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ABSTRACT

An elliptical accretion disk may be formed by tidally disrupted debris of a flying-by star in an active
galactic nucleus (AGN) or by tidal perturbation due to a companion in a binary black hole system. We
investigate the iron Ka line profiles expecting from a geometrically thin, relativistic, elliptical disk in
terms of model parameters, and find that a broad and skewed line profile can be reproduced well. Its
shape is variable to the model parameters, such as, the emissivity power-law index, the ellipticity of the
disk, and the major axis orientation of the elliptical accretion disk. We suggest that our results may be
useful to search for such an elliptical disk and consequently the tidal disruption event.
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I. INTRODUCTION

It is widely believed that the source of the enor-
mous X-ray power of most AGNs and X-ray binaries is
gravitational energy released through an accretion disk
around a black hole (Lynden-Bell 1969). These X-rays
are often thought to be produced by Compton upscat-
tering of optical/UV seed photons in a hot corona above
the inner accretion disk (for Comptonization see, e.g.,
Seon et al. 1994). In this picture, although the coronal
heating mechanism is yet to be settled, a substantial
amount of the X-rays irradiates the accretion disk and
this feedback process results in various observable com-
ponents in the energy spectra of AGNs, such as broad
fluorescent iron lines at 4 - 7 keV, a Compton reflection
hump above 10 keV etc. (e.g., Koratkar & Blaes 1999).

Among these spectral features, the iron lines are par-
ticularly useful to diagnose properties of an accretion
disk and physical states & central black hole. Fabian et
al. (1989) showed that the observed broad iron line of
Cyg X-1 can be explained reasonably well by the line
emission reprocessed in a cool, relativistic, and circu-
lar Keplerian accretion disk. The fluorescent iron Ko
line at 6.4 keV is intrinsically narrow and its charac-
teristic energy is dependent on the ionization degree of
the reprocessing material. A narrow iron line emitted
by an accretion disk around a black hole appears to be
broadened and skewed due both to the relativistic mo-
tion of an accretion disk and to the strong gravity of the
black hole. This interpretation has been strengthened
by the observation of the very broad, double-peaked
and skewed iron Ka line from MCG—6-30-15 (Tanaka,
et al. 1995).
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In a non-relativistic disk, each radius of the disk
produces a symmetric double-peaked line profile cor-
responding to emission from material approaching and
receding. On the other hand, near a black hole, where
the orbital velocities of the disk are mildly relativistic,
special relativistic beaming enhances the blue peak of
the each double-peaked line generated at a given radius
(Doppler boost). Summing the line emission from all
radii of the relativistic disk could give a skewed and
highly broadened line profile in principle. Therefore,
the line profile we observe is to be affected by several
effects such as the geometry of an accretion disk, rel-
ativistic Doppler beaming, the relative contribution of
transverse Doppler shift (as a general relativistic ef-
fect), and gravitational redshifting effects (e.g., Fabian
et al. 2000; Pariev et al. 2001). A spinning black hole
is sometimes required to fit the observed very broad
emission line with a traditional circular Keplerian ac-
cretion disk.

In addition to this sort of widely-accepted interpre-
tation for the broad and skewed iron line, there are a
number of alternatives involving other physical mecha-
nisms: mildly relativistic outflows (Fabian et al. 1995;
Lu & Yu 2001), Comptonization (Misra & Kembhavi
1998; Misra & Sutaria 1999; Martocchia et al. 2002),
energetic proton spallation (Skibo 1997). In addition
to the alternative scenarios which do not involve a Ke-
plerian accretion disk, one can also envisage models
of warped or 'blobby’ inhomogeneous disks that can
produce asymmetric emission-line profiles (Nandra &
George 1994; Karas et al. 2000; Hartnoll & Blackman
2001). The inhomogeneities will boost the emissivity of
the disk at selected velocities, resulting in asymmetries
in the line profile.

One of remarkable recent observational reports on
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the iron Ka line is that the line profile of MCG—6-
30-15 is subject to change with either the level of the
continuum X-ray flux, or time with a timescale down
to a few days (Iwasawa et al. 1996). This result may
imply that astrophysical conditions of the inner parts
of an accretion disk are rapidly changing with time if
the line formation region is limited to the inner accre-
tion disk. However, the detailed cause of the temporal
or flux-dependent line variation remains yet to be un-
derstood, as well as the source of the hard continuum
X-rays (Wilms et al. 2001; Fabian et al. 2002).

There are two aspects to tackle the emission line pro-
file variation in the paradigm of the theory reprocess-
ing accretion disk, that is, the continuum source vari-
ation itself and the systematic change in the property
of the reprocessing accretion disk. OQur present study
is motivated by these observational facts and concen-
trates on the second issue. In this paper, we study iron
Ka line profiles which are generated by the irradia-
tion to an elliptical, relativistic accretion disk around a
Schwarzschild black hole of mass M. Our calculations
show that the very broad, double-peaked and skewed
line profile is also predictable from an elliptical rela-
tivistic accretion disk without a Kerr black hole. This
line profile is also variable according to the model pa-
rameters.

An elliptical accretion disk may be formed as a re-
sult of the capture and disruption of a flying-by star
by a supermassive black hole in a host galaxy, and/or
tidal perturbation of the companion to the accretion
disk around the primary. The mechanism and outcome
of tidal disruption events have been studied theoreti-
cally and observationally (e.g., Rees 1988; Loeb & Ul-
mer 1997; Komossa & Bade 1999; Choi et al. 2002;
Donley et al. 2002). While about half of the disrupted
stellar debris is ejected and escapes from the influence
of the supermassive black hole, the rest of the debris
falls into the central supermassive black hole and show
flare-like events. The infalling material may form an
accretion disk in the form of an eccentric disk due to a
low angular momentum of the disrupted star, provided
that the trajectory of the star is highly eccentric. The
supermassive black hole may also be formed as a result
of the merger of host galaxies. For conditions of typical
cores of giant ellipticals, the two black holes encounter
each other and form a bound system in a relatively
short time, of order 108 years. The tidal effects of the
secondary black hole on an accretion disk around the
primary to be analogous to the effects of the tidal field
of the secondary star in a close binary system.

II. LINE PROFILE OF ELLIPTICAL DISK

We compute the profiles of the emission line from
an elliptical Keplerian disk in the weak field approxi-
mation following Eracleous et al. (1995). The model
and the profile calculations are summarized below.

The Cartesian axes z',y’, 2’ represent the frame of
the disk, chosen so that the disk lies in the (z',y')-

plane. The observer’s frame is indicated by the Carte-
sian axes z,y,z, with the observer along the positive
z—axis at z = +oco. The line of sight (z—axis) is
inclined with respect to the rotation axis of the disk
(z'—axis) by an angle i. The calculations have been car-
ried out in polar coordinates (r, 8, ¢), where the primed
angles are measured in the frame of the disk as Carte-
sian coordinates (see Figure 1 of Eracleous et al. 1995).
We adopt units in which G = ¢ = 1, with G being the
gravitational constant and c being the speed of light.
We define the dimensionless radial coordinate £ = r/r,,
where 7, = GM/c? is the gravitational radius.

The total observed line flux from the disk is given

by
F= /dv/dQI,,, (1)

where v, [,,d) are the frequency, specific intensity,
and solid angle element as measured in the frame of
the observer, respectively. By using the invariance of
the quantity I, /v, the specific intensity can be trans-
formed to the frame of the emitter. The solid angle d2
can be conveniently expressed in terms of the impact
parameter at infinity, b, as dQ0 = b db d¢/d?, where d
is the distance to the source. This expression allows
one to deal with the difference caused by light bending
between the solid angle in the frame of the disk and the
solid angle in the frame of the observer. Subsequently
the expression for the total line lux becomes

F= %/dv/b db d¢1‘uc(yi)3, 2)

where now v, and I, are the frequency and the specific
intensity as measured in the frame of the emitter. The
line profile itself is described by the function Fx, which

- is defined by F = [ FxdX, where 1+ X = v/1p, and 1

is the rest frequency of the line. That is, X is effectively
the redshift and Fx is the line flux per unit redshift
interval. From equation (2) and the definition of Fix it

reads _
N 1%0)] v 3
Fx = ﬁ/dy/bdb dgbl,,e(y—e) . (3)

Though the impact parameter should be given by a
numerical integration of the photon geodesic equation,
the impact parameter can be expressed in the weak field
approximation in terms of £, the dimensionless radial
coordinate, as

b . 9. 9 ,1/2[ 1/1—sinicos¢’
- ~ (1 —sin“ i cos” ¢') 1+§(1+sinicos¢’)]’ (4)

where the term proportional to ¢=! is the first-order
correction for light bending. Using equation (4), and
expressing d¢' in terms of ¢’ with the help of

sin ¢’ = sin#sin ¢

cosf = sinicos¢’, (5)
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equation (3) becomes

) o
Fx = W/ /5 d¢ d¢'1,, D°¥(¢,¢"),  (6)
where U(£, ¢') is given by

"N 1/1—sinicos¢’
\P(g’¢)—1+§(1+sinicos¢’)’ (7)

and D = v/v, is the Doppler factor, which depends on
the positions and velocities of the particles in the disk,
as well as on the assumed metric. Assuming that the
trajectories are known, so that the Doppler factor can
be calculated, and that I, is specified, equation (6)
gives the profiles of the emergent emission lines. We
note that equation (6) involves the local properties of
the emitting region in the disk and the local coordinate
system, and gives the profiles of the emission lines as
seen in the frame of an observer at infinity.

The Doppler factor can be computed by considering
the four-velocity of the emitting particles. The four-
momentum of a photon originating at radius r is p® =
hvP® where P is given by

P {02

- (-2 " o) 0

The energy of a photon in the rest frame of the emitter
is hve = p®uq = hvP%u,, where u, is the four-velocity
of the emitting particle. Hence, from the definition of
the Doppler factor it follows that D = v/v, = 1/P%u,.
The explicit expression for the Doppler factor was de-
rived by Chen & Halpern (1989) and Chen, Halpern, &
Filippenko (1989). We assume that the elliptical disk
is made up of elliptical annuli. Each annulus is de-
scribed by its pericenter distance £, and its ellipticity
e. It is assumed that all annuli share a common major
axis, which makes an angle ¢y with the z'-axis. The
trajectory of a particle in a given annulus is described
by

: E(L +e)

LA
@)= 1 —ecos(¢' — o)
The line-emitting part of the disk is bound by inner
and outer elliptical annuli of pericenter distances &

and &, respectively. Then, one obtains the following
expression for the Doppler factor

1 2\ /2
5 = (- g)
1= (/) (1 = 2/8)]?esin(¢’ — o)
51/?(1 —2/€)3/2[1 — ecos(¢ — ¢o)]1/?
N (b/7)[1 — ecos(¢' — ¢o)]'/?sinisin ¢’ }
E73(1 = 2/8)/2(1 — sin® i cos? /)1 /2 )
‘ (10)

(9)

where

"y:

{1 _ 2sin(¢' —go)+(1=2/)[1=e cos(¢' ~go)]* | T /7
€T=2/€)71—¢ cos(¢' —Fo)] :
(11)

We have adopted a prescription for the specific in-
tensity of the line given by

1 egd™? (v -13)
Ve — E Do €xp [_ 820.2 }’ (12)
where €(§) = €y{™? is the line emissivity. In this

prescription, the local broadening is represented by a
Gaussian profile in the frame of the emitter. The width
of the local profile is determined by the broadening pa-
rameter o, which can also be expressed in velocity units
via v, = o /vy. The adopted line emissivity varies with
the radial distance from the central object. This is a
reasonable parameterization if, for example, the line
emission from the disk is driven by illumination from a
central extended source of ionizing radiation, in which
case one would expect €(€) oc £73. Tt is, however, nec-
essary to say that the geometry of the inner accretion
disk surrounding a black hole is poorly understood and
the corresponding line emissivity as a function of radius
is unknown yet.

To sum up, the model has seven free parameters,
that is, the inner and outer pericenter distances of the
elliptical disk (£1,&2), the inclination angle of the disk
(i), the assumed emissivity power-law index (g), the
broadening parameter (o), the ellipticity of the disk
(e), and the major axis orientation of the elliptical rings
(¢o). As noted in the case of circular disks, the profile
shapes of the X-ray emission lines are not very sensitive
to the broadening parameter, nor the outer pericenter
distances. Hence we fix these parameters to presumed
values. The ellipticity is also assumed to be constant
and uniform throughout the disk in examples shown in
this study. However, the latter assumption may have
to be relieved as discussed later since circularization
and apsidal motion may occur in a different timescale
as a function of pericenter distances and the mass of
the central object.

III. RESULTS

In order to explore the iron line profiles produced
by the elliptical disk and to investigate how they are
affected by changes in the model parameters, we have
computed a series of model profiles for different com-
binations of parameters. In Figure 1, we show sev-
eral examples of line profiles varying with the major
axis orientation. All other parameters are fixed : & =
3,¢ = 100,e = 0.5,q = 3.0, = 32°,0 = 800 km s~ L.
The disk size is generally of the order of thousand grav-
itational radii, which is larger than the value we took.
We note, however, the results are not very sensitive to
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Fig. 1.— Examples Ko line profiles showing the effects of the major axis orientation while other values are fixed. Adopted
parameters are as follows: & = 3,€; = 100,e = 0.5,¢ = 3.0,i = 32°,0 = 800 km s7!. As the the major axis orientation
increases in our coordinate system, the redder peak moves redward and diminishes while the bluer peak relatively unchanges.

Note that fluxes are all arbitrarily normalized.

this upper bound. On the other hand, the redward
extent of the line is a very sensitive function of the in-
ner radius of the line-emitting annulus. Since the last
stable orbit value depends on the angular momentum
of the black hole, a suggested & value smaller than 3
is often used to support the existence of the rotating
black hole. The width, or the redshift extent of the
line, however, is also seen to vary with the major axis
“orientation. Therefore, the observed £; smaller than 3
"may not be a confirmation of the existence of the ro-
tating black hole. We note that the angle changes the
energy and the height of the secondary peak more than
those of the primary peak.
In Figure 2, we show examples of line profiles show-
ing the effects of various combinations of model param-
eters for a given major axis orientation. The ellipticity

seems to have similar effects as the major axis orien-
tation. As the ellipticity increases the redward peak
becomes smaller and moves to the left so that the line
width becomes larger. Note that the circular disk cor-
responds to the case e = 0. It should be noted that the
position of the blue peak is a more sensitive function
of the inclination of the disk with respect to the line of
sight, than the red peak as in the case of a circular disk.
We find that the effect of g is also not negligible. Since
the emissivity power-law index is model-dependent, one
may attempt to fit the model profile to the observed
data once effects of other model parameters are under-
stood. According to the theoretical studies the differ-
ent emission mechanisms result in different emissivity
power-law index. Therefore, the emissivity power-law
index by line profile fitting may help to resolve emission
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Fig. 2.— Examples Ko line profiles showing the effects of adopted model parameters for a fixed major axis orientation.

Adopted parameters are as follows: &1 = 3,€ = 100,0 = 800 km s~

fluxes are all arbitrarily normalized.

mechanism issues.

The elliptical accretion disk is likely to be subject to
the precessing and/or apsidal motions. The timescale is
dependent on the mass of the central object and the el-
lipticity. The precession period due to a Schwarzschild
black hole is given by Pgr ~ 10M6§§/ 2 years (Wein-
berg 1972), where M is the mass in units of 10° Mg, &3
is 5/103. On the other hand, the precession period due
to the tidal effect of the secondary in a binary black
hole is given by Pgin ~ 5000(g3/(1 + (14))a?42M6—1/2
years, where g4 is the mass ratio in units of 4, a is
the semimajor axis in units of 10! cm (Eracleous et
al. 1995). For a close binary system case, the observa-
tional duration can be comparable with or even longer
than the period of the apsidal motion. In this case, the
observed line profile should be an average of line pro-

! other values are specified in the panels. Note that

files over the period of the apsidal motion. In Figure
3, we show the averaged line profiles over the apsidal
motion are shown. General features are more or less
similar to those shown in Figure 2. As mentioned in
the last section circularization may take place in dif-
ferent timescales for different elliptical annuli so that
the assumption on the common ellipticity and major
axis orientation may break down in this case where the
period of the apsidal motion is short.

IV. SUMMARY AND DISCUSSION

An elliptical disk can be formed either resulting from
the tidal disruption of a star by the central supermas-
sive black hole or due to tidal perturbation of the sec-
ondary companion black hole on the disk. If any of the
observed double-peaked emission lines do indeed arise
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Fig. 3.— Averaged Ko line profiles over the complete apsidal motions, assuming observational duration is longer than

the apsidal period. Adopted parameters are as follows: £ = 3,82 = 100, = 800 km s~

panels. Note that fluxes are all arbitrarily normalized.

in an elliptical disk, their profiles are likely to vary due
to apsidal motions of the disk. We present a calculation
of the profiles of emission lines originating in a relativis-
tic, elliptical disk, and show examples of the resulting
model profiles. We demonstrate that such a disk can
reproduce a very broad, skewed line profile reasonably
well without a rotating black hole in the center of the
disk and that the shape of the line depends on a com-
bination of model parameters. Particularly, the major
axis orientation seems to play a role of the innermost
stable orbit. Therefore, the redward extent of the line
cannot be a conclusive evidence for the existence of
the spinning black hole and the variability in the line
profile can be explained with an apsidal motion of the
elliptical disk.

We, however, should also mention a few shortcom-
ings. Firstly, the particle trajectories in the inner parts

1 other values are specified in the

of the disk can become circular fast, due both to the
apsidal motion and to the differential precession of the
orbits very close to the black hole. The circularization
timescale of the disk due to relativistic differential pre-
cession is given by Teire ~ 2 X 102M6T5-1/2(1 + e)&2
years, where T is the local temperature in units of 10°
K, & is £/10° (Eracleous et al. 1995). Therefore, re-
sults of the calculation above can only be applicable
to a system either where a companion permanently,
or longer than the life time of the disk, the accretion
disk system, or (closely) immediately after when the
accretion disk forms, such as tidal disruption events.
Secondly, it should include a numerical integration of
the photon geodesic equation in a Schwarzschild metric
which is relevant for photon impact parameters < 10r;,
where most of X-rays originate. The light bending ap-
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proximation, which we adopted in this study, is > 10
percent inaccurate within this region (see Fabian et al.
1995). Thirdly, other forms of accretion disk involv-
ing geometrically and/or physically different properties
should be also considered to study line variability for
completeness (e.g., Park 2001; Chang 2001).

The elliptical disk model may not be applicable to
explain the line profile variation of most AGNs in re-
ality, because of the rapid circularization of the disk.
However, our result instead may be useful to search for
some exotic events of AGNs, e.g., the tidal disruption
event. It has long been suggested that flare or out-
burst could be induced by the tidal disruption event of
a star by a supermassive black hole resides in the cen-
ter of an AGN (Rees 1988). Several researchers have
also argued that unusual outbursts and/or intermittent
flares observed in some of long-term X-ray light curves
of AGNs could be interpreted as the result of the tidal
disruption event, where the luminosity increases from
a factor of a few to 3 orders of magnitude during the
flares or outbursts and they last for a few years (e.g.,
Komossa & Bade 1999; Komossa & Greiner 1999; Choi
et al. 2001, 2002; Donley et al. 2002). However, with
these observational results alone, it is still difficult to
confirm that the tidal disruption event is responsible
for the observed phenomena, because of lack of spec-
tral information for the event. We here suggest that if
information on the emission lines is available, it could
be firm evidence of the existence of such an elliptical
system and consequently the tidal disruption event. In
principle this is possible if we monitor the iron line-
profile evolution periodically after detecting an X-ray
outburst. Of course, an instrument having a sufficient
energy resolution and sensitivity should be given for
this observation. We expect that the iron line could
be broader because of a transient elliptical disk formed
due to debris of stellar objects and could also be vary-
ing systematically due to its apsidal motion though its
timescale is uncertain. To make a comparison between
calculation and observation of the iron line in details,
more complex and realistic disk geometry should also
be considered in the profile calculations as mentioned
in § II. This is beyond the scope of the present study.
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