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stellar mass black hole. In our numerical calculationd,rhdiative transfer of accretion disk at-
mospheres was solved including effects of Compton scagigiiee-free and all important bound-
free transitions of 10 most abundant elements. Moreovemueladed the fundamental series of
lines from helium-like and hydrogen-like iron. Our resigdt®w, that for high accretion rate com-
bined with high black hole spin temperature of inner radithia disk is of the order of 70K.
Lines of highly ionized iron can be seen in absorption. Gantm X-ray spectra exhibit numer-
ous absorption edges of heavy elements and this shapesadfgermination of hardening factor,
which is used to measure black hole spin. We show that the\@dltotal disk hardening factor
strongly depends on the method of its determination. Tleeeblack hole spin measurements
using total disk hardening factors are highly uncertain.
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1. Introduction

From theoretical point of view, accreting matter cannonggd black hole. Therefore, the
value of black hole spin is of primordial origin, and it isalito measure it in real sources. One
of methods to estimate black hole spin is the fitting of caniim spectrum shifted by a hardening
factor along the photon energy axis to the X-ray data of atitrg black hole binaries.

It is widely believed, that emission originating from an@aton disk around the black hole of
stellar-like mass is of multi-blackbody shape (Mitsudaletl884, Dotani et al. 1997). Individual
rings of the accretion disk exhibit various effective temgperes, and they contribute to the total
disk spectrum integrated over radii. Multicolor disk mode®ICD) still does not explain some
spectral details (Merloni, Fabian, Ross 2000; Kubota e2@l0) but up to now there is no better
explanation for the observed continuum.

We construct the model of total disk spectrum, by computadjative transfer in individual
rings with careful treatment of Compton scattering on friseteons. We derive theoretical total
disk hardening factor, which can be used for constrainiegeial black hole spin, with two different
methods. We show, that due to many absorption edges on hagtiked heavy elements the value
of hardening factor depends on the method of its derivatidrich significantly affects the final
value of black hole spin.

2. Method of computations

We present angle-dependent, broad-band intensity spfeatnaaccretion disks around black
hole of 10 solar masses. We attempted to reconstruct camtiraund line spectra of X-ray binaries
in soft state, i.e. those dominated by the disk component wfi#temperature shape. In our
computations, disks are assumed to be slim (Abramowicz é888), which means that the radial
advection was taken into account while computing the d@ffecemperature of the disk.

In the first stage of calculations we solve global two-din@mal, hydrodynamical, relativis-
tic slim disk model presented in Sadowski et al. (2010). Kes dutput we obtained the radial
distribution of effective temperature and vertical gravin the disk surface. Both quantities are
input parameters in our radiative transfer calculatiorts. dach global model we divided disk into
n = 17 rings centered at the distances between the innermdé¢ stiacular orbit (ISCO) up to
aboutr /rschw= 100, where schw= ZGM/CZ. As the black hole rotates, the ISCO and event hori-
zon moves closer to the black hole. Therefore, in case ofaimgtblack hole we can receive also
radiation from belowr /rschw= 3, which defines the location of ISCO in non-rotating case.

On each discrete ring we performed full radiative transédcuations assuming that the disk
atmosphere remains in hydrostatic and radiative equilibriWWe take into account effects of Comp-
ton scattering, free-free and all important bound-freaditeons of 10 most abundant elements.
Moreover, we include here the fundamental series of iroeslifrom helium-like and hydrogen-
like ions. lonization populations are computed assuming Efuation of state for ideal gas. The
method allows for a large relative photon-electron enexghange at the time of Compton scatter-
ing. Therefore, we are able to reconstruct Compton scagferi photons with energy approaching
or even exceeding the electron rest mass (Madej &aRgka 2004). In all cases, disk matter
is assumed to have solar-like chemical composition. Nurabandances of elements relative to
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hydrogen, (Nien{Nn) equal to: 1.00 (for H), $4x 102 (He), 472 x 104 (C), 965x 10°°
(N), 855x 107* (O), 384 x 10°° (Ne), 417 x 10°° (Mg), 4.94 x 10°° (Si), 164 x 107> (S),
6.58x 10°° (Fe).

Detailed equations and the way of model computation werseptted in our recent paper
(Rézanska et al. 2011). Here we discuss only non-irradiated nsadebrder to determine their
hardening factors.

3. Theoretical disk spectra

We computed 3+2 models of accretion disks for the accretitesm =0.01, 0.1 and 1 in units
of the Eddington accretion rate. For all values of the aametate we consider non-rotating black
holea = 0, while for two lowest values ah models witha = 0.98 were also computed.

At the last step of computations we integrate energy anceaigpendent spectra emitted from
individual rings over disk surface according to the usuaiiaa:

n=N
19 () =21 3 1 (1) RaBRy, (3.1)
n=1

wheren is a ring numbery is the cosine of viewing angle, aixR, is the width of then-th ring.

Our code allows us to compute the structure of disk atmosghever very large range of
electron scattering optical depths starting frogg= 108 up to Tes= 10°. Furthermore, we were
able to reproduce the continuum spectrum from deep infraf€d4 eV up to hard X-rays of 400
keV. We solve the radiative transfer problem on the grid & bptical depth and 2200 photon
energies simultaneously.

All spectra are presented as energy dependent outgoingispetensities,|g, which are suit-
able for disk geometry. We reject presentation of monochtanrfluxes since they are relevant
only to geometry of a spherical star. Our intensities arevshfor 8 cosines of viewing angles,
which represent angles of the Legendre quadrature. Exhmsv/af those angles, their cosines and
the type of lines used in Figs. 1, 2, 3 are: @ps= 0.9801,i = 11.4° - solid black; cosi) = 0.8983,

i = 26.1° - short-long dashed; c@g = 0.7628,i = 40.3° - long dashed dotted; c@$ = 0.5917,

i =537° - short dashed dotted; cas= 0.4083,i = 65.9° - dotted; coéi) = 0.2372,i = 76.3°

- short dashed; c¢g = 0.1017,i = 84.2° - long dashed; and c@$ = 0.0199,i = 88.9° - solid
red. In further discussion we draw attention of the readahd¢oextreme angles: solid black line
represents almost vertical direction (face-on aspectgreds the solid red line represents almost
horizontal direction (edge-on aspect).

Fig. 1 left panels present continuum spectra integrated aig& surface for all five models.
Left hand part of each panel displays featureless UV, dptind near infrared spectrum of disk
whereas right hand part reaches hard X-rays and iron lirierredll spectra show limb-darkening
over the whole range of energies. This is clearly seen inEimtensity edge on (solid red line) is
much lower than face on intensity (solid black line).

Resonance iron lines appear always in absorption for nadiated models (Fig. 1 right pan-
els). They are very deep, i.e central intensity in the line depp almost three orders of magnitude
(panel a) as compared to the continuum level. Our code takesccount pressure broadening of
all resonance lines. And particularly &yline of He-like iron can be very wide, as seen in panels
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Figure 1. Broad-band intensity spectra integrated over disk surfaceight viewing angles (see Sec. 3
for the line description). Left panels represent overafiteuum for all five models. The same models are
enlarged on right panels in the region of iron resonant linés kinematic either general relativity effects
were taken into account.

¢ and e. Such prominent lines certainly can be detected septeX-ray observations (Kubota et
al. 2007). Accretion disks with the highest effective tenappgre do not show strong iron lines in
absorption, and for the hottest model iron is fully ionizad,seen in panel d.

4. Hardening factor (color temper ature correction)

Spectrum emerging from the hot star or disk is hardened duettiron scattering in the
uppermost layers of the atmosphere. In a plane-parallebsihere at a giveiiet¢, hardening
factor f is given:

le ~ f*Be(f - Ters), (4.1)

whereBe is the Planck function.

In the case of a hot star, when the spectrum is characterizacsingle effective temperature,
the easiest method of hardening factor derivation is measuihe shift of the peak flux. For
neutron star spectra this method was used by Madej, Jogsh&@ (2004). Hardening factor is
the ratio of energies for which scattering atmosphere aadkbbody emission reach maximum:
f = ESC/EBB | For hot, neutron star atmospheres of the order 6K1@ardening factors are in
the range: 1.3 - 1.84.

Observers deal with X-ray spectra in the narrow range ofghenergy measured by a satel-
lite. So, experimentally they find hardening factor by figtinlack body shape to observations in a
fixed energy band. Therefore, Suleimanov, Poutanen, W¢R04rl) suggested that theoretidal
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should be derived minimizing the sum:
J
Z [Fe — f*Be(f - Tett))?, (4.2)

where the theoretical flu¥g, and the black body emission were computedXfealues of energy
in the range: 3 ke\k E < 20 keV. This energy range corresponds to the very often ussdl P
detector of the RXTE observatory. The above formula reptsssimple least squares fitting to the
theoretical flux.

Suleimanov et al. (2011) have shown that for high luminesiti.e. forTess > 10” K, hard-
ening factors computed by fitting method agree very well witiiximum shift method, used by
Madej et al. (2004). Nevertheless, for neutron star atmegshwithTes < 107 K, least square
fitting method gives values df significantly higher than obtained by Madej et al. (2004).

5. Total disk hardening factor

In case of accretion disk the emission is multi-temperatsirece at each given distance from
the black hole we calculate new atmospheric model with difieeffective temperature. Therefore,
at each ring we can derive a separate hardening factor, amiract radius dependent discrete
function f(R). On the other hand, we can integrate local intensities dweedisk surface (Eq. 3.1)
and compute the total disk hardening facfgy, following two above methods adopted to the
accretion disk case. Note, that from physical point of viee total disk hardening factor does not
have simple meaning of color temperature correction (gnengt).

First, we derivefiot1 for all five disk models using method 1: maximum shift of théato
intensity emitted by the disk atmosphere (Eq. 3.1) vs. nteitiperature black body emission i.e.

n=N

B =21y By[Tet(Rn)]RaARy. (5.1)
n=1
Resulting total hardening factors obtained by the first mafor all five models are given in Table 1
in second column.
In the second method, we again fit multi-temperature blaakyl@mmission corrected for the
local f(R) to the theoretical disk intensity in the energy range: 3 ke¥ < 20 keV. Using the
least squares fitting we minimize the sum:

J
z E RnARn—f— z By[f(Rn) - Ter1(Rn)| RaARy (5.2)
tot, 2

Fig. 2 illustrates the first method for two sample disk mod€lee can see that the maximum
atmospheric emission is modified by bound-free absorptidhgrefore, it is very difficult to find
intensity peak modified by scattering. Resulting total kaidg factors derived by the first method
are very low.

Four examples of the total disk spectra in the range from B30 are presented in Fig. 3.
Due to absorption on highly ionized iron, intensity speetra not smooth in this energy band. For
all computed models, the least squares fitting method ustilerates the total hardening factor.
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Table 1: Hardening factors for all five models computed with two mefiomaximum shift, method 1 -
ftot,1, and least squares fitting in the range between 3 and 20 kelpohe - fio 2.
model fiot 1 frot2
m=0.0La=0 0.87 1.16
m=00La=098 0.92 1.14
m=01a=0 128 1.01
m=0.1a=098 125 1.05
m=21a=0 1.54 0.97

Total disk spectra for 8 viewing angles Total disk spectra for 8 viewing angles
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Figure 2: Two examples offiqt 1 derivation, using the maximum shift method. Total disk $@eoesulting
from our computations are presented viewing angles list&3kic. 3. Blue line represents multi-temperature
emission integrated over disk surface. Two horizontalHimark the position of maximum, which is strongly
affected due to bound-free absorption on heavy elements

6. Summary

In this paper we present numerical computations of the sitierspectra of five accretion
disks circulating around stellar mass black hole in the fyisgstem. The models were computed
assuming various accretion rates and two spin values ofehtat black hole. Effects of general
relativity were not taken into account in our models.

We show, that the disk in a black hole binary is hot enough tmpce strong absorption
resonant lines of iron. Bound-free absorption from heaeyneints affects the region of maximum
emission from accretion disks, and it is hard to derive thal Wisk hardening factor using casual
method of maximum shift, which appears to be very small withvalue of 0.9-1.3.

In previous papers total disk hardening factors were coetpby Shimura, Takahara (1993)
in the case of only scattering atmospheres, and by Dones¥a008) for all relevant opacities
taken into account. In the former paper disk hardening factere rather large since absortpion
was not taken into account. The latter paper presents vafuerdening factor from 1.5-2.2, and
those models are implemented to the XSPEC X-ray fitting pgeka

Our results significantly differ from those presented byjmes authors. Due to strong opac-
ities of various heavy elements between 3-20 keV, fittinghometnumber 2) underestimates total
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Figure 3: Four examples ofiq » derivation, using least squares fitting method in the rarege/den 3 and
20 keV. Multi-temperature black-body emission presentetlibe line is computed using Eq. 5.1.

disk hardening factor. Therefore, black hole spin deteatiim based only on one grid of mod-
els available in XSPEC is questionable. We anticipate setgision of our hardening factors in
accretion disk models, when non-LTE effects in equationtatesand opacities will be taken into
account in the near future.
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