spectral parameters in these
systems, the authors of [81] analyzed data obtained at three
observatories: XMM-Newton, Chandra, and RXTE. The
observational data were analyzed using the XSPEC astro-
physical package.

The spectral continuum was first modeled by a single
thermal Comptonization component, the COMPTT model in
XSPEC [6-8], with a planar geometry of the plasma cloud.
The fitting parameters of the model are the seed photon
temperature Ty, the electron temperature 7., and the optical
depth of the Compton cloud 7. The second Comptonization
component was added to the general model only when it was
required for fitting, which occurred in three of the four
spectra of SS Cyg.

All spectra provided by XMM-Newton, Chandra, and
RXTE exhibit a residual excess associated with emission lines
from the K-shell of Fe XXI-XXVI (~ 6.4—7.0 keV). The
spectrum was modeled using three Gaussian components.
Due to the low energy resolution of RXTE/PCA, only one
(wide) line was used.

4.2.1 Spectral analysis of XMM-Newton. The addition of
photoelectric absorption (Ny) and/or a blackbody compo-
nent (for example, in the BBODY or BBODYRAD model)
does not improve the quality of fitting for any XMM-Newton
spectra in the energy range of ~ 0.3—-15/0.4—10 keV.

The U Gem spectrum showed the presence of three iron
emission lines centered at energies 6.39470013 keV,
6.681004 keV, and 6.972f§:8f3 keV, with equivalent widths
(EWs) of 53751 eV, 2817190 eV, and 16773] eV, respectively.
The spectra of SS Cyg and SS Aur exhibited two iron emission
lines. In SS Cyg, the lines are centered at energies of
6.63410:02 keV (compatible with the neutral iron line K,)
and 6.96670030 keV (1.1¢ from the H-like iron line K, at
7.0 keV) and have equivalent widths of 186733' eV and
75f% eV, respectively. In SS Aur, the central energy values
are 6.67700% keV (compatible with the He-like line of iron K,
and 7.00f8:0§ keV (compatible with the H-like line of iron K,);
the equivalent widths are 528ﬁ§2 eV and 169fgg eV, respec-
tively. The VW Hyi spectrum was the only one that showed a
single iron emission line. The energy of its Gaussian centroid
is 6.672f8:8{; keV (1.60 away from the He-like iron line of K,)),
and the line is very strong: its equivalent width is 995t133 eV,
several times greater than in other sources.

The parameters of the model spectra found for each
XMM-Newton observation exhibit the presence of Gaussian

iron lines [81]. In addition to the emission lines of iron in the
energy range of 6.4-7.0 keV, all spectra also exhibit another
strong and broad residual excess, which reaches a maximum
at ~ 1.01 keV, with a Gaussian centroid in the range of
~ 0.96—1.02 keV. The noted properties make it possible to
interpret these lines as resonance lines associated with Ne X,
Fe XVII, or Fe XXL ions.

Thus, the physical parameters of the COMPTT model lie
in the following range:

e temperature T of seed photons ranges from 0.056 to
0.174 keV;

e temperature of electrons 7. in the Comptonization
cloud ranges from 5.99 to 8.72 keV;

e optical depth 7 of this cloud ranges from 2.65 to 4.73.

4.2.2 Spectral analysis of Chandra data. In all studied spectra,
a residual wide excess near an energy of 1 keV was detected,
which was also observed in three of the five HETG/ACIS
Chandra spectra. For U Gem, the values of the parameters t
and T, at a 90% confidence level are 7~ 5 and
T. = 5.01’8:2 keV in the quiescent state (Obs.647) and
63 keV in the active state (Obs.3767). The temperature Ty
of seed photons in the Obs.3767 observation is 0.66" )12 keV,
which is ~ 8 times higher than that obtained in the analysis of
the Obs.647 observation.

In SS Cyg, the best fitting was usually obtained using the
COMPTT component, for which Ty = 0.10 keV, T, ~ 5keV,
and 7 ~ 6. The electron temperature either exceeds the upper
limit specified by the effective energy band of Chandra (8 keV)
or is below the minimal value acceptable for the Comptoniza-
tion model (5 keV (see, for example, [7])). Therefore, the
parameter T, was fixed in three fittings. The Obs.648
spectrum is the only one that shows a very low seed photon
temperature: Ty = 0.020f8:88‘3‘ keV; the presence of many lines
in the energy band of this spectrum can affect the parameter
value.

The LETG/HRC spectra for SS Cyg and U Gem have not
been successfully described by only one thermal Comptoniza-
tion component. The presence of many lines in the energy
range of 0.07-2 keV is challenging for a satisfactory
correlation of data. Good agreement in terms of y? statistics
is obtained when the band with low energy values
(E<2.5keVin SS Cyg and E < 1.5 keV in U Gem) is not
taken into account.

4.2.3 Spectral analysis of RXTE. Almost all observations
featured a low count rate (< 1 s7!) in the energy range
> 25 keV for the PCA spectra and in the range of 40—
150 keV for the HEXTE spectra. Therefore, with the
exception of Obs.ID 50012-01-01-00 for SS Cyg, the spectral
analysis was only carried out for the PCA spectra in the
energy range of 3-25 keV. Since the observational data for
SS Cyg presented in Fig. 23 were obtained concurrently, they
can be studied together.

The spectra of U Gem (Obs.ID 80011-01-02-00), SS Aur
(Obs.ID 30026-03-01-00), and SS Cyg (Obs.ID 10040-01-01-
000) are well described in the energy range of ~ 5—25 keV by
only one COMPTT component. On the other hand, three
spectra obtained for SS Cyg (Obs.IDs 50012-01-01-00, 10040-
01-01-001, and 10040-01-01-00) require the presence of a
second spectral component. The applied model consists of
the sum of a blackbody and Comptonization components
(BBODY + COMPTT) or the sum of two Comptonization
(COMPTT + COMPTT) components.
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Figure 22. Fitting of model spectra to data obtained by RXTE/PCA for U Gem in the burst state (a) and SS Aur in the quiescent state (b), and for SS Cyg
in the burst state: (c) Obs.IDs 10040-01-01-000, (d) Obs.IDs 10040-01-01-001. Red curve represents the COMPTT + GAUSSIAN model. Lower panes of

the figures show residual deviations [81].
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Figure 23. Fitting of the spectrum for simultaneously recorded spectra of
SS Cyg obtained in three spectral bands with Chandra/RXTE receivers
(Obs.ID 646/0bs.ID 50012-01-01-00). Fitting was carried out using the
spectral model COMPTT + COMPTT + GAUSSIAN + GAUSSIAN
+ GAUSSIAN. Black, red, and green dots correspond to the frequency
ranges of 0.4-8.0 keV (HETG/ACIS), 8.0-60 keV (PCA), and 60-150 keV
(HEXTE), respectively. Blue, red, and green curves correspond to the best
fit. The lower pane of the figure shows the residual deviations of the
observational data from the model [81].

Figure 1 shows the general structure of accretion near a
compact object, corresponding to the case of Comptonization
and sources containing white dwarfs without significant
magnetospheres. The observed X-ray spectrum is formed in

the transition layer as a result of Comptonization of seed
photons emitted from the disk and the WD surface on hot
electrons of the Compton cloud. Figure 22 presents the results
of spectral fittings for U Gem and SS Aur, and for two
observations of the SS Cyg burst. It is of importance to
emphasize that these two observations follow each other.
Figure 23 displays the result of fitting in the energy range of
0.4-150 keV of the simultaneous spectra of Chandra/RXTE
(Chandra HETG/ACIS Obs.ID 646 and RXTE (PCA and
HEXTE) Obs.ID 50012-01-01-00) for the quiescent SS Cyg
source.

4.3 Constancy of the photon index

for cataclysmic variables

Figure 24 shows the relation between the photon index I and
the electron temperature 7. in the transition layer for all
nmCVs. It can be seen in the figure that, for at least 15 nmCV
spectra, the observed values of I' are distributed around a
value of 1.8.

4.4 Transition layer and spectral index of the spectrum

As indicated in [15], the release of energy in the transition
layer around a neutron star determines the spectral index of
the resulting spectrum. Similarly, the transition layer model
can be used for white dwarfs. However, in this case, the
reflecting inner boundary of the transition layer around the
neutron star should be replaced by the boundary of pure
absorption. The energy distribution ¢(t) can be found as a
solution of the diffusion equation in the transition layer. It is
also necessary to add two boundary conditions: on the inner
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boundary of the transition layer, which is the surface of the
white dwarf, 7 =1, and on the outer boundary, t =0,
respectively:

de 3
a-’-iﬁr:m—o, (23)
de 3
——=¢ =0. 24
dt 2|, (24)

The solution of Eqn (17) with boundary conditions (23) and
(24) then takes the form

_ Ocor 3 T T ?
g(r) = . {1 + 5 T [To (To) . (25)
Thus, integration of ¢(t) yields
70
J ¢(r)dr = Qeor 70 <1 + T—O) . (26)
0 C 4

Now, using Eqns (16) and (26), we can access the
Comptonization parameter Y (see definition in [55]) in the
transition layer. Taking into account the intermediate-value
theorem, we present Eqn (16) as

To0

Qcor =202 TJ o(7) d, 27)

0
where 7, is the average temperature of electrons in the
transition layer.

Substituting formula (26) into (27) leads to the following
estimate of the Y-parameter in the transition layer:

Te‘[()(l'()/“v + 1)

=0.25.
mec?

(28)

As can be seen in Fig. 24, the photon index I' deviates
from 1.8 only insignificantly: namely, for most known
sources, I'= 1.8+ 0.1, and the electron temperature of the
Compton cloud varies from 5 to 45 keV. This behavior of the
index is similar to that observed in neutron stars [18].

As was pointed out in the classical work [15], the
formation of the spectrum in plasma clouds of a finite size

2.4

& RXTE
-#Chandra

22 -4 XMM-Newton

wp | £
1.8 - +
1.6 -

l4 - *

I'=a+1

1.2

1.0 | | | | | | | | | |

5 10 15 20 25 30 35 40 45 50
kT,, keV

Figure 24. Photon index I' as a function of plasma temperature 7. for
various X-ray sources containing a white dwarf. Plateau near I' = 1.9 is
clearly seen in the entire temperature range (from 5 to 40 keV) [81].

(under conditions of a limited medium) is related to the law of
distribution of the number of scatterings that seed photons
undergo before escaping. If the average number of photon
scatterings is denoted as u,, and the dimensionless number of
scatterings as u = N.orct, the distribution u > u,, is defined
as

P(u) = A(u, 7o) exp (—fu) (29)
(see [82]).

For the diffusive regime, when 79 > 1, the corresponding
value f§ = if/3, where 4, is the first eigenvalue of the diffusion
operator. According to [82], to find 4, it is necessary to solve
a differential equation for the intensity of zero momentum,

& + 1

dr?
with boundary conditions dJ/dt — (3/2)J = 0 and dJ/dt+
(3/2)J =0 for 1 = 0 and t = 1, respectively. This yields the
following formula for the eigenvalue 4,, n =1,2,3...:

J=0, (30)

)»;,‘L'() . 2
tan( > ) =3 (31)
which, in turn, has a solution at n = 1:
b
M= 32
' 2(20/2 4+ 2/3) (32)

However, the spectral index o (photon index I' = o + 1) is
expressed as

3 9 B 1/2
O(——E-F(Z"i‘g) s (33)
where ff = 17/3, 0 = kT./(mec?) (see [11]). Thus,
3 9 2 1/2
A — o
2 \4  12(z9/2+2/3)°0

wherefrom, using Eqn (28), we obtain « < 0.85 (or I' < 1.85)
or exactly what is observed (see [81] and Fig. 24).

4.5 Emission lines and continuum

The total observed emission spectrum consists of a contin-
uum and spectral lines. The emission lines in the spectra of
nonmagnetic cataclysmic variables (nmCVs) were analyzed in
detail in [81].

Thus, the X-ray continuum is formed in the transition
layer in an optically thick medium in the quiescent and burst
states. The emission lines appear to be formed in an optically
thin region located outside, at a distance both from the
transition layer and from the white dwarf surface. Stated
differently, the continuum forms closer to the white dwarf
than the emission lines do.

Publicly available numerical codes for optically thin
thermal plasma and cooling flows make it possible to
simultaneously fit continuum and emission lines for several
elements and in certain temperature ranges or for several
components of optically thin thermal plasma with different
temperatures. This approach makes it possible to satisfacto-
rily fit almost all excesses in the spectrum that are super-
imposed on the continuum. For example, the MEKAL model
in the XSPEC package provides an option to simulate
2409 lines for the 15 most important chemical elements (H,
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He, C, N, O, Ne, Na, Mg, AL Si, S, Ar, Ca, Fe, and Ni), and,
thus, wide excesses over the continuum can be approximated
by a few narrow emission lines. Alterations concerning the
description of the continuum based on the Comptonization
model make it possible to determine the residual excesses in
the spectra (i.e., to detect emission lines) observed immedi-
ately after the simulation of the continuum, as is done for low-
mass X-ray binaries (LMXBs). In this case, each of the
emission lines should be independently determined by
modeling the Gaussian components. Using the thermal
Comptonization component (COMPTT or COMPTB) to
approximate the continuum in the nmCV, the authors of
[81] successfully identified a broad strong emission line
peaking at ~ 0.96—1.02 keV in all analyzed spectra obtained
by XMM-Newton in the range of ~ 0.8—1.2 keV using one
Gaussian.

It is of importance to emphasize that the indicated wide
excess over the continuum should most likely be described as
a mixture of narrow lines emitted by Fe XVII, XIX, XX, and
XXI, Ne IX—X, and/or Ni XIX ions, which are not very well
resolved by the pn-camera and HETG/ACIS. Several lines
were observed in the indicated X-ray range by the LETG/
HRC spectrometer (due to its resolution of > 1000) (see also,
e.g., [83, 84]). In the analysis carried out in [81] for SS Cyg
based on the data obtained by LETG/HRC, the lines at
energies of ~0.82, ~0.92, and ~ 1.0 keV are clearly
presented.

4.6 Discussion

As mentioned earlier, the Comptonization model is not the
standard model currently used to describe the continuum in
nmCVs. On the other hand, the Comptonization model is the
standard for fitting LM XB spectra.

Given that nmCPs are similar to LMXBs, i.e., such a
stellar system has an accretion disk, a compact object, and a
transition layer (corona), the presence of which is evident
from the observation of uneclipsed ultraviolet emission lines
in eclipsing systems (see, for example, [85, 86]), it is logical to
assume that a spectral similarity should exist between these
two types of X-ray binaries.

All sources in the sample analyzed in [81] were observed in
the quiescent state using the XMM-Newton Epic-pn. It was
found that, to describe the spectra of two nmCVs, SS Cyg and
SS Aur, one thermal Comptonization component supplemen-
ted with Gaussian components is sufficient. In terms of y>-
statistics, the model failed to provide an ideal description of
the full spectra of VW Hyi and U Gem XMM-Newton. In the
last two cases, y> exceeds the critical value at a significance
level of 0.01. Nevertheless, the spectral analysis of U Gem
using Chandra and RXTE data exhibits satisfactory agree-
ment. Probably, the presence of several emission lines, in
addition to iron lines, in the XMM-Newton spectra for VW
Hyi and U Gem deteriorated the quality of the fit.

It is important to emphasize that all XMM-Newton
spectra show that the best fit of the model to observations is
attained with the following values of the parameters: average
seed photon temperature (75) = 0.15+0.01 keV, average
optical depth 4.11 & 0.27, and average electron temperature
in the Compton cloud 7, = 7.19 £ 0.16 keV. The model was
fitted to the observed spectra in the energy range of 1.5-
15 keV (for XMM-Newton), so the temperature of seed
photons Ty could not be accurately estimated. In this case,
the average values of the parameters were fixed: (7s) =
0.25 £0.03keV, (Te) =593 £0.16 keV, and (t) = 4.5 £ 0.3.

The Chandra HETG/ACIS spectra show parameter
values similar to those found for the XMM-Newton data,
with an average seed photon temperature of 0.20 4 0.09 keV,
an average optical depth 7 =52+0.1, and an average
electron temperature 7, = 5.78 £0.29 keV. SS Cyg was
observed once in the quiescent state and twice in a burst
state. However, the analysis carried out in [81] failed to
provide an ideal match for two observations in the burst. In
addition, the spectral continuum parameters do not differ
between the two states, which may be due to Chandra’s
effective energy band (< 8 keV).

In analyzing the RXTE spectra, a second Comptonization
component is needed to describe the full spectrum in three
observations of SS Cyg. In these cases, a satisfactory fit to the
spectrum was found if these two components, and the optical
depth t of the COMPTT model, were linked via T, implying
that the total spectra of the ranges 0.4—150 keV or 2.5-25 keV
of all analyzed nmCVs are characterized by only one spectral
index, o.

The RXTE spectra of the presented sample showed that
the electron temperature range is very wide, 548 keV.
Therefore, in looking for correlations, 7. cannot be estab-
lished (see [81]). It is worth noting that SS Cyg exhibits
T. ~ 5 keV during a burst, U Gem, 43:51 keV (also in the
burst state), and SS Aur in the quiescent state, 37f(5’ keV.

In the RXTE spectra, the average seed photon tempera-
ture of the first Comptonization component is Ty =
0.20 £+ 0.04 keV. The temperature T appears in the burst
observations described above. SS Cyg shows that Ty is
approximately two to three times higher when the source is
in a burst state. Note, however, that the RXTE data do not
accurately determine the seed photon temperatures if these
temperatures are much less than 1 keV, since the lower limit of
the RXTE data lies near 3 keV. Therefore, the seed photon
temperature Ty obtained from the RXTE data is only an
upper limit.

In the Comptonization model, all seed photons gain
energy on hot electrons of a Compton cloud surrounding a
compact object [11]. The analysis carried out in [81] showed
that the nmCV contains up to two components of seed
photons, presumably coming from the inner and outer parts
of the transition layer with color temperatures Ty, and Ty,
while Comptonization of both components occurs in the
transition layer located between the surface of the white
dwarf and the inner part of the accretion disk. The electrons
in the transition layer are characterized by one value of
temperature, which is clearly seen from the analysis of the
RXTE spectra.

The source of hard X-rays in the spectral quiescent state is
compact, which is confirmed by the light curves of eclipsing
dwarfnovae [5, 87]. Therefore, the hot Comptonization cloud
(transition layer) should also be compact. One photon
component, featuring the lowest temperatures (75 ~ 0.1-
0.2 keV), comes from the interior of the accretion disk, while
the other, with temperature Ty, comes from the inner part of
the system, much closer to the WD surface or directly from it.

Accounting for interstellar absorption for the studied
sources yields lower temperatures. If the interstellar absorp-
tion parameter, Ny, is fixed at the value expected for the
direction to the source, in the XMM-Newton spectra for the
sources VW Hyi, U Gem, and SS Aur, the temperature Ty
takes values of ~ 0.01 keV, but, in addition to the observed
increase in 2,4, this parameter was not significantly limited by
the fit. The same result was obtained when Ny was set as a free
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parameter: in some cases, it took a very small value, equal
to 10" atoms cm~2, and did not affect the values of the
parameters in any approximation.

Figure 23 shows the quiescent spectrum of SS Cyg in the
energy range of 0.4-150 keV. The spectrum corresponds to
the simultaneous observations of Chandra HETG/ACIS
Obs.ID 646 and RXTE (PCA and HEXTE) ID 50012-01-
01-00. It is of importance to note that spectral analysis, which
also takes into account data in the hard X-ray range
(> 15 keV), is of significance for constraining the physical
parameters. In this case, for example, the electron tempera-
ture in the transition layer is 33f§ keV, and the spectral index
I' = 1.87)1. If the analysis only includes the HETG/ACIS
spectrum, we arrive at smaller values: T, =5 keV and
I =155%0.

A possible change in the spectral description of cataclys-
mic variables (from an optically thin thermal plasma to the
scattering of soft photons with an increase in their frequency
due to the inverse Compton effect in a thick Comptonization
cloud) is similar to the adoption of the Comptonization
model for describing LMXB spectra in the energy range of
~ 3—50 keV, because, prior to the general recognition of
Comptonization, the mechanism employed to describe the
LMXB spectra was bremsstrahlung (see, for example, [88]).
Similarly, bremsstrahlung is a radiative process based on the
MEKAL and cooling flow models that have been used to
match the spectral continuum of cataclysmic variables. In
LMXB, the use of the Comptonization model was subse-
quently extended to a wider (from ~ 0.3 keV to ~ 250 keV)
band [18, 73, 89, 90].

As shown in Fig. 24, the observed photon indices I" are
distributed around 1.8 according to data for at least
15 nmCVs. In addition, in Section 4.4, the photon index of
the spectrum formed in the transition layer around a WD was
theoretically estimated. For this purpose, the radiative
transport formalism was applied to solve the boundary
value problem for the energy density distribution in the
transition layer around a white dwarf (see (25)) and the
release Q of gravitational energy in the transition layer was
estimated (see (27)) to find the Comptonization parameter
represented by Eqn (28). Moreover, the solution to the
eigenvalue problem for the average intensity J(t) (see (30))
and the use of Eqn (33) for the spectral index o, combined
with estimate (28), lead to the unambiguous conclusion that
the photon index in the transition layer of an accreting white
dwarf should be about 1.85. This is the first fundamental
estimate of the photon index, which is indeed confirmed by
the presented analysis of nmCV observations.

4.7 Conclusions

The thermal Comptonization model supplemented with
Gaussian components to take into account radiation in lines
can successfully describe nmCV spectra. In terms of »>
statistics, the spectra of the considered nmCVs satisfactorily
agree with the Comptonization model. The presence of many
lines, in addition to the lines of the iron complex, in the
VW Hyi and U Gem spectra has probably deteriorated the
quality of the fit.

The spectra of sources obtained in various energy ranges
(XMM-Newton and Chandra) exhibit a similar range of
physical parameters. However, the RXTE spectra, due to a
wider energy range, provided a better description of the
Comptonization effect and determination of the physical
parameters. For example, it was found in [81] that successful

matching of the simultaneous Chandra/RXTE spectra of
quiescent SS Cyg in the 0.4-150 keV energy range and two
RXTE burst spectra of SS Cyg in the 2.5-25 keV energy range
requires two Comptonization components. In this case, the
best matches were only obtained when the optical depth and
plasma temperature of the Compton cloud were the same for
both of these components. It was shown as a result that a
single value of the photon index I" with a value close to 1.8 is
sufficient to describe the total spectrum of all analyzed
nmCVs.

The two blackbody components of the seed photons are
characterized by color temperatures 75; and Ty. In our
interpretation, the initial photon component, exhibiting the
lowest temperatures, Ts;, presumably comes from the interior
of the accretion disk (or the outer part of the transition layer),
while the second transition component, with temperature T,
arrives from deeper layers of the system, closer to the WD
surface. Apparently, these temperatures are associated with
the innermost part of the corona (transition layer).

Seed photons, regardless of their source, are Comptonized
by hot electrons located between the accretion disk and the
white dwarf surface of the transition layer characterized by a
single electron temperature 7., which for the studied systems
lies in the range of 5-48 keV. The optical thickness of the
transition layer varies over a wide range, 1 <t < 5.

In comparing the physical parameters of various sources
in different states, no correlation has been observed between
the photon index and the plasma temperature 7, (see Fig. 24).
However, RXTE observations of SS Cyg unambiguously
show that the electron temperature in a Compton cloud (or
the transition layer) changes depending on the state of the
X-ray source: T, is higher is the quiescent state, 33f§ keV; at
the initial stage of the optical burst, it decreases to 257} keV to
drop to S.ngg‘ keV during the burst. This decrease in the
electron temperature can be explained by the suppression of
hard X-rays (2 25 keV) during the burst in SS Cyg.

Thus, the two-component Comptonization model, which
employs one value of the thermal plasma temperature and
one value of the optical depth, and is supplemented by
Gaussian components to describe the emission in lines, can
describe the nmCV spectra in a wide energy range (0.4—
150 keV) both in the quiescent and burst states.

5. Conclusions

One of the trends in modern astrophysics has been the
emergence of multi-wave astronomy, which uses for study-
ing physical objects—stars and galaxies— data obtained
in various wavelength ranges. These data complement each
other, making it possible to more accurately and clearly
understand the picture of physical processes. The next
stage of development in this area is multi-messenger
astronomy, when data from neutrino installations and
gravitational-wave detectors (interferometers) can be used
for complex analysis.

The unity of physics at different scales makes it possible to
describe ‘from first principles’ the phenomena occurring on
different scales, such as accretion flows near the event horizon
of astrophysical and supermassive BHs. Based on the scaling
technique originally developed for X-ray binaries, it is
possible to develop an independent method for determining
the mass of supermassive black holes in active galactic nuclei
and black holes of intermediate masses. The option that has
emerged seems especially interesting in our time, when the
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success of radio interferometry has made it possible for the
first time to directly ‘see’ the black hole shadow.

Over the past half century, black holes have turned from
an almost peculiar solution of the equations of General
Relativity (GR) into an ordinary astrophysical object, which
potentially provides options for testing the relativistic theory
of gravity in strong gravitational fields. Black holes, in all the
diversity of their manifestations — from microscopic, evapor-
ating in the present era, to supermassive, maintaining the
activity of galactic nuclei— provide researchers with such an
opportunity.

The increasing flow of observational data and the need for
their reconciliation naturally lead to the complicating of both
physical models and the corresponding magnetohydrody-
namic calculations, which require taking into account the
effects of General Relativity. However, the construction of
simple physical models of radiation sources remains of
importance. The X-ray formation model considered in this
review, which was proposed more than 20 years ago,
successfully explains the main spectral features of X-ray
emission from black holes, neutron stars, and white dwarfs
without significant magnetospheres.

The list of these features includes the correlation of the
spectral index with the frequency of quasi-periodic oscilla-
tions in the range of 1-10 Hz for black holes with masses on
the order of several solar ones. For X-ray sources with
neutron stars, the photon index remains almost constant,
about 2. In the case of white dwarfs, the photon index also
varies slightly, but near another value, 1.85. This character-
istic behavior of the photon index is a distinctive feature of
each type of compact source.
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