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ABSTRACT

We calculate eclipsing light curves for accretion flows around a rotating black hole taking into account
the atmospheric effects of the companion star such as the atmospheric absorption and scattering effects.
By using the solar-type atmospheric model, we have taken into account the atmospheric effects of the
companion star, such as the photoionization by HI and Hel. We found that the eclipsing light curves
observed at 1 keV possibly contain the information of the black hole spin. However, in our atmospheric
model, the effects of the atmosphere are much larger than the effects of the black hole spin. Therefore,
even in the case that the light curves contain the information of the black hole spin, it may be difficult
to extract the information of the black hole spin if we do not have the realistic atmospheric profiles, such
as the temperature, and the number densities for several elements. If the light curves of the occultation
events of the black hole binaries are detected by MAXI, the light curves contain the information of the
atmosphere of the companion star and, possibly, a black hole’s spin. Takahashi & Watarai (2007) also

contains other details of the present study.
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1. Introduction

In order to obtain physical information of the strong
gravity region in the vicinity of black holes, direct imag-
ing of a black hole is an extremely promising method.
The emission from the vicinity of the event horizon con-
tains information about the physical parameters of a
black hole. Since the apparent shapes of the black hole
shadows and the appearances of the circular orbit around
the black hole are deformed by the effects of the black
hole’s rotation and charge (e.g. Cunningham & Bardeen
1972, Bardeen 1973, Takahashi 2004, 2005), the size and
the position of the most luminous parts generally exist-
ing in the vicinity of the shadow depend on the physical
parameters of black holes.

In general, methods for probing strong-field gravity
near supermassive black holes or stellar-mass black holes
are quite limited. Although the past VLBI observa-
tions give the images of the galactic centers with the
spatial resolution within 100 Schwarzschild radii (e.g.,
for Sgr A*, Shen et al. 2005, for M87, Junor, Biretta
& Livio 1999), the direct mapping of the shadows of
both supermassive and stellar-mass black holes has not
been performed so far. Several future interferometers
have plans to image the shadows around massive black
holes: e.g. VSOP-2 for radio (Hirabayashi et al. 2005).

While these planned interferometers will image the mas-
sive black hole, direct imaging of the stellar-mass black
holes are difficult because the apparent size of the black
hole shadow is extremely small. Even with the future
planned radio or X-ray interferometer, the direct map-
ping of the shadow of the stellar-mass black hole is prac-
tically impossible. However, if the stellar-mass black hole
in the binary system is occulted by its companion star,
the eclipsing light curves give the direct information for
the spatial distribution of the brightness patterns of the
accretion flows around the black hole. This is the pri-
mary motivation of the present study.

In the present study, we study the method to inves-
tigate the physical information included in the strong-
gravity region around the black hole by light-curve anal-
ysis for an accretion disc around a black hole occulted
by its companion star. The basic idea for the eclips-
ing light curve analysis was first proposed by Fukue
(1987). Watarai, Takahashi & Fukue (2005) investigated
the eclipsing light curves for the supercritical accretion
flows which may be suggested as the accretion flow model
for some X-ray black-hole binaries. In principle, light
curves obtained at the time of eclipsing have informa-
tion about the black hole if the region around the black
hole is optically thin. However, the real observational
data of the eclipsing light curves may contain the addi-
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Fig. 1. Bolometric flux distribution (erg cm—2 s~1) for black-hole
spins of a/M = 0 (left panels) and 1 (right panels), and incli-
nation angles of ¢ = 60° (top panels) and 80° (bottom panels).
The relativistic standard discs are adopted. The inner edge of the
accretion disc is assumed to be the marginally stable circular orbit.
For non-rotating black holes, indirect images can be seen in the
region within the inner stable circular orbit. The flux distributions
are asymmetric due to the disc rotation and the frame-dragging
effects. The shapes of the shadows casted by the black holes
are asymmetric due to frame-dragging effects around the rotating
black holes.

tional effects which are not sometimes simple. One of
such effects is the atmospheric effects of the companion
star. Recently, Pietsch et al. (2006) give the observa-
tional data of the eclipsing light curves for the X-ray
binary M33 X-7 detected by Chandra. In soft X-ray, the
atmospheric effects in the companion star may vanish the
relativistic effects in the eclipsing light curves. In other
words, the eclipsing light curves also contain the infor-
mation of the atmosphere of the companion star. Thus,
the eclipsing light curve analysis will be used for the
investigation of the atmosphere of the companion star.
In the present study, we also investigate the companion
star’s atmospheric effects in the eclipsing light curves of
the black-hole binaries, and compare these effects with
the effects of the black hole’s rotation.

2. Eclipsing Light Curves without Atmospheric Effects
In order to calculate a light curve during an eclipse, some
assumptions were required. In the present study, we as-
sume the relativistic standard disc (Novikov & Thorne
1973, Page & Thorne 1974) at equatorial plane. Based
on this model, the radial profile of the effective temper-
ature of the accretion flow can be calculated. Then, at
each radius, we assume the black body spectrum with
the effective temperature calculated from the relativistic
standard accretion disc model.

The calculation method for the observed spectrum of
the emission in the Kerr metric is established (e.g. Cun-
ningham & Bardeen 1973). At each light ray, the ob-
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Fig. 2. Schematic diagrams for the eclipsing black-hole binaries when
the ingress (top panel) and the egress (bottom panel).

vore lerg 8™ em ™2 str=! Hz 1],
of the accretion disc observed at the photon frequency
Vobs is calculated as I, = g?’I,,rest, where Vet 18 the
photon frequency measured in the local rest frame of
the accretion flow, T,.g is the temperature of the rela-
tivistic standard accretion disc at the radius where the
light ray intersects, I, .. is the specific intensity mea-
sured at the local rest frame of the accretion disc, and
g is the frequency ratio defined g = Vobs/Vrest. The
frequency ratio ¢ is calculated same as Cunningham
& Bardeen (1973). In this study, we assume I, is
the black body spectrum with the effective tempera-
ture at the radius where the light ray intersects, i.e.
I,.. = B, (T), where T is the temperature of the
accretion disc. By using the relation dryns = gdiyest and
the assumption of the isotropic radiation at the local rest
frame of the accretion disc, the observed flux Fyps [erg
s em™?] is calculated as Fops = (1/d?) [ gl,.,.dVobs =
(1/d?) [ g*1,,..,dvress Where d is the distance to the ac-
cretion disc. By integrating the observed flux in z-y

plane, we can calculate the observed bolometric lumi-

served specific intensity, I,
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nosity Lyl [erg s71]. On the other hand, the observed
flux at the observed photon frequency vopsg, Ffiss [erg s~ 1
em~2 Hz 1], is calculated by using the delta-function as
Fuobs = (1/d2)fg4lurest6<yobs - erest)dl/rest~ By inte-
grating the flux in z-y plane, the luminosity at the ob-
served frequency Vops, Ly, [erg s7! Hz71] is calculated.
The luminosity are calculated by the ray-tracing method,
which is commonly used in the past studies (e.g. Fukue
& Yokoyama 1988, Takahashi 2004).

For all calculations in the present study, we assume
a black hole mass of 10M and mass accretion rate of
lMEdd, and the disc thickness is neglected. Here MEdd
is the Eddington mass accretion rate defined as MEdd =
Lgqa/c? = 1.4 x 10'"(M /M) [g/s] where Lgqq is the
Eddington luminosity (e.g. Kato, Fukue & Mineshige
1998). Also, we implicitly assume that the binary system
has a relatively high inclination angle, i > 60°. In figure
1, we show examples of the spatial distribution of the
observed flux of the accretion flows in the vicinity of the
black holes. For all panels of figure 1, the mass center of
the black hole is at the center of the image. The width
and the height of the images in figure 1 are both 20 M
where M is the gravitational radius and 1 M corresponds
to 0.5 Schwarzschild radius. We define x-axis and y-axis
as the horizontal line and the vertical line crossing at
the center of the each image of figure 1. In figure 1,
the position of the mass center of the black hole is at
(z, y) = (0, 0), and the displayed region is —10 [M]<
x < 10 [M] and —10 [M]< y < 10 [M]. Based on the
calculations of the observed luminosity described above,
we calculate the eclipsing light curves.

In figure 2, we show the schematic diagrams for the
eclipsing black-hole binaries when the ingress (top panel)
and the egress (bottom panel). We also plot z-axis and
y-axis in panels of figure 2. When the ingress and the
egress phases described in figure 2, the companion star
is crossing the line of sight between the observer and the
black hole binary along the direction of z-axis. Since the
size of the companion star is generally much larger than
the emission region around the black hole, we assume
the carve of the stellar surface as the straight line in our
calculations. Although in our calculations the brightness
profiles of the accretion disc are calculated within r <
200 [M], the light curves are calculated in the range of
—60 [M]< x < 60 [M]. That is, in terms of the range
in y-axis direction, we use the brightness profile of the
disc in the range of —200 [M]< y < 200 [M], but the
brightness profiles of the accretion disc are given within
r < 200 [M].

3. Atmospheric Model of Companion Star and Eclipsing
Light Curves with Atmospheric Effects

In the present study, we use the atmospheric model

calculated for the solar atmosphere (Daw et al. 1995,

Table 1. Cross sections [cm?] for photoionization absorption due to
HI, Hel, Hell and Compton scattering in X-ray of 0.1 keV, 1 keV
and 10 keV.

0.1 keV 1 keV 10 keV
omr 1.9x1072% 11x107% 45x10°%7
oer  3.9x10717 34x10722 14x107%
orert 3.0x 10717 27x107%22 1.3 x10°%

OComp 14x107% 13x107% 6.4 x 1072

Fontenla et al. 1993, Gabriel 1976). In the top panel
of figure 3, we plot HI number density Ngr [cm™?]
(solid line) and temperature T' [K]| (dashed line) of the
adopted atmosphere model. Here, H [km] denote the
height above the photosphere. Temperature of the at-
mosphere suddenly increase and the number density de-
crease in the transition zone between the lower chromo-
sphere (~ 103~* [K]) and the upper corona (~ 10°¢ [K]).
The two separate temperatures of HI correspond to two
stable regions of the cooling function of HI (e.g. chapter
6 in Spitzer 1978).

In figure 4, we show the schematic diagrams for the ob-
server, the eclipsing black-hole binaries, the companion
star with its atmosphere and the light ray penetrating
the atmosphere. Here, the light ray penetrates the at-
mosphere with the length of 2¢,,,x. Hmax is the length
from the center of the companion star to the maximum
height of the atmosphere, and H is the length between
the center of the companion star and the point where the
light ray penetrate the atmosphere. The optical depth,
7(v), in the atmosphere can be calculated as

T(V) = /dé (GabsNabs + O'scaNsca)a (1)

where o, and og, are cross sections of the absorp-
tion and scattering, respectively, and N,ps and Nge, are
the number densities of the absorber and the scattering
medium, respectively. The integrations are performed
along the atmosphere of the companion star in the line
of sight.

In soft X-ray band, the photoionization absorption by
hydrogen and helium contribute to opacity. The pho-
toionization absorption cross sections of HI, Hel and Hell
in soft X-ray are summarized in table 1. We also calcu-
late the Compton scattering cross section in the same
table. Since for 0.1 keV and 1 keV the scattering cross
section is significantly lower than the absorption cross
sections, we can neglect the effects of the Compton scat-
terings. On the other hand, for 10 keV the scattering
effects are dominated. In this case, we only take into ac-
count the out-going photons as the scattering effects for
simplicity. We see that the photoionization absorption
cross sections of HI, Hel and Hell are comparable in soft
X-ray. Calculations by Fontenla et al (1993) shows that
the number density of Hell, Nyg1, is significantly lower,
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Fig. 3. HI number density Ny [cm 3] (solid line) and temperature
T [K] (dashed line) of the adopted atmosphere model (top panel).
The atmosphere model has been constructed for the solar atmo-
sphere (Daw et al. 1995). The number density of Hel, Ny, is
assumed to be Nyer = 0.1Nyy1. The corresponding transparency
ratio, e~ 7, of the modeled atmosphere (bottom panel) for X-ray:
0.1 keV (long dashed line), 1 keV (solid line), 10 keV (short
dashed line). Here, 7 is the optical depth of the photoionization
absorption by HI and Hell.

e.g. by order 4, than that of HI, Ny, in the solar atmo-
sphere, i.e. Nyerr < Nyp, and the number density of Hel
is lower by about order 1 than that of HI through the
atmosphere, i.e. Nyge; ~ Nyi. Therefore, in the present
study, we neglect the scattering effects in the atmosphere
for 0.1 keV and the absorption by Hell for 0.1 keV, 1 keV
and 10 keV. Then, we calculate the optical depth in the
atmosphere as

érnax
T(v) = 2/ dl (a1 Nur+0ouer Nter+0compNe ), (2)
0

where oy = (H2,. — H*)Y/?, Hpay is set to 10° [km],
the number density of electrons N, is calculated only
in the photosphere based on numerical table given by
Fontenla et al. (1993). However, according to Fontenla
et al. (1993) the number density of electrons in the at-
mosphere is lower than that of HI by factor 3-4 in the
almost region of photosphere, then the scattering effects
are negligible in the photosphere. Near the transition

161

light ray

-©

Observer

Atmosphere of

Black Hole and
a Companion Star

Accretion Disk
Photosphere of
a Companion Star

Fig. 4. Schematic diagrams for the observer, the eclipsing black-hole
binaries, the companion star with its atmosphere and the light
ray penetrating the atmosphere. Here, the light ray penetrate
the atmosphere with the distance 2¢max. Hmax is the distance
from the center of the companion star to the maximum height of
the atmosphere, and H is the distance between the center of the
companion star and the point where the light ray penetrate the

atmosphere.

zone, the number density of the electron is lower than
that of HI within factor 1, and for cases of 10 keV the
scattering effects contribute to the optical depth. By
using the optical depth calculated above, we solve the
radiative transfer equation along the atmosphere in the
line of sight. The brightness decreases along the light
rays in the atmosphere by the exponential of the optical
depth.

By using the optical depth 7 calculated above, the ob-
served luminosity with the atmospheric effects is calcu-
lated by multiplying the factor e~7(*»<) to the observed
luminosity without the effects of the atmospheric effects.
The observed luminosity without the atmospheric effects
corresponds to the case of 7 = 0. Since the distance
between the accretion disc and the atmosphere of the
companion star is very large, here we evaluate the opti-
cal depth 7 at the observed photon frequency vops. In
the bottom panel of figure 3, we show the correspond-
ing transparency ratio, e~ 7, of the modeled atmosphere
for X-ray: 0.1 keV (long dashed line), 1 keV (solid line),
10 keV (short dashed line). In the cases of 1 keV and
10 keV, while the lines in the corona are optically thin,
the photoionization absorption is effective in the photo-
sphere. By using the optical depths calculated as figure
3, we calculate the eclipsing light curves with the atmo-
spheric effects of the companion star in later section.

4. Black Hole Shadows with the Atmospheric Effects

We first calculate the images of the black hole shadows
with absorption effects in the atmosphere of the compan-
ion star. In figure 5, we show images of black hole shad-
ows when ingress at the observed frequency of 1 keV for
cases with no absorption effects (top panels) and atmo-
spheric photoionization absorptions (bottom panels). We
assume the mass of the companion star to be 1 Mg. The
size of each image is same as figure 1, i.e. -20 [M]< = <20
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Fig. 5. Images of black hole shadows with a/M = 0.5 when ingress at the observed frequency of 1 keV for cases with no absorption effects
(top panels) and atmospheric absorptions (bottom panels). The size of each image is same as figure 1, i.e. —20 < /M < 20 and
—20 < y/M < 20. For no absorption case for top panels, the edges of the companion star are located at -20, -10, 0 and 10 in units of
M (left to right). For the absorption case for bottom panels, we define these edges as positions with 7(v) = 7.

[M] and -20 [M]< y <20 [M]. For no absorption case for
top panels, the edges of the companion star are located
at -20, -10, 0 and 10 in units of M (left to right). For the
cases with the atmospheric effects (bottom panels), we
define these edges as positions with 7(v) = 7. We can
see that the brightness around the black hole shadow
are decreased by the photoionization absorption in the
atmosphere. In addition to the decrease of the absolute
values of the brightness, the clear edges of the compan-
ion star which can be seen for no absorption cases are
smeared out by the absorption effects. This is because
the effective region with absorption effects is comparable
to the size of X-ray emitting regions. We next calculate
the eclipsing light curves with effects of the photoioniza-
tion absorption. In figure 6, we show normalized light
curves with (thick lines) and without (thin lines) the at-
mospheric effects of the companion star. The observed
energy is set to be 1 keV in figure 6. The black hole
spins are a/M = 0 (solid lines) and 1 (dotted lines),
and the observed inclination angles with respect to the
rotation axis of the accretion disc are i = 60° (top pan-
els) and 80° (bottom panels). While the normalization
light curves with no absorption effects largely change in
a short time when the most luminous parts of the accre-
tion disc are occulted or unocculted by the sharp edge of
the companion star, the normalization light curves with
absorption effects gradually decrease or increase com-

pared to the cases with no absorption effects. This is be-
cause the atmosphere of the companion star absorb some
fraction of X-ray photons gradually before the most lu-
minous part of the accretion disc is completely occulted
or unocculted. In other words, the width of the absorp-
tion region which causes the gradual changes of the X-
ray brightness of the accretion disc is comparable to size
of the luminous parts of the accretion disc as denoted
above.

Since the size of the most luminous parts of the ac-
cretion disc depends on the black hole spin, the crossing
timescale of the companion star along the most luminous
parts of the accretion disc can be one of the key physical
quantities which distinguish the cases of rapidly rotat-
ing black holes and the cases of no rotating black hole.
But these effects are generally smeared out by the atmo-
spheric effects of the companion star at some fraction.
In our calculations assuming the solar atmosphere, the
atmospheric absorption can not completely smeared out
the difference between the cases of rapidly rotating black
holes and the cases of no rotating black hole. Then, the
observed eclipsing light curves at 1 keV with the atmo-
spheric effects of the companion star possibly contain
the information of the black hole spin. However, since
the effects of the atmosphere is larger than the effects
of the spin, only when we have the reliable atmospheric
model, we can determine the black hole spin from the
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Fig. 6. Normalized light curves with (thick lines) and without (thin
lines) the atmospheric effects of the companion star at observed
energy of 1 keV for black hole spins a/M = 0 (solid lines) and
1 (dotted lines), and the observed inclination angles with respect
to the rotation axis of the accretion disc ¢ = 60° (top panels)
and 80° (bottom panels).

eclipsing light curves observed by the wavelength where
the atmospheric absorption is effective.

5. Concluding Remarks

In this paper, we propose an eclipsing light-curve diagno-
sis for accretion flows around rotating black holes. When
emission from an inner part of the accretion disc around
black hole is occulted by a companion star, the light
curves at ingress and egress show the asymmetric fea-
tures due to the relativistic effects such as Doppler boost-
ing originally pointed out by Fukue (1987). We show
that the eclipsing light curves without the atmospheric
effects clearly reflect the effects of the black hole’s rota-
tion. We also investigate the eclipsing light curves with
the atmospheric effects of the companion star. Based
on the adopted atmospheric model, after evaluating the
absorption and scattering effects in X-ray, we calculate
the images of the black hole shadows, the normalized
light curves. Since the size of the most luminous parts
of the accretion disc depends on the black hole spin, the
crossing timescale of the companion star along the most
luminous parts of the accretion disc can be one of the key
physical quantities which distinguish the cases of rapidly
rotating black holes and the cases of no rotating black
hole.
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In our calculations assuming the solar atmosphere,
while the effects of black hole spins are negligible when
the observed photon energy of 0.1 keV for both cases
with no atmospheric effects and with atmospheric effects,
for the observed photon energies of 1 keV and 10 keV the
atmospheric absorption can not completely smeared out
the difference between the cases of rapidly rotating black
holes and the cases of no rotating black hole. However,
these effects are smeared out by the atmospheric effects
of the companion star at some fraction, and in our at-
mospheric model, the effects of the atmosphere are much
larger than the effects of the black-hole spin. Therefore,
even in the case that the light-curves contain the in-
formation of the black hole spin, it may be difficult to
extract the information of the black hole spin if we do
not have the realistic atmospheric profiles, such as, the
temperature, the number densities for several elements.
Even in such cases, based on our calculations, the light
curve asymmetries due to the rotation of the accretion
disc exist. Only when we have the reliable atmospheric
model, in principle, the black hole spin can be deter-
mined from the eclipsing light curves observed around 1
keV. Takahashi & Watarai (2007) gives more information
about these topics.
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