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ABSTRACT

We have carried out general relativistic particle simulations of stars tidally disrupted by massive black holes. When a
star is disrupted in a bound orbit with moderate eccentricity instead of a parabolic orbit, the temporal behavior of the
resulting stellar debris changes qualitatively. The debris is initially all bound, returning to pericenter in a short time
about the original stellar orbital timescale. The resulting fallback rate can thus be much higher than the Eddington
rate. Furthermore, if the star is disrupted close to the hole, in a regime where general relativity is important, the
stellar and debris orbits display general relativistic precession. Apsidal precession can make the debris stream cross
itself after several orbits, likely leading to fast debris energy dissipation. If the star is disrupted in an inclined orbit
around a spinning hole, nodal precession reduces the probability of self-intersection, and circularization may take
many dynamical timescales, delaying the onset of flare activity. An examination of the particle dynamics suggests
that quasi-periodic flares with short durations, produced when the center of the tidal stream passes pericenter,
may occur in the early-time light curve. The late-time light curve may still show power-law behavior which is
generic to disk accretion processes. The detection triggers for future surveys should be extended to capture such
“non-standard” short-term flaring activity before the event enters the asymptotic decay phase, as this activity is
likely to be more sensitive to physical parameters such as the black hole spin.
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1. INTRODUCTION

Tidal disruption (TD) of stars by massive black holes (MBHs)
has been theoretically predicted since the 1970s (e.g., Hills
1975; Lacy et al. 1982; Carter & Luminet 1983). The detection
of tidal disruption events (TDEs) can be used to probe dormant
MBHs in distant galaxies. The white dwarf TD, if ever detected,
would be evidence for the existence of intermediate-mass black
holes (IMBHs). Today, ~20 TD candidates (Komossa & Bade
1999; Komossa & Greiner 1999; Gezari et al. 2009; Komossa
2012, and the references therein) have been observed, includ-
ing 2 possible relativistic TD flares (e.g., Bloom et al. 2011;
Cenko et al. 2012) with X-ray quasi-periodic oscillations re-
ported for the Sw 1644457 event (Reis et al. 2012). Upcom-
ing time-domain surveys, e.g., by the Large Synoptic Survey
Telescope (LSST), will increase the TDE sample size by a fac-
tor of 100 (Strubbe & Quataert 2009). It is thus important to
study the temporal behavior of TD flares to detect TDEs more
effectively and probe MBH spacetime and accretion physics.

Rees (1988) has presented a canonical picture of TDEs which
is currently used to identify TDE candidates. Here a solar-type
star is scattered from faraway into the loss cone of an MBH,
putting the star into a parabolic orbit. If the orbital pericenter
distance R, is smaller than the tidal radius Rr, the distance where
the tidal force from the MBH equals the stellar self-gravity, the
star is torn apart by tidal forces in a single flyby. The tidal
radius is

Ry =n x R, (M/m,)"3, (1)

where M is the MBH mass, m, and R, are the stellar mass and
radius, and 5 is a constant of the order of unity determined by
the stellar model (hereafter we take n = 1). After disruption,

stellar debris initially follows ballistic orbits determined by the
distribution of debris binding energy at the time of disruption.
Half of the debris escapes in hyperbolic orbits, and the other
half remains bound to the MBH. If the stellar mass per binding
energy, dm/dE, is constant, the rate of debris mass orbiting
back to pericenter (the so-called “fallback™ rate) goes as a
power law with time ~¢~>/3 (Phinney 1989; Evans & Kochanek
1989; Lodato et al. 2009). The hydrodynamical interaction of
the debris such as tidal stream collisions, tidal compression,
and shock formation should lead to the circularization of debris
orbits and the eventual formation of an accretion disk (Kochanek
1994; Guillochon et al. 2013). As the typical fallback timescale
(years) is long compared to the viscous timescale of a standard
accretion disk, the accretion rate likely follows the fallback
rate, at least at late times (Rees 1988; Ulmer 1999). The
result is a luminous electromagnetic flare, likely peaked in the
UV /X-rays, which also decays with /3 (Strubbe & Quataert
2009; Ayal et al. 2000).

As recognized in Rees (1988), this TD picture glosses over
many important details such as the possibility of deep encounters
(i.e., the penetration parameter 8 = Rr/R, > 1), variations in
the structure of the star, and the change of debris binding energy
by tidal compression. More realistic treatment of these details
can lead to different observational predictions (e.g., Rosswog
et al. 2009; Guillochon et al. 2009; Guillochon & Ramirez-Ruiz
2013; Stone et al. 2012). Among the possible complications, we
focus on two of them—the parabolic nature of the stellar orbits
and the effects of general relativity (GR) on the debris orbits.

1. The star is conventionally assumed to approach the MBH
in a parabolic orbit (the orbital eccentricity e = 1), since
it loses energy and angular momentum slowly through
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many weak scatterings faraway from the hole until it just
— =07 becomes marginally bound. However, there are several
mechanisms that can produce eccentric TDEs with e < 1,
e as summarized in Hayasaki et al. (2013). For example, one
i — =09 strong encounter with a massive perturber such as a giant

3 : molecular cloud (GMC) or an IMBH could remove enough
§ angular momentum to put the star in a bound orbit (e.g., see
= the review by Alexander 2012). The overall TDE rate can

1074 3 be boosted by as much as three orders of magnitude when

an IMBH is present (Chen et al. 2009, 2011). GMCs can
have complicated interactions with MBHs and their stellar

1076 cusps, leading to the production of stellar disks near MBHs

1 10 100 1000 104
Time since disruption (hr)

(e.g., Yusef-Zadeh & Wardle 2012). It is not yet clear what
the actual TD event rate is for e < 1. However, the fact that

we see many young, bound stars near the Galactic center

Figure 1. The fallback rate as a function of time after disruption for a ~0.3 Mg
lower main-sequence star disrupted by a 107 My Schwarzschild MBH. The star
is put in bound orbits with the same R, ~ 7.1 R, but different eccentricities e.
The spread of the fallback time and peak fallback rate are very sensitive to e.

(A color version of this figure is available in the online journal.)

(e.g., the “S-stars” found by Ghez et al. 2005 and Gillessen
et al. 2009) suggests that there are ways to put stars in orbits
quite close to MBHs, lessening the requirement that TDEs
are likely only to happen for near-parabolic trajectories.
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Figure 2. Snapshots of the tidal stream of a ~0.3 Mg lower main-sequence star disrupted by a Schwarzschild 107 M, black hole. The geodesic of the center of the
star has e = 0.7, R, ~ 7 Rg, and R, ~ 40 R, shown by the blue curve. The red points show the locations of debris particles at different epochs. T is the orbital time
of the original stellar orbit. The star is disrupted at R,,, so att = T'/2 the debris goes to apocenter for the first time and at = T returns to pericenter for the first time.

The length of the tidal stream grows with time. Around the ninth orbit, the stream starts to cross itself.
(A color version of this figure is available in the online journal.)
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Figure 3. Snapshots of the tidal stream of a ~0.3 M lower main-sequence star disrupted in an eccentric orbit with e = 0.9, i = 45° (red dots) or e = 0.99, i = 45°

(blue dots) around a Kerr black hole of M = 107 Mg, and § = 0.5. The zoomed-in snapshot at + = 5T shows how the tidal stream misses itself due to orbital plane
precession. The black dot there represents the MBH, and the green line shows the distance of closest approach d.

(A color version of this figure is available in the online journal.)

In this regard, we know that even an e ~ 0.99 orbit will lead
to fallback rate and tidal stream orbits that are qualitatively
different from the e = 1 case, as we show in this Letter.

2. Even for the parabolic case, the star can be disrupted close
to the MBH, at a few gravitational radii R, = GM/ c?
(where G is the gravitational constant, and c is the speed of
light). If the dimensionless TD radius

Ry = Rp/Ry o« M™235713, (2)

where p, is the mean stellar density, approaches the order of
unity, GR effects become significant. The parameter space
for relativistic TDEs is important: a white dwarf can only be
disrupted by IMBHs within ~10 R,; the TD by higher mass
black holes with masses of ~10"-10% M, and even rapidly
spinning ones of 10° M, (Kesden 2012a), if happens, must
be relativistic, unless the star is a giant with an extended
envelope.

If a star is disrupted in a bound orbit at I%T < 10, the behavior
of the debris orbits, the debris circularization mechanism, and
the accretion and radiation physics could all be different from
the standard scenario. Rasio et al. (2005), Kesden (2012a,
2012b), and Haas et al. (2012) calculated some features of
stars disrupted in GR parabolic orbits. Hayasaki et al. (2013)
carried out hydrodynamical simulations of a star disrupted in
a bound orbit, using a pseudo-Newtonian potential which is a
good approximation to the Schwarzschild potential for e ~ 1.
In this Letter, we study the disruption of a star in a bound

orbit by a supermassive black hole (SMBH), and extend the
previous work by using a suite of particle simulations in the full
Kerr metric. Our simulation does not include hydrodynamical
effects, but can explore more parameter space due to the fast
computation time. In Section 2, we introduce our code and the
setup of the problem. In Section 3, we examine the importance
of bound stellar orbits and GR during the initial phase of the
tidal debris orbits. In the last section, we summarize the results
and speculate on the observational consequences.

2. METHODOLOGY

For all the results in this Letter, we simulated the debris
orbits of a lower main-sequence star with mass ~0.3 M when
disrupted by a 107 My MBH. Using Equation (2), Ry ~ 7.1 Ry,
which is in the strong relativity regime. We sampled the star with
10° identical mass particles, drawn from a density distribution
calculated from the Lane—-Emden equation with a polytropic
index of y = 5/3.

We assume that all the star particles move as a single unit
with the center of the mass before disruption. There is no closed
eccentric orbit in GR, but the stellar orbit can be approximated
by an ellipse with apsidal and nodal precession. The eccentricity
can be defined by e = (R, — R,)/(R; + R,), where R, is
the apocenter distance. After disruption, each debris particle
travels on its own geodesic calculated using the position and
momentum of the particle at disruption. The effects of tidal
compression before disruption and self-gravity are ignored in
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Figure 4. Panel (a) shows the value of d when the stream center returns to
pericenter for the first 70 times. The initial stellar orbit has e = 0.9,i = 45°,

and the MBH has § = 0.5. This distance varies but is at least one order above
the tidal stream thickness ~0.04 R,. Panel (b) shows how the averaged d over

the first 70 orbits changes with § (ranging from 0 to 0.998) for a fixed stellar
orbit with e = 0.9, i = 45°. The blue dashed line is a linear fit to the simulation
results (red points). Panel (c) shows how the orbit-averaged d changes when
we fix § = 0.5 but change i instead. The blue dashed line is a sine fit to the
simulation results (red points).

(A color version of this figure is available in the online journal.)

these simulations. However, as § = 1 in all our simulations,
tidal compression is not strong near pericenter (Carter &
Luminet 1983). The fifth-order Runge—Kutta algorithm is used
to integrate debris orbits under the Kerr metric.
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3. RESULTS
3.1. Eccentric Orbit: Small Spread in Fallback Time

If a star is disrupted in a bound orbit, the center of the star
has a negative binding energy. Therefore, more than half of the
debris remains bound and eventually accretes onto the MBH.
For small enough eccentricity all debris can be bound (Hayasaki
et al. 2013), and quickly returns to pericenter with very small
spread of fallback time. Figure 1 shows the fallback rate as a
function of eccentricity. The spread of fallback time decreases
from ~1 yr (e = 1) to weeks (e = 0.99), days (e = 0.9), or
even hours or minutes (¢ = 0.7), leading to a very high mass
fallback rate which does not decay as t =/3.

How the fallback rate translates to the accretion rate or flare
luminosity is still unclear. Recently, Guillochon et al. (2013)
has carried out hydrodynamical simulations of the evolution of
the tidal debris from a star disrupted in a parabolic orbit by a
SMBH, and found that dissipation through shocks likely cannot
circularize tidal debris fast enough to produce the observed flare
luminosities. In relativistic eccentric TDEs, debris particles do
not have large dynamical dispersions or go out to large distances,
suggesting that hydrodynamical dissipation based on shocks at
the “nozzle,” shearing, and compression may be even weaker.
However, one important effect speculated upon by Guillochon
et al. (2013)—self-intersection of the tidal stream due to apsidal
GR precession—may even work better. We will investigate
this next.

3.2. Schwarzschild MBH: Self-intersection of the Tidal Stream

Several orbits after disruption, the tidal stream is tangentially
elongated and almost resides on the geodesic of the original
center of star (Figure 2). In the Schwarzschild metric, the
geodesic is subject to apsidal precession. By the time the center
of the mass returns to pericenter, the “head” of the stream may
have precessed enough so it can cross the “tail” of the stream.
We show an example in Figure 3 where the stream intersects
with itself in the ninth orbit when e = 0.7. If the same star is
disrupted in an orbit with ¢ = 0.9, self-intersection can even
happen in the first orbit due to the larger orbital period spread of
the debris particles. Therefore, if we increase the eccentricity,
the possibility of self-intersection increases.

As we can see in Figure 2, when self-intersection happens, the
collision angle can be large. Therefore, strong energy dissipation
due to heating and shocks will possibly circularize debris in sev-
eral orbits. Indeed, the hydrodynamical simulation of Hayasaki
et al. (2013) shows that the stream trajectory has no significant
deviation from geodesics until self-intersection happens. This
suggests that self-intersection is the main mechanism for debris
circularization in eccentric TDEs. If the circularization does
happen in several orbits, the viscous timescale for a standard
accretion disk is much longer than circularization timescale.
This means that the debris will accumulate and probably form a
thick disk, with an accretion rate not following the fallback rate.

3.3. Kerr MBH: Delay of the Tidal Stream Self-intersection

MBHs may well be spinning, and there is no reason to
assume that the stellar orbital plane is perpendicular to the MBH
spin axis (e.g., the “S-stars” in the Galactic center). If the two
are not perpendicular, then nodal precession dominated by the
Lense—Thirring effect will shift the orbital plane and delay tidal
stream self-intersection. We show in Figure 3 the snapshots of
the tidal stream at different epochs, after the star is disrupted in
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Figure 5. The geodesic for the center of a star in an eccentric orbit with e = 0.9, i = 45° around a Kerr black hole with M = 107 Mg and S = 0.5. R p ~ 1.1 R, and
R, ~ 134.3 R,. We show the first 10, 100, 1000 orbits and a zoomed-in of the 1000 orbits case. For the panel showing 10 orbits, we also overplot the locations of the
tidal streams att = T (red), t = 2T (green), t = 3T (orange), t = 4T (cyan), and ¢t = 5T (yellow). All tidal streams tend to align with the geodesic curve.

(A color version of this figure is available in the online journal.)

an inclined orbit by a Kerr hole. The initial phase of the tidal
stream looks similar to the Schwarzschild one, but as can be
seen in the zoomed snapshot that the stream misses itself by a
small distance d due to nodal precession.

This distance of closest approach d between the stream is
plotted in Figure 4(a) for the first 70 times that the center of
mass returns to pericenter. Due to the advance of pericenter
on the orbital plane, d is different each time. In order to see
if self-intersection will happen, we need to compare d to the
thickness 4 of the tidal stream, which is not obtainable from our
simulation since it does not include hydrodynamical effects.
An order-of-magnitude calculation by Kochanek (1994) has
h o r'/4, where r is the distance from the hole. This result
is confirmed by Guillochon et al. (2013) for the first orbit after
the disruption of a star in a parabolic trajectory. The simulation
of an e = 0.9,i = 45° (i is the orbital inclination angle)
stellar orbit shows that the closest approach between the tidal
stream happens at 7. ~ 29.4 R,, so given the original stellar

size¢ R, ~ 0.3 Ry at R, ~ 7.1 Ry, we get h(r.) ~ 0.04 R,.
Therefore, only if d < 0.04 R,, there is strong self-intersection
of the tidal stream. This does not happen in these 70 orbits.
The value of d depends on several parameters including the
orbital size, eccentricity e, inclination angle i, and the MBH
spin S, since the Lense-Thirring precession rate depends on
these parameters. We show that the orbit-averaged d changes
linearly with S and sinusoidally with i in Figures 4(b) and (c).
This dependence agrees with the Lense-Thirring precession
rate formula, with inclination (e.g. Merritt et al. 2010). It is
notable that such simple dependencies seem to explain the
numerical results in Figure 4. Thus, if the estimation of the
debris thickness is correct, self-intersection of the tidal stream
due to GR precession can only happen quickly if S ~ Oori ~ 0.
Following the tidal stream evolution for >100 orbits is
difficult because the stream becomes very long and has a
complicated shape thus requiring too many particles to sample
it well. However, the tidal stream tends to lie on the geodesic of
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the center of the star (see Figure 5). In order to get a sense of
how the tidal stream fills the space around the hole and thus how
long it takes for the self-intersection to happen, in Figure 5 we
plot the first 10, 100, and 1000 orbits of the center of the star. If
the tidal stream maintains ballistic behavior after 1000 orbits, it
forms a gas “ball” around the hole, reminiscent of the scenarios
in Loeb & Ulmer (1997) and Ulmer et al. (1998), although this
sphere of gas is not supported by pressure.

4. SUMMARY AND DISCUSSION

In conclusion, if a star is tidally disrupted in a bound orbit with
moderate eccentricity (e < 0.99) all the debris remains bound,
and returns to pericenter in a spread of time much shorter (up to a
factor of 10,000) than the typical fallback time of a star disrupted
in a parabolic orbit. The fallback rate is very large and can even
be super-Eddington, and does not decay with =/3. It may be
hard for the debris energy to dissipate unless the star is disrupted
close to the MBH and apsidal precession can make tidal stream
intersect with itself. However, if the MBH is spinning and if
its spin axis is not perpendicular to the stellar orbital plane,
nodal precession can greatly delay the stream self-intersection
if the stream is as thin as seen in recent numerical simulations.
This would delay the energy dissipation and the appearance of
the flare. If no hydrodynamical interactions destroy the stream,
a thick “ball” of precession gas is likely to form around the
MBH. Note that as a function of distance away from the MBH
nodal precession rate drops faster than apsidal precession rate,
so there may be a regime where nodal precession does not delay
the stream self-intersection.

Hydrodynamical simulations need to be conducted to accu-
rately calculate the debris accretion and the light curve for ec-
centric TDEs. However, the dynamics of the debris orbits seen
here suggests that eccentric relativistic TDEs can look quite dif-
ferent from standard ones. The total duration of the flare could
be much shorter. In the early phase of the light curve, short
bursts with durations (~1-10 hr) imprinted by the spread of
debris fallback time may be observed quasi-periodically with
period P (~1-10 days) which is roughly the stellar orbital pe-
riod, especially if stream self-intersection is important. Nodal
precession will change the light curve, likely lowering the mag-
nitude of these short bursts, but also providing us with the probe
of the black hole spacetime. We know that Levan et al. (2011)
found fast large-amplitude variability in the initial light curve of
Sw 1644+57, and four short flares were observed with a quasi-
period of ~10 hr. The very late time light curve might still
exhibit power-law behavior as a result of the disk accretion pro-
cesses. Therefore, the early-time TD light curve contains more
information on the MBH and stellar orbital parameters, and thus
should be monitored more closely.

The rate of eccentric relativistic TDEs may be low, but
the observation of even just one or two of them can greatly
improve our understanding on the dynamics and accretion
around MBHs. In the upcoming decade, the launch of LSST
and other telescopes will greatly enlarge the TDE sample size,
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and we will likely observe such non-standard TDEs if the
appropriate trigger is implemented to catch them.
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