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ABSTRACT
The development of a new generation of theoretical models for tidal disruptions is timely, as increasingly

diverse events are being captured in surveys of the transient sky. Recently, Gezari et al. reported a discovery
of a new class of tidal disruption events: the disruption of ahelium-rich stellar core, thought to be a remnant
of a red giant (RG) star. Motivated by this discovery and in anticipation of others, we consider tidal interaction
of an RG star with a supermassive black hole (SMBH) which leads to the stripping of the stellar envelope and
subsequent inspiral of the compact core toward the black hole. Once the stellar envelope is removed the inspiral
of the core is driven by tidal heating as well as the emission of gravitational radiation until the core either falls
into the SMBH or is tidally disrupted. In the case of tidal disruption candidate PS1-10jh we find that there is
a set of orbital solutions at high eccentricities in which the tidally stripped hydrogen envelope is accreted by
the SMBH before the helium core is disrupted. This places theRG core in a portion of parameter space where
strong tidal heating can lift the degeneracy of the compact remnant and disrupt it before it reaches the tidal
radius. We consider how this sequence of events explains thepuzzling absence of the hydrogen emission lines
from the spectrum of PS1-10jh and gives rise to its other observational features.
Subject headings: accretion – black hole physics – galaxies: nuclei

1. INTRODUCTION

A star whose orbit takes it on a close approach to a
supermassive black hole (SMBH) will be torn apart when
the SMBH’s tidal force is comparable to the self-gravity
of the star (Rees 1988). The subsequent accretion of stel-
lar debris by the SMBH generates a characteristic flare
of UV and soft X-ray radiation, a signature which for
nearly two decades has been used as a strong diagnos-
tic for the presence of an SMBH in a previously inac-
tive galaxy (Grupe et al. 1995a,b, 1999; Renzini et al. 1995;
Bade et al. 1996; Komossa & Greiner 1999; Greiner et al.
2000; Donley et al. 2002; Li et al. 2002; Komossa et al. 2004;
Gezari et al. 2006, 2008, 2009; van Velzen et al. 2011, etc.).
For many of the observed candidates, the appearance of the
flare and its properties can be explained by an encounter of a
main sequence star with the SMBH, which is expected to be
the most common disruption scenario because of the relative
abundance of this population of stars. More recently however,
the improved observational coverage of the transient sky led
to discoveries of new classes of tidal disruption events.

One such event (PS1-10jh) was reported by Gezari et al.
(2012) as a disruption of a helium-rich stellar core, thought
to be a remnant of a red giant (RG) star. PS1-10jh shares
some common properties with previously detected candidates
which supports its identification as a tidal disruption, butalso
exhibits differences which may be a key to understanding the
physical processes at play. For example, a well-sampled UV
light curve of PS1-10jh is in agreement with the canonical
theoretical expectation that the luminosity of a tidal disruption
event should decay as∝ t−5/3 (Rees 1988; Evans & Kochanek
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1989)5. The optical spectrum of the event is characterized by
the presence of relatively broad HeII emission lines, a prop-
erty which is unusual given the absence of broad hydrogen
emission lines. Both sets of emission lines are commonly
found in the spectra of active galactic nuclei (AGNs), where
hydrogen Balmer lines typically dominate in strength because
of the higher abundance of hydrogen relative to helium in the
interstellar medium. In light of this, Gezari et al. (2012) inter-
preted the optical spectrum of PS1-10jh as the emission from
the disrupted He core of an RG star which lost its hydrogen
envelope at some earlier point in time. Similar interpretation
was provided by Wang et al. (2011, 2012) who discovered an-
other tidal disruption candidate with strongly blueshifted HeII
emission line and weak hydrogen lines in their sample of ex-
treme coronal line emitters.

Indeed, a tenuous outer envelope can be tidally stripped
from the progenitor RG star at relatively large distances from
the SMBH and before its compact core is disrupted or swal-
lowed. This implies that the hydrogen envelope debris in the
aftermath of disruption can be distributed over a wide range
of spatial scales (in some cases comparable to the size of the
broad line region (BLR)). Consequently, like the BLR, it is
expected to be characterized by a range of ionization parame-
ters – a state which in general does not preclude emission of
hydrogen lines. Hence, one of the intriguing questions about
PS1-10jh iswhat happened to its hydrogen envelope?

In this paper we adopt a premise that tidally disrupted star
was a red giant and investigate how this assumption constrains
the orbital parameters and structure of the star that fell to-
wards the black hole. Specifically, we consider scenarios that
can result in early separation and subsequent accretion of the
hydrogen envelope of the star, so that at a later point in time
when its helium core is disrupted, helium dominates the emis-
sion line spectrum. It is worth noting that this is not the only
theoretical scenario put forward to explain the nature of PS1-

5 The power-law behavior of tidal disruption light curves hashowever been
predicted to vary as a function of time and emission wavelength (Lodato et al.
2009; Lodato & Rossi 2011).
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10jh. Guillochon et al. (2013) propose that the emission-line
spectrum of PS1-10jh may be produced in the disruption of a
low mass main sequence star. In this case, the debris from the
disrupted star forms a compact BLR that consists of hydrogen
rich gas, but is highly ionized and effectively behaves as a HII
region. Consequently, in this scenario it emits weak hydrogen
emission lines below the current detection threshold.

An interesting property of RG encounters with SMBHs is
that they can lead to partial disruptions with a surviving com-
pact core. In scenarios where the stellar core is deposited
deep in the potential well of the SMBH its dynamics will be
affected by the relativistic precession of the pericenter,pre-
cession of the orbital plane due to the spin of the SMBH, and
emission of gravitational waves (GWs). A stellar compact ob-
ject that gradually spirals into a SMBH is commonly referred
to as the extreme mass-ratio inspiral (EMRI). GW emission
from EMRIs will only be detected by a future space-based
gravitational wave interferometer (e.g., Amaro-Seoane etal.
2013a). Nevertheless, if relativistic effects leave a visible
imprint in the EM signatures of the disruption event, they
can in principle be used to place independent constraints on
the structure of the star and mass and spin of the SMBH
(Gomboc &Čadež 2005; Kesden 2012a,b) many years in ad-
vance of such GW observatory.

More generally, RG tidal disruptions are unique among stel-
lar disruption scenarios because they can in principle serve as
a tracer of a wide range of SMBHs. This is because the low
density RG envelope can be tidally stripped even by the most
massive of black holes which swallow, rather than disrupt
main sequence and compact stars. Indeed, RGs are expected
to make up a dominant fraction of the stellar diet for SMBHs
with mass& 108M⊙ and about 10% of it for black holes be-
low this threshold (MacLeod et al. 2012). They are also ex-
pected to contribute significantly to the duty cycle of low-
level activity of SMBHs with mass> 107M⊙ (MacLeod et al.
2013). While disruptions of main sequence stars by∼ 106M⊙

SMBHs will continue to dominate the detection rates, a grow-
ing observational sample of tidal disruption events indicates
that more RG disruptions are likely to be observed in the fu-
ture.

In this work we consider a partial disruption scenario where
the stripping of the hydrogen envelope is followed by the sub-
sequent inspiral and possible disruption of the compact rem-
nant. In the case of PS1-10jh we find a set of orbital solutions
where tidal interaction with an SMBH leads to the inspiral
and disruption of the helium core after the accretion of the
hydrogen envelope has been completed. Such configuration
can provide an explanation for the lack of hydrogen emission
signatures in the spectrum of PS1-10jh and places strong con-
straints on the dynamical evolution and structure of the core.

The remainder of this paper is organized as follows: in Sec-
tion 2 we describe the stripping of the red giant envelope and
give the physical properties of the debris in Section 3. We
consider the inspiral of the remnant core into the SMBH in
Section 4, discuss implications for the disruption candidate
PS1-10jh in Section 5, and conclude in Section 6.

2. TIDAL STRIPPING OF THE RED GIANT ENVELOPE

Consider a relatively common, low mass RG star with a
zero-age main sequence mass ofM∗ = 1.4 M⊙ and radius
R∗ ≈ 1012cm6. This class of RG stars consists of a degen-

6 MacLeod et al. (2012) have recently modeled the dynamics of ared giant
of this structure during one partially disruptive encounter with a supermassive

erate helium core,Mcore≈ 0.3 M⊙ andRcore≈ 109cm, and a
hydrogen rich envelope with massMenv≈ 1.1 M⊙, where the
mass and size of the RG core are consistent with the structure
of low-mass helium white dwarfs (Hamada & Salpeter 1961;
Althaus & Benvenuto 1997). An RG star of this mass spends
few× 108 yr on the RG branch of the Hertzsprung-Russell
diagram and transitions onto the horizontal branch after the
ignition of the helium core in the event known as the helium
flash.

The conditions for the tidal disruption of a star are fulfilled
at thetidal radius, RT ≈ R∗(M/M∗)1/3, whereM is the mass
of the black hole (Rees 1988). The tenuous and spatially ex-
tended stellar envelope renders RG stars particularly vulnera-
ble to tidal forces, resulting in tidal radii∼ 100 times larger
than for main sequence stars,

RT ≈ 1014cm

(

R∗

1012cm

)(

M∗

1 M⊙

)−1/3

M1/3
6 . (1)

In terms of gravitational radii,

RT ≈ 680rg

(

R∗

1012cm

)(

M∗

1 M⊙

)−1/3

M−2/3
6 , (2)

whereM6 = M/106M⊙ andrg = GM/c2 = 1.48×1011cmM6.
More specifically, this disruption radius is defined for a gas
cloud whose density is equal to themean density of an RG
star. Since the mean density of the RG star is comparable
to that of its hydrogen envelope, Equations 1 and 2 provide
a good estimate for the distance from the SMBH where the
stellar envelope will be stripped by the tides. On the other
hand, a white dwarf-like core can survive the tidal forces ofa
million solar mass black hole even at separations comparable
to the radius of its event horizon (equal to 2rg for non-rotating
black holes).

For a star on an orbit with pericentric distanceRp, the
strength of the tidal encounter is characterized by the pene-
tration factorβ = RT/Rp, whereβ = 1 marks the threshold
for tidal disruption andβ ≫ 1 characterizes deep encounters
(Carter & Luminet 2011). Similarly, the penetration factorfor
the RG core is defined as

βcore= β

(

Rcore

R∗

)(

M∗

Mcore

)1/3

. (3)

For the core under consideration,βcore≈ β/600. The core
of finite extent experiences the gradient of the SMBH grav-
itational potential which at pericenter leads to a spread
in the specific gravitational potential energy across the
core’s radius of∆ǫcore ≈ GMRcore/R2

p (Lacy et al. 1982;
Evans & Kochanek 1989, etc.). Recent calculations how-
ever show that for disruptive,β > 1 events the energy
spread of the debris remains frozen at the point of disrup-
tion and is a very weak function ofβ (Stone et al. 2013;
Guillochon & Ramirez-Ruiz 2013).This implies that the en-
velope which disrupts at∼ RT has energy spread∆ǫenv ≈
GMR∗/R2

T . For nearly parabolic orbits the most bound por-
tion of the envelope debris is characterized byǫ = −∆ǫenv and
shortest Keplerian orbital period

Pm ≈ 2×108s

(

R∗

1012cm

)3/2( M∗

1 M⊙

)−1

M1/2
6 . (4)

black hole.
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Assuming the distribution of debris mass over en-
ergy is approximately symmetric,M∗/dǫ ≈ f M∗/(2∆ǫ)
(Evans & Kochanek 1989), it is possible to derive the accre-
tion rate of the debris bound to the SMBH

Ṁ =
dM∗

dǫ
dǫ
dt

=
f M∗

3Pm

(

t
Pm

)−5/3

≈

0.054 M⊙ yr−1 f

(

R∗

1012cm

)−3/2( M∗

1 M⊙

)2

M−1/2
6

(

t
Pm

)−5/3

,(5)

where f is the fraction of the RG stellar envelope that is ac-
creted relative to the mass of the star.

MacLeod et al. (2012) used 3d hydrodynamic simulations
to model the fraction of the red giant stellar envelope lost to
tidal stripping as a function of the penetration factor of the en-
counter. They find that forβ = 1 encounters the mass loss for
a 1.4 M⊙ RG star amounts to about 0.4 M⊙ while for mod-
erately deepβ ≥ 2 encounters it asymptotes to 0.7 M⊙. The
rest of the stellar envelope remains gravitationally boundto
the core. For nearly parabolic orbits approximately half ofthe
stripped envelope is launched toward the black hole while a
comparable fraction is unbound and ejected from the system.
It follows that after the most tightly bound debris completes
its first orbit, the half that is bound to the SMBH will begin
forming an accretion disk of mass∼ 0.2− 0.35 M⊙.

In this work we focus on RG stars on nearly radial initial or-
bits with eccentricities close to unity. This choice is motivated
by the prediction of the loss cone theory that most of the stars
on disruptive orbits originate from the sphere of gravitational
influence of the SMBH or beyond (Magorrian & Tremaine
1999; Wang & Merritt 2004),

rh =
GM
σ2 = 1.3×1018cm

( σ

100kms−1

)−2
M6 (6)

whereσ is the stellar velocity dispersion. In absence of any
other effects which could modify stellar orbits this implies
that tidal stripping of the RG envelopes is important for stars
with orbital eccentricities 1− e . RT/rh ∼ 10−4 (see however
Section 4.1 for discussion of dynamical processes that are ex-
pected to affect RG orbits).

Note that if the RG star is initially placed on a less eccen-
tric orbit around the black hole, more than∼ 50% of its de-
bris ends up bound to the SMBH, placing an upper limit on
the mass of the accretion disk as 0.7 M⊙. The disruption of
stars on lower eccentricity orbits will also result in the return
of debris to pericenter on time scales shorter than given by
Equation 4 and consequently peak accretion rates larger than
shown in Equation 5 (Hayasaki et al. 2013; Dai et al. 2013).

3. EMISSION PROPERTIES OF THE DEBRIS

It is worth noting that the envelope loss described above
takes place at the point where the orbital radius of the star
is comparable toRT , which forβ > 1 encounters occurs be-
fore the pericentric passage. As the RG remnant (i.e., stel-
lar core plus the portion of the envelope bound to it) con-
tinues to approach pericenter, its self gravity continues to
diminish relative to the tidal force of the black hole un-
til the point of pericentric passage after which the trend re-
verses (Carter & Luminet 2011; Stone et al. 2013). The con-
sequence of this reversal, combined with the rotation of the
spun up core, is that the lobes which are nearly unbound from
the remnant fold around and crash down on the core (R.M.
Cheng et al. 2014, in preparation). This drives strong shocks
in the outer layers of the remnant. In order to estimate an

upper limit on the thermal energy produced by shocks and
deposited onto the star during its pericentric passage, we as-
sume that it is comparable to the binding energy of the enve-
lope that crashes back onto the RG remnant. From results of
MacLeod et al. (2012), the fraction of the total envelope mass
ηMenv that contracts back to the star is aboutη = 0.1 and at
most 0.2 for deeper encounters.

If all of this material is shock-heated the maximum amount
of thermal energy produced can be estimated asEth ≈
ηGM∗Menv/R∗. Since the envelope has a large optical depth
due to Thomson scattering,τT ≈ 3ηMenvσT /(4πmpR2

∗) ≈
2×107, in this scenario the thermal energy is radiated grad-
ually over the diffusion time scaletdiff ∼ τT R∗/c ≈ 7×108s.
The resulting luminosity of the flare is then

Lth ∼
Eth

tdiff
≈ 4×1037ergs−1

(

M∗

1 M⊙

)

. (7)

A characteristic black body temperature of the shocked star
and emitted radiation can be estimated fromσT 4 = Lth/4πR2

∗

and is aboutkT ∼1 eV for the RG properties considered here.
Therefore, in the case of the RG tidal disruption, the shock
from the fallback of nearly-unbound material from the tidal
tails leads to an initial optical flare, softer than∼1 keV flare
expected from a completely disrupted main sequence star and
considerably less energetic than expected from the full dis-
ruption of a white dwarf by an intermediate mass black hole
(Kobayashi et al. 2004). This emission arises in advance of
the flare powered by the accretion of the debris onto the
SMBH. In the case of the RG star considered here, it lasts
for about 20 yr and thus, cannot really be considered a "flare"
as long as the slow diffusion processes determine the time
scale for emission of the thermal energy. In reality, not allof
the thermal energy produced in the fallback would be radiated
and some of it would be deposited into the remnant, so the es-
timated luminosity in Equation 7 should be considered as an
upper limit.

Additional emission arises from the envelope debris which
falls back toward the SMBH and starts forming an accre-
tion disk. The debris bound to the hole, initially distributed
over a range of highly eccentric orbits, will circularize once
the orbits are closed. The conservation of angular momen-
tum implies that the debris circularizes at a radius equal to
twice its initial disruption radius, which in the case of the
RG envelope isa ≈ 2RT . This simple estimate is supported
by hydrodynamic simulations that follow the early evolution
of the debris disk (Hayasaki et al. 2013). Because shocks
are localized to "intersection points" of the debris streams
the radiation emitted in this process encounters a relatively
small column of matter and should escape to infinity with-
out significant reprocessing by the intervening debris. We
thus assume that the energy released during the circulariza-
tion will be promptly emitted as radiation. From conserva-
tion of angular momentum, it is possible to show that the
amount of orbital energy released during circularization is
∆Ecirc ≈ GMMdisk(2e − 1)/(4RT ) ≈ GMMdisk/(4RT ), where
e → 1 is the initial orbital eccentricity of the debris. The lu-
minosity produced during circularization is then

Lcirc ∼
∆Ecirc

Pm
= 7×1041ergs−1×

(

R∗

1012cm

)−5/2( M∗

1 M⊙

)4/3( Mdisk

0.2 M⊙

)

M1/6
6 , (8)

whereMdisk is the mass of the debris disk, corresponding
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to the amount of the stellar envelope that remains bound to
SMBH (see discussion at the end of Section 2).

We next consider the fraction of luminosity contributed by
the fall-back of debris from the circular orbit with the average
radius of∼ 2RT , all the way to the innermost stable circular
orbit (ISCO) of the SMBH. Note that in reality circularization
and inspiral of the debris play out concurrently rather than
in sequence but we consider the two processes separately in
order to estimate their individual luminosity budgets. Initially,
the luminosity of the accretion flow increases with time as the
radiative efficiency of the debris that inspirals toward ISCO
increases,

Lfb = ǫ(r) Ṁc2 ≈ 2×1044ergs−1 f
( ǫ

0.057

)

×
(

R∗

1012cm

)−3/2( M∗

1 M⊙

)2

M−1/2
6

(

t
Pm

)−5/3

, (9)

whereǫ = 1− (r − 2)/(r(r − 3))1/2 is the radiative efficiency
for a Schwarzschild black hole andr is the orbital radius
of the debris in units ofrg (for e.g., Frank et al. 2002). For
r = 2RT andRT given by Equation 2, radiative efficiency is
only ǫ≈ 4×10−4 and it gradually increases to 0.057 as mate-
rial reaches ISCO, which is located at 6rg for a non-rotating
black hole. Therefore, with the exception of the early stages
of circularization when the low radiative efficiency results in
a lower fall-back luminosity, at most timesLfb ≫ Lcirc ≫ Lb.
According to Equation 9, at ISCO the debris reaches its peak
luminosity which for low mass SMBHs is comparable to their
Eddington luminosity7. This implies that radiative pressure
can play an important role in limiting the luminosity of such
systems.

The temperature of the debris radiating at the Eddington
limit from the radius∼ 2RT is (Ulmer 1999)

Teff ≈
(

LEdd

16πR2
Tσ

)1/4

=

4.6×104K

(

R∗

1012cm

)−1/2( M∗

1 M⊙

)−1/6

M1/12
6 . (10)

whereσ is the Stefan-Boltzmann constant. As material finds
itself deeper in the potential well of the black hole, the tem-
perature of the emitted multi-temperature black-body radia-
tion increases by a factor of (2RT/6rg)1/2, or about 15 times
for the scenario considered here. Therefore, the temperature
evolution of the radiation emitted during the fall-back phase
can in principle be used to infer the radiative efficiency of the
debris disk at different radii from the SMBH. In practice how-
ever, the emitted radiation is likely to be reprocessed by the
debris material and emerge as radiation of lower temperature.
This occurs because the debris disk with radius∼ 2RT has a
significant optical depth,τT ≈ Mdisk σT /2π(2RT )2mp ≈ 730.
Nevertheless, if the broad emission line profiles (such as
FeKα or hydrogen Balmer lines) are available from spectro-
scopic observations for this early phase of disruption before
the luminosity peak, their width and shape can be used to con-
strain the radius of the inspiralling debris independentlyfrom
its temperature.

The evolution of optical depth of the debris in the scenario
considered here implies that the debris disk will become trans-
parent to radiation once it expands by a factor of∼ 27 due to

7 Eddington luminosity is defined asLEdd ≈ 1.3×1044ergs−1M6.

the transport of angular momentum. The conservation of an-
gular momentum implies that at this point in time the mass of
the disk will be∼ Mdisk/

√
27, after about 80% of its mass has

been accreted onto the black hole. Assuming the accretion
rate given by Equation 5, for aβ = 1 encounter of a 1.4 M⊙

RG with a 106 M⊙ SMBH andMdisk = 0.2 M⊙ this amount
of debris is accreted onlytacc∼ few× Pm after the luminosity
peak, at which point the character of the debris disk emis-
sion changes to optically thin. In this simple estimate we only
consider the fall-back accretion rate and direct the readerto a
recent work by Shen & Matzner (2013) for a careful treatment
of evolution of transient disks that form in tidal disruptions.

4. INSPIRAL OF THE COMPACT CORE INTO A SUPERMASSIVE
BLACK HOLE

We now estimate the orbital properties of the surviving stel-
lar remnant given a range of initial orbits as a function of the
penetration factor and orbital eccentricity. The range of pene-
tration factors considered here corresponds to the orbitalperi-
centers between the ISCO (where the core plunges into the
SMBH) andRT (where the RG star loses its envelope). For
Schwarzschild black holes of different masses this range cor-
responds to

106M⊙ : Rp ≈9×1011− 1014cm

107M⊙ : Rp ≈9×1012− 2×1014cm (11)

108M⊙ : Rp ≈9×1013− 5×1014cm.

The mechanisms that potentially determine the orbital evo-
lution of the RG remnant in this phase are: (a) the interac-
tions with the stars in the nuclear star cluster (b) tidal inter-
action with the SMBH, (c) emission of gravitational waves,
and (d) gravitational and hydrodynamical interaction withthe
disk formed from the envelope debris.

4.1. Orbital Dynamics of the Core in the Galactic Nucleus

Stars on highly eccentric orbits can venture far from the
central SMBH and experience a gravitational influence of
other stars in the nuclear cluster at apocenter, where gravita-
tional influence of the SMBH is at the minimum. Their orbital
energy and angular momentum changes as a consequence of
these interactions and therefore, it is necessary for such spa-
tially extended orbits to consider the contribution of the clus-
ter stars to the gravitational potential of the central SMBHs.

In crowded stellar environments, in the centers of nuclear
star clusters, the initial energy and angular momentum of an
RG star can also be altered by physical collisions with other
stars (Frank & Rees 1976). Collisions between RGs and stel-
lar mass black holes have indeed been suggested as a plausible
mechanism that can deplete the low-mass giants and asymp-
totic giant branch stars in the mass range 1− 3 M⊙ within
the 0.4 pc radius in the Galactic Center (Dale et al. 2009;
Davies et al. 2011). These studies indicate that the probabil-
ity that an RG star will encounter a stellar mass black hole (or
with a lesser probability a main sequence star) at least once
during its lifetime is substantial. Specifically, as the stellar
black hole passes close to the RG, the core is deflected from
its original orbit retaining some fraction of the envelope.A
scattering (and even more so a physical collision) with a mas-
sive perturber can however lower the initial eccentricity of the
RG orbit and place it on a bound orbit around the SMBH, even
if it initially originated beyond the sphere of gravitational in-
fluence of the SMBH (Perets et al. 2009). We thus conjecture
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that the RG remnant underwent such an interaction and con-
sider its end as a starting point of our investigation, giventhat
the RG remnant has been deflected onto a new orbit with the
pericenter in the range given by Equation 11 and an arbitrary
apocenter somewhere withinrh (Equation 6).

We borrow from the investigations of EMRIs to elucidate
the necessary conditions for an RG remnant to spiral in close
to the SMBH where it can be disrupted or become a source
of GWs. EMRI studies indicate that the evolution of compact
objects with the range of pericenters shown in Equation 11
is dominated by a combination of relativistic precession ef-
fects, GW energy loss, but also vectorial resonant relaxation
and two body relaxation (Amaro-Seoane et al. 2013b). Re-
cent work on stellar dynamics has shown that the forma-
tion rate of EMRIs sensitively depends on their eccentricity.
For example, the rates of the EMRIs with semi-major axes
asb ∼ 1015cm(1− e2)−1/3 can be strongly suppressed by the
presence of what is usually referred to as the Schwarzschild
barrier (Merritt et al. 2011; Brem et al. 2014). This barrieris
a consequence of relativistic precession, which becomes pro-
nounced as the compact object finds itself sufficiently deep
in the potential well of the SMBH. The precession effectively
blocks the gravitational influence of cluster stars that would
otherwise build up over many approximately coherent orbits
(Rauch & Tremaine 1996) and drive compact objects into the
GW dominated regime. In the context of the RG remnant
the relevant question is:can the core continue to spiral in to-
ward the SMBH given the presence of the Schwarzschild bar-
rier? Along similar lines, vectorial resonant relaxation has
been found to change the orientation of the stellar orbit rela-
tive to the SMBH spin, causing the compact object that was
initially outside of the ISCO at one instance of time to plunge
into the black hole in the next, thus limiting any tidal disrup-
tion or GW signal.

It has been shown that stellar objects witha > asb, on
highly eccentric orbits can evolve into EMRIs or tidal dis-
ruptions without danger of premature plunge into the SMBH
or blockage by the Schwarzschild barrier (Merritt et al. 2011;
Brem et al. 2014; Amaro-Seoane et al. 2013b). We use this
criterion to further constrain the orbit of the RG remnant. For
these objects the two body relaxation and emission of gravi-
tational radiation remain the main drivers of orbital evolution.
Which mechanism dominates is determined by the density
and distribution of stars in the nuclear star cluster, the mass
of the SMBH, and the initial orbit of the RG core.

The two body relaxation is a diffusive (random walk) pro-
cess resulting from small-angle gravitational scatteringfol-
lowing the encounter of two stars (Chandrasekhar & Bok
1942), that can change both the orbital energy and angu-
lar momentum of the scattered star. The relaxation in an-
gular momentum occurs on time scale that is (1− e2) times
shorter than that for the energy, implying that stars on very
eccentric orbits can significantly change their eccentricity
while maintaining approximately the same semi-major axis
(Amaro-Seoane et al. 2012). In the case of an RG remnant
which is undergoing two body scattering close to the apoc-
enter of its orbit this would cause the pericentric distanceto
change. Since we are interested in following the cores that
approximately maintain their pericentric radius over multiple
passages by the SMBH, we need to determinewhich orbits
are likely to be affected by two body relaxation as opposed to
the emission of GWs.

We use Equation 6 from Amaro-Seoane et al. (2012) and

estimate the critical pericentric distance for return orbits at
which the time scale for two body relaxation in angular mo-
mentum is equal to the time scale for emission of gravitational
radiation to shrink and circularize the orbit,

Rcrit
p ∼ 1012cm

( a
1018cm

)−1/2
M5/4

6 (12)

for a cluster with the assumed stellar mass density profile
ρ(r) ∝ r−7/4 (Bahcall & Wolf 1976). The orbits with pericen-
ters below this critical value will evolve predominantly due
to the emission of gravitational waves and those above it will
evolve due to the two body interactions. Note that a large
portion of the parameter space outlined in Equation 11 (but
not all of it) resides within the GW dominated regime as long
asa < 1018cm. Hence, there is an allowed region of the or-
bital parameter space where the RG remnant will continue to
spiral into the SMBH due to the emission of GWs, such that
1015 < a < 1018cm and pericenter is in the range given by
Equation 11. In the rest of the paper we focus on RG rem-
nants which find themselves on such orbits.

4.2. Evolution Due to the Stripping of the Stellar Envelope

The 3d relativistic hydrodynamic simulations of single en-
counter between a white dwarf and an intermediate mass
black hole by Cheng & Evans (2013) indicate that during par-
tial disruption most of the tidal energy is deposited into the
surface layers of the star by shock heating. Radiation can
escape the surface layers of the star easier than its denser cen-
tral parts, which implies that shocks during repeated pericen-
tric passages should cause a characteristic brightening ofthe
RG remnant. As a result, the luminosity, temperature, and
time scale for radiation to diffuse out of the surface layers
of the star would be similar to those estimated for the fall-
back of nearly-unbound material from the tidal tails in Sec-
tion 3. In cases when the estimated radiation diffusion time
scale (tdiff ≈ 7× 108s) is longer than the orbital period of a
returning orbit, the rate of tidal heating will be higher than the
rate of radiative cooling leading to the net heating of a star.
The orbital period of a Keplerian orbit, 2π

√

a3/GM, is

Pa = 5×108sβ−3/2
(

1− e
0.01

)−3/2( R∗

1012cm

)3/2( M∗

1 M⊙

)−1/2

,

(13)
and hencePa < tdiff for e . 0.99 orbits around 106 M⊙ black
holes. The implication of this effect is the increase in lumi-
nosity of the stellar remnantas well as the expansion and de-
generacy lifting in the outer layers. Because the luminosity
of the shocked outer layers of perpetually heated star can be-
come comparable or larger than the stellar Eddington lumi-
nosity after only a few orbits (see Equation 7), the combined
effect of radiative pressure andexpansion will drive the in-
creased mass-loss of the remainder of the stellar envelope.
These two regimes have been previously described in some
detail by Alexander & Morris (2003) who studied a class of
tidally heated stars calledsqueezars. Thus, a majority of
tidally stripped RG remnants may lose all of their bound hy-
drogen envelope after several orbital passages by the SMBH.
A more precise time scale on which this happens depends on
a complex interplay of radiative processes, hydrodynamics,
and orbital dynamics and can only be captured though simu-
lations.

We carry out a simple estimate to determine the relative
importance of the disruption of the envelope versus the GW
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emission for the evolution of the remnant’s orbit in the case
where the stellar envelope is removed gradually. We assume
that the envelope is stripped overNs orbits, and write the nec-
essary energy budget as

∆Es ∼
1
Ns

ηenvGMcoreM∗

R∗

, (14)

whereηenv = Menv/M∗. We evaluate the energy loss per orbit
due to the emission of gravitational waves as

∆Egw = −
64π
5

G7/2M2 M2
core(M + Mcore)1/2

c5 a7/2
f1(e), (15)

where f1(e) = (1 + 73e2/24 + 37e4/96)/(1 − e2)7/2 (Peters
1964). In the limit whene → 1 this expression becomes

lim
e→1

∆Egw = −
85π

12
√

2

G7/2 M2 M2
core(M + Mcore)1/2

c5 R7/2
p

. (16)

For most orbital parameters considered here the energy loss
due to the emission of gravitational radiation is well approx-
imated by the solution based on semi-Keplerian orbits as de-
scribed in Peters (1964). However, for cores that make very
close pericentric passages by the SMBH (Rp . 10rg) this ap-
proximation ceases to be accurate. Martell (2004) compared
approximations equivalent to the approach by Peters (1964)
and more accurate prescriptions and found that the difference
in the GW energy loss amounts to a factor between 0.8 and
1.3. This level of approximation is appropriate for our study
and we therefore use the Peters approximation.

Combining Equations 14 and 16 in the limit ofe → 1 we
obtain

∆Es

∆Egw
∼ 3×104ηenvβ

−7/2
(

Ns

104

)−1( R∗

1012cm

)5/2

×

(

M∗

1 M⊙

)−1/6( Mcore

0.3 M⊙

)−1

M−4/3
6 . (17)

Therefore, hydrodynamic effects related to the stripping of
the envelope are the dominant driver of the orbital evolution
in a majority of scenarios. It is worth noting that if most of
the tidal energy (Equation 14) is absorbed by the core, than
repeated tidal interactions can in principle supply a signifi-
cant fraction of energy necessary to lift the degeneracy of the
core. This follows from the energy budget necessary to gen-
erate thermal pressure comparable to the degenerate pressure
of the core, which can be estimated from the virial theorem of
a white dwarf in equilibrium. We consider the tidal heating of
the core in more detail in the next section.

It is worth noting that there is an additional mechanism that
may drive an increased mass loss from the surface of the star.
We do not consider the Roche lobe overflow in this work but
it has been shown by MacLeod et al. (2013) that RG stars on
eccentric orbits continue to lose mass from their envelope at
each pericentric passage as they overflow the Roche lobe for a
short time. For an RG on a relatively stable orbit the mass loss
eventually ceases due to the stabilizing gravitational influence
of the compact core.

Recent simulations also indicate that tidal disruption is an
inherently asymmetric process and that unequal fractions of
the debris are launched toward the SMBH and unbound from
the system (Cheng & Evans 2013; Manukian et al. 2013;
Kyutoku et al. 2013). This asymmetry is more pronounced
(in geometric sense) for the larger mass ratios (q & 10−4) and

arises from the fact that more material escapes from the sur-
face of the star facing the SMBH, relative to the surface that
faces away (see Figures 6 and 7 in Cheng & Evans 2013).
Since unequal portions of the debris carry unequal amounts
of linear momentum, the conservation of linear momentum
then requires that the remnant core is deflected from its initial
orbit. We neglect this effect which stems from the hydrody-
namic interaction of the star with the tides of the SMBH and
assume that the core continues to orbit along the geodesic pre-
viously occupied by the center of mass of the RG star.

4.3. Tidal Heating of the Core and Emission of Gravitational
Waves

In this section we consider the effect of tidal interaction on
the helium core. The SMBH tides drive oscillations which
if dissipated within the core lead to a gradual circulariza-
tion of its orbit. It can be shown that the amount of en-
ergy available from circularization is much larger than the
gravitational energy of the star (Ivanov & Papaloizou 2007).
Namely, the energy released from circularization of an orbit
with initial pericentric radiusRp and eccentricitye → 1 is
∆Ecirc ≈ GMMcore/4Rp. Comparing that to the gravitational
energy of the core,Ecore≈ GM2

core/Rcore, yields

∆Ecirc

Ecore
≈

1
4
βcore

(

M
Mcore

)2/3

≈ 6×103βcore

(

Mcore

0.3 M⊙

)−2/3

M2/3
6 . (18)

Even if a small fraction of this energy is deposited into the
remnant it is in principle sufficient to lift the degeneracy of
the core and possibly dissolve it before the core reaches the
tidal radius or plunges into the SMBH (Ivanov & Papaloizou
2007). Recall however that at the same time the emission of
gravitational radiation is concurrently acting to decrease the
orbital eccentricity of the core. If tidal heating is the faster
of the two processes, the remnant will be destroyed before
the orbit is circularized. If however the GW emission is more
efficient, the remnant will find itself on a quasi-circular orbit,
gradually inspiralling into the SMBH and possibly forming
an EMRI (see for example Zalamea et al. 2010, who studied
mass transfer between an inspiralling white dwarf and a low-
mass SMBH in this regime).

To estimate the time scale on which the tides are deposit-
ing energy onto the star we rely on the linear theory of tidal
interactions developed for stars and planets on eccentric or-
bits (Press & Teukolsky 1977; Leconte et al. 2010). The lin-
ear theory applies to weak encounters, rather than disruptive
ones when description of the tidal interaction as a low level
perturbation ceases to be accurate. Consequently, the linear
theory can be used to estimate the energy deposited onto a
compact core, for whichβcore≪ 1, but is not applicable to
the stellar envelope that is in theβ & 1 regime. In this calcu-
lation we therefore consider the tidal heating of the compact
core only and do not account for the effects of the envelope
(which are discussed in Section 4.2 as an order of magnitude
estimate). This is a conservative assumption which leads to
a slower orbital evolution of the core since in absence of the
envelopėEtid is only a lower limit on the rate of energy deposi-
tion into the remnant. Similar to Amaro-Seoane et al. (2012),
we adopt the expression from Leconte et al. (2010) for the rate
at which the orbital energy is lost to the excitation of oscilla-
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tory modes within the star

Ėtid = 2Kp

[

Na(e) −
N2(e)
Ω(e)

]

, (19)

where the expression in the brackets only depends on eccen-
tricity and can be simplified to 7e2/2 for e < 1. This is an ad-
equate approximation for the orbital evolution of the helium
core, which starts on a highly eccentric orbit and is gradually
circularized by tidal heating and GWs. Using their expression
for Kp

Kp ≈
9
4

Q−1
(

GM2
core

Rcore

)(

M
Mcore

)2(Rcore

a

)6(GM
a3

)1/2

.

(20)
Modifying further to relatea to the orbital pericenter and or-
bital period we obtain

Ėtid ≈
63π
2

Q−1 e2β6
core

(

GM2
core

Rcore

)

P−1
a , (21)

whereQ is the quality factor, a parameterization of the cou-
pling of the tidal field to the stellar core. The magnitude of
Q is quite uncertain and commonly assumed in the literature
to be in the range∼ 105 − 106. However, a recent work by
Prodan & Murray (2012) indicates that the quality factor of
helium white dwarfs may be even higher (they findQ & 107)
but these types of measurements are complicated by the fact
that the value ofQ can only be determined as a lower limit
and is coupled to other (uncertain) parameters of the system.

We calculate the characteristic time for circularization of
the RG core orbit assuming that tidal dissipation within the
remnant is efficient and obtain

τtid =
∆Ecirc

Ėtid
=

1
126π

Q
β6

coree2

(

M
Mcore

)2/3

Pa. (22)

We then calculate the amount of time it takes to circularize
the orbit due to the emission of GWs (Peters 1964)

τgw =
e
ė

=
15

608π
f2(e)β−5/2

core

(

Rcore

rg

)5/2( M
Mcore

)11/6

Pa,

(23)
where f2(e) = (1+ 121e2/304)−1. Comparing the two time
scales yields

τtid

τgw
≈ 2×103 β

−7/2
core

e2 f2(e)
Q6

(

Rcore

109cm

)−5/2( Mcore

0.3 M⊙

)7/6

M4/3
6 ,

(24)
where 106Q6 = Q. Hence, the gravitational radiation will al-

ways circularize the core’s orbit on a time scale much shorter
than that for the tidal circularization. This implies that only a
fraction of the energy available from orbital circularization
will be deposited into the remnant. How big that fraction
is in terms of the remnant’s binding energy depends on the
properties of the core, its orbit, and the mass of the black
hole. Equations 18 and 24 for example indicate that close
to disruption (βcore ∼ 1), the core can in principle absorb
∼ 6×103/2×103 ∼ few times its binding energy by the time
its orbit is circularized due to the emission of GWs. How-
ever, the compact core considered here reaches the maximum
penetration factor,βmax

core ≈ 0.5 < 1 at the event horizon of a
106 M⊙ SMBH, where the amount of energy deposited into it
is at maximum∼ 0.08Ecore.

This is illustrated in Figure 1 where the color bar shows the
maximum tidal energy deposited into the inspiralling stellar

FIG. 1.— Color illustrates the maximum tidal energy deposited into the
inspiralling stellar core (in units of its binding energy) as a function of the
initial orbital eccentricity (ei) and strength of the tidal encounter (β). The
top axis shows the corresponding penetration factor for thecore alone. Black
solid lines mark the orbital period of the core in seconds. Orbits in the top
part of the figure have periods longer than the Hubble time, asmarked by the
letter "H".

core as a function of the initial orbital eccentricity (ei) and
strength of the tidal encounter (β andβcore). This energy will
be stored within the core because it is deposited on the time
scale shorter than that on which it can be radiated (i.e., the
Kelvin-Helmholtz time scale). SinceτKH = E/L (whereE
is the thermal energy of the white dwarf-like core) the more
luminous cores tend to cool faster. Indeed, theoretical calcu-
lations of white dwarf cooling sequences show that a 0.3 M⊙

white dwarf with luminosity between 0.3> L > 10−4L⊙ cools
on a timescale 108<τKH < 1010 yr, respectively (Driebe et al.
1998; Nelemans et al. 2001). For the cores with a representa-
tive cooling time scale ofτKH ∼ 109yr ≫ τgw the evolution
may proceed similar tosqueezars, tidally powered stars that
find themselves on non-disruptive orbits (Alexander & Morris
2003).

4.4. Interaction of the Core with the Envelope Debris Disk

We now consider the interaction of the RG remnant on a
return orbit with the accretion disk that forms from the tidally
stripped hydrogen stellar envelope. By the time the core re-
turns, the inner parts of the debris disk have had time to com-
plete multiple orbits and start circularizing (Ulmer 1999). As
a consequence, the debris is more spatially extended than the
core’s orbit at separation∼ RT from the SMBH leading to
the intersection of their orbits. Based on considerations in
Section 2 we estimate that a core encounters the debris disk
with radius∼ 2RT and mass in the rangeMdisk≈ 0.2−0.7M⊙,
where the lower bound corresponds to parabolic encounters at
the threshold of disruption and the upper bound corresponds
to β > 1 encounters where the RG star is initially placed on
moderately eccentric, bound orbit.

The core can only experience significant orbital energy
losses if it encounters the amount of disk mass comparable to
its own. Since the debris disk is spread to a very low density,
the remnant will not be able to sweep a mass equivalent to its
own even after many passages and thus, the effect of the disk
on the orbit of the remnant can be neglected. This outcome
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is guaranteed given a relatively short estimated time scalefor
accretion of the debris,tacc ∼ few×Pm (see Section 3), in-
dicating that the debris disk will be accreted and dispersed
before it can impact the RG core in any way.

Along similar lines, given a relatively short life time of the
transient disk, it is also unlikely that the core-disk collisions
can give rise to more than a few quasi-periodic luminosity
outbursts.

5. TIDAL DISRUPTION CANDIDATE PS1-10JH

5.1. Constraints on the Properties of the RG Remnant

We now consider a recently discovered tidal disruption can-
didate PS1-10jh described by Gezari et al. (2012). PS1-10jh
was discovered as an optical transient in the Pan-STARRS1
Medium Deep Survey and independently as a near-ultraviolet
source within theGALEX Time Domain Survey. Based on the
modeling of the multi-band photometry and optical spectra
of this object, Gezari et al. (2012) proposed that the disrupted
object is a tidally stripped helium core of a red giant star that
initially had massM∗ & 1 M⊙. They adopt properties of the
core consistent with those measured for an RG stellar remnant
stripped in a stellar binary system (Maxted et al. 2011), where
Mcore∼ 0.23 M⊙ andRcore∼ 0.33R⊙, and use the local scal-
ing relations and tidal disruption light curve to constrainthe
mass of the SMBH toM ≈ 2.8×106M⊙.

Note that the radius of the remnant adopted by Gezari et al.
(2012) is an order of magnitude larger than that of the "bare"
helium core we consider in previous sections (based on mod-
els of Hamada & Salpeter 1961; Althaus & Benvenuto 1997).
This is because a low-mass red giant remnant created through
stripping and mass transfer in a stellar binary is expected to
retain some fraction of its hydrogen envelope in which hydro-
gen burning is maintained in a shell. The luminosity contri-
bution due to the nuclear burning drives the expansion of the
envelope and degeneracy lifting in the exterior shells of such
white dwarf and results in the radius of the remnant typically a
few times larger than that of a pure helium core (Driebe et al.
1998, 1999).

The choice of the RG remnant structure has important im-
plications for the outcome of the tidal interaction. Specifically
a bare helium core considered previously is too compact in
size to be disrupted by the SMBH (Figure 1), while the core
with the radius≈ 0.33R⊙ considered by Gezari et al. (2012)
can be disrupted after multiple passages (this will be shownin
the next section). What is a more realistic choice for the struc-
ture of the remnant is a question of some subtlety. Even if the
RG core initially had a radius of∼ 109cm, given a sudden loss
of 30−50% of the RG mass during its first pericentric passage
(see Section 2), the core will have to adjust to a new equilib-
rium by expanding beyond its original radius. We estimate the
change in the radius of the core from the mass-radius relation
for the adiabatic evolution of a nested polytrope, as outlined
by MacLeod et al. (2013). Depending on the adopted value
of the polytropic index, one finds that the new radius of the
remnant can be up to 5.5 times larger.8 Therefore, we expect
that the radius of the remnant core in the case of PS1-10jh to
be larger than that of the core in an intact RG and for the pur-
pose of the analysis in this section adopt the mass and radius
suggested by Gezari et al. (2012).

8 See also MacLeod et al. (2013) for a discussion of why the response of
the remnant in reality may be different and potentially moredramatic than
indicated by the polytropic model.

Several observational properties of PS1-10jh offer impor-
tant clues about the remnant:

• The temporal decay of the light curve closely follows
the canonical predictionLfb ∝ t−5/3 indicating that the
incoming core must have been on a highly eccentric
orbit prior to disruption such that at least one portion
of it ended up being gravitationally unbound from the
system. It has otherwise been shown that lower ec-
centricity encounters in which 100% of the debris is
gravitationally bound to the black hole have the fall-
back accretion rate significantly different from∝ t−5/3

(Hayasaki et al. 2013; Dai et al. 2013, see however the
end of this Section for further discussion of this point).

• An interesting property of PS1-10jh are its broad high-
ionization He II lines (with wavelengthsλ = 4686Å and
λ = 3203Å) which are contrasted by the absence of the
hydrogen emissions lines. Gezari et al. (2012) find that
the lack of hydrogen Balmer lines requires a very low
hydrogen mass fraction of< 0.2, thus supporting the
picture that the disrupted star is a helium core. The lack
of any emission lines from the hydrogen stellar enve-
lope, which is expected to be several times more mas-
sive than the core in the progenitor RG star, is however
puzzling and is the key to understanding the nature of
this event.

• The characteristic temperature of the emitted radiation
from PS1-10jh has remained relatively uniform before
and after the disruption (T & 3× 104K). The lack of
evolution of the spectrum indicates that the observed
radiation may have been reprocessed by the obscuring
layer or a shell, enshrouding the inner debris disk. Be-
cause the luminosity for this system can only be deter-
mined as a lower limit,& 0.6LEdd (Gezari et al. 2012),
it follows that both the radiation forces and relativistic
frame-dragging are viable candidates for a mechanism
that can distribute the debris across the sky and create
obscuration.

The expectation that the fallback accretion rate differs sig-
nificantly from ∝ t−5/3 for disruption of stars on initially
bound orbits with moderate eccentricities (e . 0.99) is based
on theoretical studies by Dai et al. (2013) and Hayasaki et al.
(2013), who carried out the particle and hydrodynamic sim-
ulations of this scenario, respectively. There is however an
inherent uncertainty in interpretation of simulated accretion
rates in terms of the observed tidal disruption light curves,
since these simulations do not account for the effects of ra-
diative feedback nor do they model accretion light curves in
a given wavelength band. We acknowledge this uncertainty
in the step where we suggest that an observed optical light
curve of PS1-10jh with behavior close toLfb ∝ t−5/3 indicates
a similar power-law behavior in the underlying accretion rate.

5.2. Disruption of the Envelope and Inspiral of the Compact
Core

One possible explanation for the absence of hydrogen emis-
sion lines is that most of the tidally stripped envelope was
accreted by the black holebefore the helium core disrup-
tion (see the next subsection for discussion about other pos-
sible explanations). This scenario could play out if the RG
core completed multiple orbits before being disrupted by the
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SMBH during which time the envelope was nearly completely
stripped and accreted. We consider the orbital properties of
the incoming RG star which could have given rise to such
a sequence of events and can simultaneously satisfy the de-
scribed observational properties. A condition for partialdis-
ruption which must be satisfied in order to have the RG enve-
lope stripped by the tidal forces and the compact core intact
is β ≥ 1 andβcore< 1. We assume that the stellar core had
a relatively common RG progenitor star with mass and radius
M∗ = 1.4 M⊙ andR∗ = 1012cm. Note that these choices are
uncertain even though they are physically motivated, as the
evolutionary sequence of the helium remnant cannot be con-
strained more precisely from the available data. Based on this
adopted structure and Equation 3 we find that the penetration
factor of the compact core isβcore≈ β/24 and thus there is
a range inβ-parameter space for which partial disruption can
be achieved.

In order for most of the hydrogen envelope to be accreted, it
must be placed onbound eccentric orbits around the SMBH.
It is possible to estimate from analytic arguments the critical
orbital eccentricity below which the entire envelope is bound.
From the condition that the orbital energy of the RG envelope
(and the star) is equal to the energy spread in the tidal field of
the black hole at the point on the orbit when the envelope is
removed we find

GM(1− e)
2Rp

=
GM R∗

R2
T

. (25)

From this condition, it follows that the initial eccentric-
ity of the RG stellar orbit must be smaller thaneenv

crit ≈ 1 −
(2/β)(M∗/M)1/3 in order for the entire envelope to be bound
to the SMBH (Hayasaki et al. 2013). We derive a similar con-
dition for the first pericentric passage of the RG core,

GM(1− e)
2Rp

=
GM Rcore

R2
p

. (26)

Note that in this case the spread in energy reaches maximum
at the pericenter of the orbit, rather than at the tidal radius of
the envelope and thatRp = RT/β = Rcore

T /βcore. This implies a
critical eccentricity value ofecore

crit ≈ 1− (2βcore)(Mcore/M)1/3

and is valid whenβcore< 1.
The∝ t−5/3 temporal behavior of the disruption light curve

indicates that at least one portion of the tidally disruptedcore
is not bound to the SMBH. It follows that the eccentricity of
the first orbit of the RG star must satisfy the conditionecore

crit <
ei < eenv

crit . This criterion is satisfied only whenecore
crit < eenv

crit
leading to

ββcore>

(

M∗

Mcore

)1/3

(27)

and consequently, 6< β < 24, or written in terms of the core
penetration factor, 0.25< βcore< 1. Hence, there is a portion
of the parameter space conducive to disruption of the RG en-
velope followed by the disruption of the core upon completion
of some number of orbits by the core. In such a case, the hy-
drogen envelope ends up bound to the SMBH in its entirety,
while the debris created by the subsequent disruption of the
helium core is only partially bound. It is important to point
out that the exact bounds within which this region lies are ap-
proximate, as they are derived from simple analytic consider-
ations. However, a realization that such a region must existfor
highly eccentric orbits, naturally follows from the difference
in the relative spread in energies of the core and envelope.

FIG. 2.— Similar to Figure 1 except that color here illustrates the maximum
tidal energy deposited into the inspiralling stellar core in PS1-10jh. Blue
dash-dotted line marks the region where RG star is partiallydisrupted and its
hydrogen envelope can be accreted before the disruption of the compact core.

The inspiralling core will be subject to tidal heating and
emission of gravitational radiation, as discussed in Sec-
tion 4.3. Taking the ratio of Equations 18 and 24 we calculate
the maximum tidal energy that can in principle be deposited
into the remnant before gravitational radiation circularizes its
orbit. For the assumed mass and radius of the helium core
disrupted in PS1-10jh and the inferred mass of the SMBH we
find

Edep

Ecore
∼ 5×103e2 f2(e) Q−1

6 β
9/2
coreM−11/6

core R5/2
coreM−2/3 (28)

whereMcore, Rcore, andM have been normalized to the appro-
priate values for this system. The amount of the deposited
tidal energy is a strong function ofβcore. Given that we
are considering theβcore< 1 portion of the parameter space,
where the core gradually inspirals into the SMBH, the ratio of
Edep/Ecore will generally be lower than the estimate in Equa-
tion 28.

In Figure 2 the color bar shows the maximum tidal energy
deposited into the inspiralling stellar core as a function of the
the initial orbital eccentricity (ei) and strength of the tidal en-
counter (β andβcore). In this parameter spaceβcore> 0.2 en-
counters can in principle deposit the amount of tidal energy
larger thanEcore prior to orbital circularization and thus, lift
the degeneracy of the core and lead to its disruption before it
reaches the tidal radius (note that this is different from the out-
come shown in Figure 1). This can be accomplished as long
as the tidal energy is stored in the core over many orbits and
not efficiently radiated. The initial orbital period of the core is
shown in seconds as a function ofei andβcorewith black con-
tour lines. This indicates that the majority of this parameter
space comprises of initial orbital periods< τKH . The portion
of the parameter space wheree ≈ 1 is characterized by orbital
periods longer than the Hubble time is indicated by the letter
"H".

In Figure 2 we also mark the region within which the cri-
terion for partial disruption described by Equation 27 is satis-
fied (blue dash-dotted line). The region is confined to a nar-
row strip of high eccentricities with valuese > 0.991, char-
acteristic of stellar objects that fall toward the black hole on
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a nearly parabolic orbit. The incoming RG star must occupy
the region below the upper dash-dotted line in order for its
hydrogen envelope to be entirely bound to the SMBH after
it is stripped. The observed temporal behavior of the light
curve in PS1-10jh on the other hand indicates that at the point
of disruption the helium remnant must still have occupied a
very eccentric orbit, somewhere above the lower dash-dotted
line. This region is characterized by orbits with the periodin
the range∼ 107 − 108s, GW circularization times in the range
∼ 107−109yr, and intense tidal interaction with maximum de-
posited tidal energy in the range∼ 10−5×103Ecore. The core
occupying this portion of the parameter space would therefore
have had time to complete many of orbits before the deposited
tidal energy is radiated on a Kelvin-Helmholtz time scale. It is
thus likely that such a core would have its degeneracy liftedby
perpetual episodes of tidal heating, leading to premature dis-
ruption. An early disruption would also ensure that the core
remains on a highly eccentric orbit, before the GW emission
had time to circularize it significantly.

The observed light curve of PS1-10jh also indicates that the
white dwarf-like core would have to undergo a single disrup-
tion event at the end of the tidal heating period, rather than
produce a series of quasi-periodic accretion events as the core
overflows its Roche lobe at every pericentric passage. The lat-
ter scenario has been modeled by Zalamea et al. (2010), who
find that the resulting accretion curve consists of multipleex-
ponentiating flares very distinct from thėM ∝ t−5/3 behavior.
We propose that the core undergoes a single disruption sce-
nario if the imparted tidal energy can be redistributed overthe
volume of the remnant, maintaining the evolution through a
series of quasi-equilibria and avoiding rapid expansion ofthe
outer layers and stripping.

The time scale on which the tidal energy can be transported
from the surface of the remnant inward is given by its thermal
diffusion time scale,τcond = R2

core/χth ∼ 106 yr, whereχth is
the diffusivity constant (Padmanabhan 2001). The hierarchy
of timescalesPa ≪ τcond≪ τKH implies that tidal interactions
establish a temperature gradient between the surface and the
center of the remnant that last over many orbits but that the
tidal energy is diffused throughout it before the remnant has
a chance to cool radiatively. It is thus plausible in this regime
to tidally heat the remnant gradually, although some amount
of tidal stripping from the surface of the remnant is likely at
the rate lower than that found by Zalamea et al. (2010).

5.3. "Disappearance" of the Hydrogen Envelope

In the mean time the stripped stellar envelope forms an ac-
cretion disk with maximum initial massMdisk,i = M∗ −Mcore≈
1.2M⊙, which circularizes and accretes onto the SMBH. The
observations of PS1-10jh indicate that at the moment of dis-
ruption of the helium core the mass fraction of hydrogen must
have been more than five times lower relative to helium and
other atomic species thus, placing the upper limit on the final
mass of the hydrogen disk toMdisk,f < 0.2Mcore≈ 0.05 M⊙.
Integrating over the accretion rate in Equation 5, we find that
this portion of the disk would be accreted aftertacc∼ Pm. For
the parameters considered here, the orbital period of the de-
bris deepest in the SMBH potential well isPm ∼ 2× 108s
and is shorter for more bound configurations of the enve-
lope, corresponding to RG orbits with lower initial eccentric-
ity. This implies that with a moderate or low level radiative
feedback the gas would be swallowed by the black hole on a
time scale∼ 10yr. Alternatively, strong radiative feedback

would promptly disperse and ionize the debris. This time
scale places a lower limit constraint on the time between the
disruption of the hydrogen envelope and disruption of the he-
lium core. Note that PS1-10jh was not detected in 2009 in the
deep coadd of theGALEX time domain survey with a∼ 3σ
upper limit of> 25.6mag (Gezari et al. 2012). In the context
of our model this indicates that by that point most of the disk
must have been accreted or dispersed.

Another possible explanation for the weakness or absence
of the hydrogen emission lines is that the debris hydrogen
envelope may be present at the disruption site in the vicin-
ity of the SMBH, but is completely ionized or produces a
negligible amount of hydrogen emission. Tidal disruptions
have indeed been proposed to create a highly ionized nebu-
lar emission from the ISM in the inner kpc of of their host
galaxies (Eracleous et al. 1995). This scenario is considered
by Guillochon et al. (2013), where 3d hydrodynamic simu-
lations show the disruption of a low mass main sequence
star (∼ 0.2 M⊙) with debris forming a finite size BLR, trun-
cated at the outer radius. The compact BLR consists of gas
from the disrupted star including hydrogen, but effectively
behaves as an HII region and consequently emits weak hy-
drogen emission lines below the current detection threshold.
He II emission-line on the other hand remains present in the
spectrum longer due to the higher ionization potential of this
element. In this scenario, the unbound tidal stream has a neg-
ligible surface area and makes negligible contribution to either
the continuum or line emission. This explanation is consistent
with the finding that the luminosity of the hydrogen Balmer
lines from the tidal disruption of a solar type star by a 106 M⊙

SMBH is . 1039ergs−1 (Bogdanovíc et al. 2004), and thus,
below the detection threshold of the available spectroscopic
data for PS1-10jh. This work however does not address the
intensity of the helium emission-lines and hence does not con-
strain the He/H line ratio.

Recently Gaskell & Rojas Lobos (2014) carried out the
one-dimensional photoionization modeling of the emission
properties of gas in truncated BLRs9 and concluded that
strong helium emission does not require depletion of hydro-
gen. Specifically, they find that the HeIIλ4686/Hα line ratio
peaks at the value as high as∼ 4.0 when the gas density is
∼ 1011cm−3, given a solar abundance ratio of the two ele-
ments. This line ratio is a sensitive function of the gas density
however and the work by Gaskell & Rojas Lobos (2014) also
indicates that unless most of the solar metallicity debris re-
sides in the density range 1010 < n < 1012cm−3, the value of
the line ratio HeIIλ4686/Hα. 1. Stellar debris produced in
tidal disruptions is indeed characterized by a wide range of
densities and is spatially distributed over eccentric orbits, al-
lowing multiple density phases of gas to reside at the same
distance from the ionization source (Bogdanović et al. 2004;
Strubbe & Quataert 2009, 2011). The non-axisymmetric dis-
tribution of the gas results in a more complex emission stratifi-
cation than in the BLR regions of AGN that does not a priory
preclude the emission of the broad hydrogen lines. Indeed,
more recent and detailed calculations indicate that it is diffi-
cult to suppress them to the level consistent with the observed
properties of PS1-10jh (L.E. Strubbe & N. Murray 2014, in
preparation).

Given a difficulty to "hide" the hydrogen emission lines in

9 In this approach, the photoionization properties of the gasare calculated
as a function of distance from the ionization source.
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the presence of the illuminated hydrogen rich stellar debris,
in this work we consider a family of models that lead to a
near completeaccretion rather thandispersal, of the hydro-
gen envelope of the partially disrupted red giant star. In the
context of this hypothesis, at a later point in time when the
helium core is disrupted, helium dominates the optical emis-
sion line spectrum, as predicted by the photoionization calcu-
lations of the spectrum from a tidally disrupted white dwarf
by Sesana et al. (2008). This is also consistent with the work
Clausen & Eracleous (2011) who find that the UV and optical
spectrum of a tidally disrupted carbon-oxygen white dwarf is
dominated by these species and characterized by the overall
lack of hydrogen emission lines. It is also worth noting that
have the multiple and more varied emission line features been
seen in the spectrum of PS1-10jh, it would be possible to put
stronger constrains on the structure of the disrupted red gi-
ant star and the mass of the black hole. This is illustrated
by Clausen et al. (2012) who found a good agreement of their
modeled emission line spectrum from the disruption of a hor-
izontal branch star by a BH with that observed from the glob-
ular cluster NGC 1399 which hosts the ultraluminous X-ray
source CXOJ033831.8-352604.

5.4. Distribution of the Helium-rich Debris on the Sky

The favored portion of the parameter space, 6< β < 24
marked in Figure 2, maps into pericentric radii in the range
∼ 13− 52rg. At this distance the helium core and its debris
are subject to relativistic effects such as pericenter precession
(see Guillochon et al. 2013, for discussion of this effect) and
precession of the orbital plane, if the orbital axis and spinof
the SMBH are misaligned.

Evidence that relativistic effects can lead to the extended
distribution of the debris can be found in work by Haas et al.
(2012) who simulated the disruption of a white dwarf star by
a spinning IMBH with arbitrarily oriented spin axes. They
find that as a consequence of frame-dragging, the stellar de-
bris forms an optically and geometrically thick torus rather
than an accretion disk. This leads to the obscuration of the
inner fallback disk by the outflowing debris. As a conse-
quence, the spectrum from the debris is softer because it is
mostly emitted by the material further away from the black
hole. Along similar lines Loeb & Ulmer (1997) have calcu-
lated the temperature of radiation reprocessed and re-emitted
at the Eddington limit by an optically thick, static shell ofgas
with mass∼ 0.1 M⊙ enshrouding the inner debris accretion
disk

Tshell≈
(

LE

4πR2
outσ

)1/4

= 2.5×104K

(

M
107Menv

)1/4

, (29)

whereRout is defined as the photospheric radius – the radius
at which the optical depth to Thomson scatteringτT = 1. Tshell
calculated in Equation 29 is comparable to the characteristic
temperature of radiation maintained by PS1-10jh throughout
the disruption. This finding, combined with the fact that the
range for the peak bolometric luminosity of PS1-10jh inferred
from observations permits values lower than the Eddington
luminosity (Gezari et al. 2012), leaves room for relativistic
effects as a plausible explanation for the configuration and
emission properties of the debris in PS1-10jh.

6. CONCLUSIONS

We consider the tidal interaction of a red giant star with a
SMBH in which the disruption is partial, leading to the tidal

stripping of the star’s hydrogen envelope and subsequent in-
spiral of the compact helium core toward the black hole. De-
pending on its structure and the SMBH mass, the helium core
could either inspiral until it falls into the SMBH or be tidally
disrupted, giving rise to a second disruption flare following
the disruption of the hydrogen envelope.

During the phase in which the RG envelope is stripped, the
orbital evolution of the remnant is determined by tidal interac-
tion which dominates over the emission of GWs. The details
of this process are uncertain, cannot be evaluated analytically,
and require 3d hydrodynamic simulations to determine the
dynamics of the compact core. This deserves further atten-
tion because some fraction of the remnant cores will evolve
to become EMRIs detectable by the future space-based GW
observatories. The envelope effects operating on these types
of EMRIs can drive the frequency evolution of their GWs and
consequently determine how quickly they "migrate" into or
out of the frequency band of the detector, thus affecting their
observability and potentially providing a key feature for their
identification.

Once the envelope is lost a pure helium core is not eas-
ily flexed by the SMBH’s tidal field and from that point on
the emission of gravitational radiation dominates the orbital
evolution and tidal dissipation plays a secondary role. Since
the Kelvin-Helmoltz time scale of helium white dwarfs is
long (∼ 109yr), a significant fraction of the dissipated en-
ergy can be retained within the RG remnant. Whether or not
perpetual tidal heating episodes lead to the disruption of the
remnant depends on its structure, as well as the initial orbit
and the SMBH mass. For example, we find that for com-
pact remnants withMcore= 0.3M⊙ andRcore= 109cm the de-
posited energy is only a small fraction of their binding energy
and such surviving cores are possible progenitors of EMRIs.
On the other hand, less massive and compact cores orbiting
around∼ 106 M⊙ SMBHs can be destroyed by tidal heating
and hence, they form a parent population for tidally disrupted
cores.

In the case of a recently discovered tidal disruption candi-
date PS1-10jh, we find that there is a set of orbital solutions
at high eccentricities, consistent with a nearly parabolicini-
tial orbit of the RG star, which lead to the accretion of the
tidally stripped hydrogen envelope by the SMBH before the
inspiralling helium core is disrupted. The allowed solutions
confine the remnant to a portion of the parameter space where
tidal heating is intense and can result in disruption of the core
before it reaches the tidal radius. In this scenario, the hydro-
gen envelope ends up bound to the SMBH in its entirety and is
accreted on the time scale of about 10 yr, placing a lower limit
on the time between the disruption of the hydrogen envelope
and disruption of the helium core. On the other hand, the he-
lium debris produced by the subsequent disruption of the RG
core on a highly eccentric orbit is only partially bound, thus
giving rise to the canonical power-law decay of the late lumi-
nosity curve observed in PS1-10jh. This sequence of events
can provide one plausible explanation for the puzzling ab-
sence of the hydrogen emission lines from the spectrum of
PS1-10jh, interpreted as an apparent absence of the hydrogen
envelope at the point in time when the core is disrupted.

Furthermore, the indication that the UV and soft X-ray ra-
diation emitted from the nuclear debris disk is reprocessed
by an intervening shell of helium debris can be explained if
one portion of the debris assumes a geometrically extended,
torus-like geometry around the black hole. In the case of PS1-
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10jh the leading culprit responsible for this configurationof
the debris are radiation forces but also the relativistic frame
dragging due to the spinning SMBH. If so, it is intriguing to
consider whether the light curve and spectrum of PS1-10jh
may contain any other imprints of the SMBH spin. In order to
provide an answer to that question, we need a more systematic
understanding of the dependance of the disruption signatures
on the black hole spin, which can be achieved through simu-
lations of these events.

The wide-field and high-cadence transient surveys such
as GALEX, Pan-STARRS, Palomar Transient Factory, and
the Large Synoptic Survey Telescope, are expected to de-
tect many more tidal disruption events over the next decade.
Therefore, the development of a new generation of theoreti-
cal models is timely, as increasingly diverse tidal disruption
events are being captured in observations.
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