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ABSTRACT

The Rossi X-Ray Timing Explorer data of GRS 1915105 from several observing periods are modeled with
a thermal Comptonization model. Best-fit models indicate that there is a strong correlation between the inner
disk temperature and the disk luminosity. The hard Comptonized luminosity does not depend significantly on
the total luminosity. The spectral hardness of the Comptonized radiation, the fraction of seed soft photons scattered
by the Comptonizing cloud, its Thomson optical depth, and the fraction of the total power dissipated in the
optically thin hot plasma all strongly anticorrelate with the luminosity. We find that the inner disk radius is almost
constant and that the hot Comptonizing corona shrinks at high luminosities. We note that the fits using the XSPEC
diskbb + power law model underestimate the amplitude of the blackbody component (and therefore the corre-
sponding size of the emitting region) and overestimate the absorption column density and the total, corrected for
absorption, luminosity.

Subject headings: accretion, accretion disks — binaries: close — black hole physics —
radiation mechanisms: nonthermal — stars: individual (GRS 191¥%) — X-rays: binaries

1. INTRODUCTION thus quite generic, and it can represent well the X-ray—emitting

The X-ray transient GRS 1935105 was discovered by region in a number of physical situations. o
Castro-Tirado, Brandt, & Lund (1992) using the WATCH all- AN important question is whether the energy distribution of
sky monitor (ASM) on theGranat satellite. Since then it has electrons responsible for Comptonization is thermal or non-
been one of the most luminous X-ray sources in the sky. Thethermal. In Cygnus X-1, for example, when the spectrum is

: L PP hard, electrons are mostly thermal (Giésknet al. 1997; Pou-
Rossi X-Ray Timing Explorer (RXTE) has been monitoring it g s
frequently, and a rich pattern of variability has emerged from tanen 1998), while in the soft state, Comptonization probably

these data with timescales from years down to 15 ms (see, e.g_proce_eds |n. hy_bngL t_hermal/nonthermal plasmas (Poutanen &
Morgan, Remillard, & Greiner 1997; Muno, Morgan, & Re- %OTP' 192%8l,<G\|/erI|Bk| etdal. 1?199)' -It—lheblowiq ener?y pholtotps
millard 1999; Belloni et al. 2000). Often the overall spectral (fe ?WN € )darr? pﬁ? huce mos 31 ya dgarma popuiation
shape in the 2-50 keV energy range has been modeled with P! electrons, and the high-energy tail exten ing-bMeV is
disk blackbody accompanied by a power-law tail (e.g., Belloni produced by single scattering off nonthermal electrons. To date,
. there are no detailed spectral studies of GRS % using
et al. 1997; Muno et al. 1999). hvsical models. H i Cva X-1 |
A power law, however, is not a good approximation to the Pnysical mo etsh' t?ﬁ/veverl,é:onetuses t_yg bazla% ana O?y'
Comptonization spectrum in the energy range close to the pea hneescagc?rrag%%lo& zo(iré?)ake\?r?r? %?ézﬁé?tgrpf tr?err?atl)rg:)nrg e_s
of the blackbody. This fact inspired us to use a thermal Comp-t . pt' deli lied t t@(TEd : féRS 1915105 P
tonization code by Poutanen & Svensson (1996, hereaftero /#&110N MOCELIS appiied fo et data ot i
PS96) to model the spectrum. Vilhu & Nevalainen (1998) ap- collected from several observing intervals during 1996—-1997.
plied a similar analysis to a selected set of observations of GRS
1915+105. A spherical geometry for the hot Comptonizing
plasma cloud is assumed where the seed soft photons are com- We collected 36 Proportional Counter Array (PCA) and
ing from the surrounding cool disk, which has some overlap High-Energy X-Ray Timing Experiment (HEXTE) observa-
with the central cloud (Poutanen, Krolik, & Ryde 1997). A tions of GRS 1915 105, performed during 1996-97, from the
geometry, with no overlap between the disk and the hot cloud “production” archive ofRXTE, with typical observing times of
(“corona”), can correspond to a physical situation when the a few hours. The selection procedure was rather random; its
central part of the disk is overheated (Beloborodov 1998) at main purpose was to extract a sufficient number of low-, me-
large accretion rates. The central hot cloud can also be relatedlium-, and high-luminosity states of the system. Figure 1 shows
to the innermost part of the jet. In the opposite situation, when the ASM light curve with the selected PCA and HEXTE ob-
there is a large overlap between the disk and corona, we arriveservations marked. The data with 128 (PCA standard 2 data)
at a simple disk-corona model (e.g., Haardt & Maraschi 1993; and 64 (HEXTE) channels of spectral information and 16 s
Svensson & Zdziarski 1994, Stern et al. 1995). Physically this temporal resolution of five proportional counter units (PCUs)
could correspond to the release of a large fraction of the totaland both HEXTE clusters were used. The background was
energy in the surface layers of the accretion disk, for example, subtracted (using PCAbackest and HEXTE rocking) although
due to annihilation of buoyant magnetic fields (e.g., Tout & its effect is not crucial, since we limited the PCA and HEXTE
Pringle 1992; Miller & Stone 2000). The adopted geometry is spectra in the range 2—-20 and 15-60 keV, respectively.
Inside each of the 36 observation periods, the data were
! Observatory, University of Helsinki, Box 14, Helsinki, FIN-00014, Fin-  binned into separate luminosity groups (1-5) to accumulate a
land; osmi.vilhu@helsinki.fi, petter.nikula@helsinki.fi. spectrum (using PCA count rate criterion), resulting in 101

2 Stockholm Observatory, Stockholm University, Sélbsjden, SE-13336, S -
Sweden: juri@astro.su.se. individual spectra. Single spectra were used to represent the

3 ESA/ESTEC Astrophysics Division, Box 299, Noordwijk, 2200 AG, Neth- honvariable lull-state observations (the long minimum phase
erlands; jnevalai@astro.estec.esa.nl. in the middle of Fig. 1), while strongly oscillating observations
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200 ||||||||III|||||||||||||||||||||||||||||||||||||||||||||||| We fixedkTe at 70 keV (bUt alSO made numerous fits With
GRS 19154105  1ILUIIT 0000 ol KT, = 30 and 150 keV). Instead of; , we then used the

E C PCA/HEXTE ] parametery = 47,0 ,wher® = kT./m.c?® ), which determines
= 150 N the spectral slope. Thus, the free parameters of the model are
— = R../R., ¥, andT,, . The inclinatiom = 70° was used, assuming
[ C that the radio jet is perpendicular to the disk (Mirabel & Rod-
0 |l riguez 1994). The important fact to notice is that the relative
- Loo il normalization between the disk and the Comptonized com-
'n L ponents is not free but is a function of the model parameters
“ 50 . mostly depending on; (oy) andR,./R;.
= i _
2 N Lull ]
S B ] 4. RESULTS
O IIIlllllIIIIlllIIIIIlllIIIIlIIllIIIIlllllllllllllllllllllll The PCA/HEXTE Spectra Of GRS 19%5-05 Were fltted
<00 300 400 500 600 Y00 800 using XSPEC v.10 (Arnaud 1996) and allowing 2% systematic
JD — 2450000 errors. The reduceg-values are less than 2.2 in all data sets,

less than 1.6 in 64 sets, and less than 1.2 in 32 sets (for 132
FiG. 1.—ASM light curve (2-13 keV) of GRS 1935105, with the PCA/ degrees of freedom using 138 energy bins). The neutral hy-
HEXTE observations used in this Letter marked with short vertical lines. drogen column densitly,, was frozen2a8 x 1022 GniThis
value is the best acceptable common value for spectra with
were divided into five luminosity classes. These five-class ob- high, intermediate, and low luminosities. It is lower than that
servations were 20402-01-33-00 (3000—26,000 courts<s used in many previous works (e.g., Muno et al. 1999 used
20402-01-37-01 (3000-35,000 counts,3\), 20402-01-43-00 N, = 6.0 x 10> cm™?). However, our value is close to the
(5000—45,000 counts'§ mixed 8 and ), and 20402-01-44-  GalacticN,, in the direction of GRS 193505 (using Dickey
00 (5000-40,000 counts’s 8), where the ranges of the five & Lockman 1990 data, FTOOLS/NH giveN, = 1.75 x
PCU count rates and the variability types by Belloni et al. 10°2cm? see also Rodguez et al. 1995). The normalization
(2000) are given in the parentheses. On average, a typical obfactor between PCA and HEXTE data was allowed to vary

servation was Sp||t into three classes. freely, with the best fit always glVIng HEXTE/PCA
0.70= 0.05
3. THE MODEL Figure 2 shows the best-fit results as a function of the disk

luminosity L 4 (assuming a distance of 12.5 kpc; see Chaty

The Comptonizing cloud (corona) is represented as a ho-et al. 1996; Fender et al. 1999), which was computed from the
mogeneous sphere of radilk  and Thomson optical depthblackbody flux corrected for scattering in the corona and the
7. The electrons in the cloud are assumed to have thermalcosi angular dependence of the disk luminosity;;, and
distribution of temperatur€, . The optically thick disk supply- together then determine the physical size of the sy®em  and
ing seed photons for Comptonization and penetrating into theR, (assuming blackbody emission). The hard luminosity,
central cloud has an inner radil®, <R, . Radiative transfer L,,,, is computed from the (approximately isotropic) flux in
in the corona (Comptonization) is handled by the code of PS96the Comptonized component (plus reflection).
for a hemispherical geometry of the corona. In order to model The inner disk temperaturg, am},/R. strongly correlate
the radiative transfer in a sphere, the boundary condition at thewith the disk luminosity (Figs. & and 2i). The coronaly-
bottom of the hemisphere is modified. A photon crossing the parameter anticorrelates with,,, dependindmh nearly
bottom can be mirror-reflected instead of being absorbed bylinearly (Fig. d). For low L, the spectra are hard, and for
the disk (or Compton-reflected) with the probability defined by large L, the spectra are soft. The hard Comptonized lumi-
the ratioR,,/R, (Poutanen et al. 1997). The angle-dependentnosity, L,,.q, iS relatively constant and in some cases of large
Compton reflection from the disk of neutral material is com- L, significantly decreases (Figf)2 The geometry of the sys-
puted using Green'’s function of Magdziarz & Zdziarski (1995). tem (determined by the ratlg),/R, ) changes dramatically when

The radial dependence of the disk temperature is that of theL 4, varies. For large. ., , the normalization of the Compton-
classical viscous diskr,,(r) = T,,(r/R.)™** aR>R. and ized component decreases relative to the disk component, lead-
Ty(r) = T,, inside the coronal region (betwed), aRd ). ingtoR,,/R,~ 1. In our modelR,,/R,—~ 1 means that only a
There are a few reasons why such a temperature profile issmall fraction,~3%, of soft disk photons are getting Comp-
chosen. First, if a large fraction of the total power is dissipated tonized, while the majority reaches the observer directly. We
in a corona that has large scale height and covers a significantvould not advise taking the ratid?,,/R, at their face value
part of the inner cold disk, the reprocessing of coronal hard since we made an assumption of a consfant (see § 5). One
X-rays can produce a rather flat temperature profile. Second,can conclude, however, that the number of soft photons that
owing to the stress-free inner boundary condition at the mar- are intercepted by the corona (“scattered fraction”) decreases
ginally stable orbit, the temperature profile even in a standarddramatically wherL ,,, increases.
disk is rather flat betweerBR, andOR, (WhelR, = The inner disk radius (Fig.€} is rather constant (25-40 km,
2GM/c?). Third, if R,,/R,— 0, ther** profile diverges. Re-  without relativistic and color corrections). However, in two ob-
garding spectral fitting, the actual temperature profile makesservations (20402-01-43-00 and 20402-01-44-00) the radii in-
little difference. The local spectrum was assumed to be acreased above 50 km during their lowest luminosity phases
blackbody. (“downs” in Fig. Z, while “ups” represent their high-luminosity

The total spectrum contains a blackbody-type component, aphases). These two particular observations hdwgpe light
Comptonized tail, and a Compton reflection component. To curves (see Fig. 2X in Belloni et al. 2000), where the long
obtain bothT, and; is beyond tHiRXTE capability; therefore, = minimum phases last 10-15 minutes (minilulls). It is interesting
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E E Fic. 3.—Examples of the observed spectg,. , of GRS 19U in the
1.0 E- 3 “lull phase” (1997 February 22) and in the “high phase” (1997 June 18). The
o E- -3 RXTE data are shown by crosses (the HEXTE data are rescaled to the PCA data).
o 0.8E = The best-fit Comptonization model spectra are shown by thin solid curva} in (
\a = = and €). The disk blackbody, the Comptonized (plus Compton reflection) com-
Q{ E 3 ponent, and the total spectrum are shown by dotted, dashed, and thick solid
0.6 E- E curves, respectively (in all, the absorption is removed). The best-fit diskbb
B = powerlaw model spectra are shown b) &nd ) by thin solid curves. Here the
E = disk blackbody, the power law, and the total spectrum are shown by dotted,
E 3 dashed, and thick solid curves, respectively (with absorption removed). See text
. 60 = ( 3 for details.
4 40 = —§ the power-law models, we show the data for two observations
£ = together with the model spectra in Figure 3. (A Gaussian line
x 20 £ _E at 6.4 keV is added to both models.) We note that the power-
- = 3 law model strongly overestimates the low-energy part of the
'n = : hard component and therefore strongly underestimates the am-
up B _ plitude of the blackbody componentatted curves). For ex-
5 ample, the amplitude of the blackbody in the power-law fit is
@ 1.0 = = H 0 ”
% = 3 by a factor of 4 too low in the upper panels (marked “Lull”).
—_ C . Another strong effect is the difference in tig determined
- C 7 with the two models. Since the power law continues to low
0.1 energies without a cutoff, the bestfl, (6-7) x 10**> ¢
L N L al . 2 . . . _
g0 while for the Comptonization modeN, ~ 2.5 x 102 ¢
1 10 The power-law model overestimates the total, corrected for

-1

Lya 10%erg s absorption, luminosity if one extrapolates the model spectrum

to low energies and gives also a poorer fit to the hard Iull

FiG. 2.—Best-fit results as functions of the disk luminodify, . The typical spectrum (compare left and right panels in Fig. 3).

1 o error bars are shown by diamonds. The coronal temperature was fixed to
KT, = 70 keV. The solid curves ind) show the systematic effect f&T, = 5. DISCUSSION AND CONCLUSIONS
30 keV (upper curve) andkT, = 150 keV (ower curve). .
(e ) ( ) A strong correlation between the ratR®),/R, and the lu-

minosity L ;. means that the coronal siRe  decreases when

to note that these two observations preceded by 10 days thoseé 4, increases (Sinc®,, = const ). Physically this means that
by Mirabel et al. (1998) with a similar light curve during which the range of the disk surface where energy is dissipated in the
ejections of weak jets were discovered (seen in IR and radio). optically thin phase (corona) shrinks. When spectra are rela-

To permit a comparison with models using a power law, we tively hard, the geometry of the system is similar to a disk
also fitted all our spectra with the “wabsdiskbb+ powerlaw” corona. For largd 4, and softer spectra, the Comptonizing
model of XSPEC (which we call the power-law model here- plasma does not cover the disk. One can speculate that in this
after) fixing N, = 4.5 x 10?2 cm? The best-fit power-law  case hard X-rays are produced in the innermost part of the
photon indexT" is shown in Figure & One sees an anticor- jetlike structure within the disk inner radius.
relation betweerd" and they-parameter, which is well repre- We cannot be certain, however, that the change in the ge-
sented by the relatiofl = 9/(4y?°) (Beloborodov 1999). ometry (i.e.R,,/R. ) obtained from the fitting is real. The prob-

To illustrate the difference between the Comptonization and lem is that we assumed a constant (sinceRK&E data do
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not allow us to determind, unambiguously). If one fixes
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results by Zhang, Cui, & Chen (1997) at inclination°,70ne

at another value, the result does not change qualitatively (seeobtains the factors 1.23 and 1.07 for a nonrotating and an

Fig. 2d, where a systematic effect d®,/R. is shown by the

solid curves forkT, = 30 and 150 keV). However, Tf  is
allowed to vary, the situation changes.
Let us consider a case of large,, WhBR/R. =1 and

7 = 0.25 (for kT, = 70 keV). In this case, only about 3% of

extreme prograde Kerr hole, respectively, by which the radii
in Figure 2 should be multiplied to obtain the innermost radius
of the disk. After these corrections, the mass of GRS 391
should be smaller than 4 and 22,  for a nonrotating and
an extreme prograde Kerr hole, if the average radius derived

soft disk photons are scattered in the corona. The same fractio30 km in Fig. 2) equals the last marginally stable orbit
is scattered also iR;,,/R. = 0.5 (here about one-fourth of soft (3R, and0.5R; for a nonrotating and Kerr hole, respectively).
photons are produced within the corona) and: 0.03 . Then In conclusion, theRXTE data of GRS 1915105 in a broad

the normalization of the Comptonized spectrum relative to the luminosity range(2—30) x 10°® ergs™$ can be modeled with
blackbody emission is about the same. The spectral shape doea thermal Comptonization model. We find a strong correlation
not change much since for small optical depths and mildly between the spectral slope, the disk temperature, and the disk
relativistic temperatures the contribution of multiply scattered luminosity L. The hard Comptonized luminosity decreases
photons is small. Therefore, the electron temperature has tosomewhat when the total luminosity increases (meaning that the
increase to only about 90 keV in order to produce a similar fraction of total power dissipated in an optically thin plasma
Comptonized spectrum in the 3—70 keV energy range. Fromdecreases substantially with luminosity). The scattered fraction
this analysis, we can only conclude that the scattered fractionof seed soft photons and the optical depth of the Comptonizing

decreases wheln,;,
does not change, i.eR,,/R, = constant 7,
much more than is shown in Figur®.20ne should note that

increases. If the geometry of the systenplasma decrease with,;,
should decrease of the coronaR, shrinks at large luminosities, but this can be

. There are indications that the size

mimicked by corresponding changes in the optical depth. De-

this discussion is meaningful only if the spectra are indeed tailed modeling of the broadband spectra (at least up to 300 keV)

produced by thermal Comptonization.

Our choice of the disk temperature profilg,
inside the corona) has also some (small) effedRQfR,
the effect is completely negligible for other fitting parameters.
For the most extreme hard spectra (marked “Lull”) when
R,./R. = 0.5, the number of seed photons is doubled if the
peak temperature is reachedRyt (insteadRof ), sodthat

is needed to discriminate between those possibilities. The biggest

is constant question is, however, whether a putermal Comptonization
, While model is applicable to GRS 1933.05.

Finally, we would like to point out that spectral fits using
the XSPEC diskbb+ power law model underestimate the am-
plitude of the blackbody component and therefore the corre-
sponding size of the emitting region. This model also over-

should be smaller by a factor of 2 in order to produce similar estimates the absorption column density and the luminosity

spectra.

The mass accretion rate in GRS 19185 is high, amount-
ing to (0.1-1.5Mg,, (for a 10 M, black hole), where
Mggq = 10L g4fc® = 1.39 x 10"®M/M, g s* corresponds to
a radiative efficiency of 0.1. The inner disk radius lies in a

corrected for absorption.
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