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ABSTRACT

We compute X-ray spectra produced by non-static
coronae atop accretion discs around black holes. The
hot corona is radiatively coupled to the underlying
disc (the reflector) and generates an X-ray spectrum
which is sensitive to the bulk velocity of the coro-
nal plasma, 8 = v/c. We show that an outflow-
ing corona atop a neutral reflector reproduces the
hard-state spectrum of Cyg X-1 and similar objects.
The dynamic model predicts a correlation between
the observed amplitude of reflection R and the X-
ray spectrum slope I since both strongly depend on
B. A similar correlation was observed and its shape
is well fitted by the dynamic model.

Key words: accretion, accretion discs; radiative
transfer; gamma-rays: theory; binaries: general;
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1. INTRODUCTION

The hard X-ray spectra of galactic black holes
(GBHs) and active galactic nuclei (AGN) indicate
the presence of hot plasmas with temperature kT ~
100 keV and scattering optical depth 7t ~ 1 in the
vicinity of accreting black holes (see e.g. Poutanen
1998 for a review). The plasma can be identified with
a corona of a black hole accretion disc (e.g. Galeev
et al. 1979; see Beloborodov 1999b for a review and
further references, hereafter B99b). The corona is
likely to form as a result of magnetorotational insta-
bilities in the disc and the buoyancy of the gener-
ated magnetic field (Tout & Pringle 1992; Miller &
Stone 2000). The coronal plasma is probably heated
in flare-like events of magnetic dissipation producing
the variable X-ray emission.

The observed power-law X-ray spectra are generated
by Comptonization process, i.e. by multiple upscat-
tering of seed soft photons by hot electrons in the

corona. The X-rays are partly reprocessed into soft
radiation by the underlying disc. The soft radiation
reenters the source, providing the feedback loop that
regulates the temperature of the corona (Haardt &
Maraschi 1993). The geometry of the corona can
hardly be derived from first principles. It might be
a large cloud covering the whole inner region of the
disc. It may also be a number of small-scale blobs
with short life-times. The resulting X-ray spectrum
is however not sensitive to the exact shape of the
cloud, its density distribution, and other details. The
only important parameter is the effective feedback
factor (see e.g. Stern et al. 1995b; Svensson 1996)
that is the fraction of the X-ray luminosity which
reenters the source after reprocessing.

Previous computations of the disc-corona models all
assumed that the corona is static (e.g. Haardt &
Maraschi 1993; see also Poutanen 1998). The model
was successfully applied to Seyfert 1 AGN, however,
it was found to disagree with observations of some
black-hole sources in the hard state, for instance,
Cyg X-1 (Gierlinski et al. 1997). Three alternative
explanations have been suggested: (1) the cold disc
is disrupted in the inner region (e.g. Poutanen, Kro-
lik & Ryde 1997), (2) the disc is highly ionised (Ross,
Fabian & Young 1999; Nayakshin, Kazanas & Kall-
man 2000), and (3) the coronal plasma is moving
away from the disc and emits beamed X-rays (Be-
loborodov 1999, hereafter B99a). We here study the
third scenario.

B99a argued that the flaring plasma is likely to ac-
quire a mildly relativistic bulk velocity 3 < 0.5 as a
result of magnetic dissipation and/or radiative pres-
sure in the corona. The bulk velocity may be directed
away or towards the disc (and it may change) with
the preferential direction away from the disc. Mildly
relativistic bulk motion causes aberration of the X-
ray emission and strongly affects both the amplitude
of reflection, R, and the spectrum slope, I'. B99a es-
timated the dependence of R and ' on § and found
that R ~ 0.3 and I' ~ 1.6 observed in the hard state
of Cyg X-1 can be cxplained with 3 ~ 0.3.
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Here we perform exact computations of the X-ray
spectra produced by dynamic coronae. We use a non-
linear Monte-Carlo code (Malzac & Jourdain 2000)
which is based on the large-particle method (Stern
et al. 1995a).

2. SETUP

For definitencss, consider a cylinder of radius r and
height h located atop the accretion disc. The cylin-
der may be associated with a hot outflow covering the
disc or a heated magnetic tube in a compact flare.
The plasma in the cylinder is assumed to have a con-
stant density and it is heated homogeneously with a
constant rate.

The plasma moves through the cylinder with a veloc-
ity 3 directed normally to the disc. We assume that
the heated cylindrical volume is static with respect
to the disc. The plasma motion then implies a flux
of particles through the cylinder. If 8 < 0, then the
particle flux is absorbed by the disc at the bottom.
If 3 > 0 then the particles escape through the top of
the cylinder. Outside the heated region, the parti-
cles are immediately (on a time-scale < h/c) cooled
down to the Compton temperature of the radiation
field, kT ~ 1 — 10 keV. In our simulations, we do
not take into account the scattering on the escaped
particles. Their density is likely to be reduced if the
plasma flows out along diverging magnetic lines.

The electrons are assumed to have a Maxwellian dis-
tribution with a temperature T, in the plasma rest
frame. The cylinder is divided into nine cells of equal
volume, and T, is calculated from the local heat-
ing=cooling balance in each cell separately.

We assume that reprocessed radiation is the main
cooler of the hot coronal plasma and neglect soft ra-
diation generated viscously inside the accretion disc
(it should be a good approximation if the corona
releases energy in the form of strong concentrated
flares). We also neglect additional photon sources
such as bremsstrahlung and cyclo-synchrotron emis-
sion in the corona. An independent argument in
favour of the reprocessed radiation as the main cooler
comes from the observed R—T correlation (Zdziarski
et al. 1999; Gilfanov, Churazov & Revnivtsev 2000).

We assume that the reflecting material of the disc
is sufficiently dense so that the ionization parameter
¢ < 10° and the ionization effects are weak. Then
the albedo is small, a ~ 0.2, and most of the X-rays
impinging the disc are reprocessed. We assume that
the reprocessed flux has a quasi-blackbody spectrum
(possibly diluted) with a constant temperature Thp.
In the simulations, we consider two cases: kTp, =
150 eV and kT, = 5 eV, representing the typical
temperatures in GBHs and AGN| respectively.

We start a simulation from an initial (non-
equilibrium) state and follow the evolution of the
plasma and radiation in the cylinder until a steady

state is achieved. The evolution of the temperature
distribution in the cylinder is computed from the lo-
cal energy balance.

The model has four parameters: (i) Thomson optical
depth 71 (defined along the height of the cylinder),
(ii) height to radius ratio of the cylinder A/r, (iii)
bulk velocity 3 and (iv) blackbody temperature Thy.
Given these parameters the code computes the emit-
ted spectrum as a function of the disc inclination
i. Details of the computations are given in Malzac,
Beloborodov & Poutanen (2000, hereafter MBP).

3. THE EFFECTS OF BULK MOTION

Fig. 1 illustrates the effects of bulk motion on the
emitted spectra. In the case of 3 = 0.3 (plasma
moves away from the disc), the observed Comp-
tonized luminosity is enhanced as a result of rel-
ativistic aberration. The X-rays are beamed away
from the disc, and the reprocessed and reflected lu-
minosities are reduced. The low feedback leads to a
hard intrinsic spectrum.
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Figure 1. Effect of bulk motion on the emitted spec-
tra. Here h/r = 2, 77 = 3, and nearly face-on in-
clination is assumed, 0.9 < cosi < 1. Top panel
corresponds to the case of AGN (kTp, = 5 eV) and
bottom panel corresponds to GBHs (kTp, = 150 eV).
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In the case of 3 = —0.2 (plasma moves towards
the disc), the Comptonized luminosity is beamed to-
wards the disc and the reprocessed and reflected com-
ponents are enhanced. The high feedback leads to a
soft intrinsic spectrum.

Since 7r is fixed in Fig. 1, a high (low) feedback
leads to low (high) coronal temperature. This causes
the shift of the spectral break to lower energies with
decreasing 3.

The dynamic corona model reproduces the broad-
band spectra of black hole sources. For illustration,
we show in Fig. 2 the model and observed spectra of
Cyg X-1 and the bright Seyfert 1 galaxy IC4329A.
We did not use a real fitting procedure (since each
simulation takes a few hours on a modern worksta-
tion), instead, we used unfolded spectra and searched
for similar spectra in our sample of models. We find
that the spectrum of Cyg X-1 is well reproduced by
the model with 8 = 0.3, v = 3, and h/r = 1.25. For
IC 4329A, we find 8 =0.1, 77 = 3, and h/r = 2.

4. REFLECTION AND SPECTRAL INDEX

There are two parameters that are commonly used to
quantify the shape of the observed X-ray spectra: T,
the slope of the primary Comptonisation spectrum in
the 2-10 keV range, and R, the amplitude of reflec-
tion. The R is defined so that R = 1 for an isotropic
point source illuminating an infinite slab. Both R
and I' expected from a dynamic corona can be eval-
uated using a simple analytical model (B99a). We
here improve the model by accounting for additional
attenuation of reflection by scattering in the corona.
The amplitude of reflection is given by

Ry = L= 0w {“S <1+ ﬂus)

(14 Bus)? 2
(1 —ps) [1+ B+ p) /2] —rr(1-4s)
" (1+5)2 e } W

where p = cosi, ¢ is the inclination angle, and the
geometrical parameter ps = (h/2)//r2 + (h/2)? de-
scribes the geometry of the blob. In equation (1),
the reflected luminosity is represented as a sum of
two parts: the first one is reflected outside the cylin-
der base and does not experience any attenuation
and the second one is reflected from the base and
it is partly attenuated, depending on 7r. When ps

- approaches unity (or 7v — 0), the attenuation is not

important and equation (1) becomes equation (3) in
B99a. In MBP we show that formula (1) is in good
agreement with the results of exact simulations.

The spectral index I can be evaluated using a simple
relation between I' and the amplification factor A
(B99b)

r=C(4-1)7°. (2)

Equation (2) is a good approximation for models
with kT, in the range between 50 keV and 300 keV
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Figure 2. Top panel: Spectrum of Cyg X-1 as ob-
served by Ginga and CGRO/OSSE in September
1991 (crosses, set 2 from Gierliniski et al. 1997). The
solid curve is the model spectrum for Tv =3, h/r =
1.25, 8 = 0.3 at inclination i = 50°. Bottom panel:
Spectrum of the Seyfert 1 galazy IC4{329A observed
by ROSAT, Ginga, and CGRO/OSSE (crosses, from
Madejski et al. 1995). The solid curve is the model
spectrum for 7 = 3, h/r =2, 3 = 0.1 at inclination
1 = 40°. In both panels, dotted curves give the re-
flected components, dashed curves show the intrinsic
Comptonized spectra.

(see Fig. 7 in MBP). From our simulations we find
C =219, 6 = 2/15 for GBHs (kTp, = 150 eV) and
C= 2.15, 6= 1/14 for AGN (kab =3 eV).

The amplification factor (4 = D~! where D is the
feedback factor) is determined by the geometrical pa-
rameter ys, the energy-integrated albedo of the disc,
a, and the plasma velocity 5 (B99a)

2 Y21+ 8)2(1 + Bus)?

4= (1-a)(1—ps) 1 =321+ ps)?/4

3)

Combining equations (2) and (3) we get I' as a func-
tion of the corona parameters.
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Figure 3. Top panel: The observed R-T' correla-
tion for Seyfert galazies (data from Zdziarski et al.
1999). The curves show the model with us = 0.6,
7r = 3, a = 0.15 at three different inclinations. Bot-
tom panel: The R — T correlation for GBHs (data
from Gilfanov et al. 2000). The model curves have
us = 045, 77 = 3, a = 0.15. In both panels, solid,
dashed, dotted curves correspond to i = 30°,60°, 70°.

5. R —-T CORRELATION

A correlation between R and I' was found in indi-
vidual objects observed at different epochs as well
as in a sample of sources (Fig. 3). Equations (1-3)
give R((3) and I'(B) predicted by the dynamic corona
model for given ps, 7r, a. Variations in g result in
R — T correlation with a shape similar to the ob-
served correlation (see Fig. 3). Note that the corre-
lations for AGN and GBHs cannot be fitted with the
same value of us. We find us being lower for GBHs
(s = 0.45 or equivalently h/r = 1) than for AGN
(s = 0.6 or h/r = 1.5). It might indicate different
geometries of the coronae in GBHs and AGN.

6. CONCLUSIONS

We performed Monte-Carlo simulations of X-ray pro-
duction by coronae atop accretion discs. The results
are as follows.

1. The disc-corona model agrees with the data if
the hot plasma moves with a mildly relativis-
tic velocity away from the accretion disc. The
spectrum of Cyg X-1 is reproduced by the model
with 8 = 0.3, confirming the estimate of B99a.

2. The observed R—T correlation is well explained
by varying §. It suggests that 3 may be the
main parameter controlling the X-ray spectrum.

3. The results of the simulations are in good agree-
ment with the analytical description of B99a,b.
We improved the analytical model by account-
ing for the attenuation of the reflection compo-
nent by the hot plasma atop the disc.
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