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Abstract A 200-second X-ray quasi-periodicity in the 2 — 8keV band from Swift J1644+57 was found
by Reis et al. From the onset time of quasi-periodic oscillation (QPO), we show that Swift J1644+57 is a
plunging event. This QPO may be related to discrete clumps from the accretion disk falling into a supermas-
sive black hole, then the outflow in the jet may be also discontinuous. We estimate the lifetime of clumps to
be about several hundreds seconds and the fraction of clumpy ejecta to be about 30% from the QPO. The
other possible model involves the interface between the inflow and jet magnetosphere in the magnetically
choked accretion flow. Theory and numerical simulations indicate that a magnetic Rayleigh-Taylor and
Kelvin-Helmbholtz unstable magnetospheric interface can produce a jet-disk QPO mechanism. This event
may be the first evidence of jet-disk QPO. From observations, the two models are comparable.
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1 INTRODUCTION

Swift J164449.3+573451 (hereafter Swift J1644+57) was
discovered by the Swift Burst Alert Telescope (BAT) on
2011 March 28 (Cummings et al. 2011; Burrows et al.
2011). Swift J1644+57 remained bright and variable for
a long time, and re-triggered the BAT three times. Levan
et al. (2011) estimated the redshift of the optical counter-
part of Swift J1644+57 to be z ~ 0.35 from the strong
emission lines of hydrogen and oxygen. From the observa-
tion of the X-ray, optical, infrared and radio transient, it is
found that this source is at the center of the host galaxy
(Levan et al. 2011; Bloom et al. 2011). This event has
been proposed to be a tidal disruption candidate with a
jet (Bloom et al. 2011; Levan et al. 2011; Burrows et al.
2011; Zauderer et al. 2011; Reis et al. 2012; Auchettl et
al. 2017; Alexander et al. 2017; Bonnerot et al. 2017; Dai
et al. 2018). This source may have extracted rotational en-
ergy from the black hole (e.g., Lei & Zhang 2011; Shao
et al. 2011; Lei et al. 2013; Shen & Matzner 2014; Seifina
et al. 2017; Yi et al. 2017). We have constructed a com-
plete scenario for this event (Wang & Cheng 2012; Zou et
al. 2013). At earlier times, the central engine ejected shells
with higher velocities. They caught up with the outermost
slower shell and the consequent reverse shocks produced
the early (1 —10° s) X-ray flares (Wang & Cheng 2012). At
later times, the central engine generated shells with slower

velocities, meanwhile the first shell was decelerated by the
medium. Then, ejected shells collide with the decelerating
material, and the reverse shocks triggered the late X-ray
emission (Zou et al. 2013).

In the later light curves, a 200-second quasi-
periodicity with high significance was found in the X-ray
band from XMM-Newton and Suzaku observations (Reis et
al. 2012). The XMM-Newton observing campaign was car-
ried out 19 days after the BAT trigger with 12 biweekly
observations, and the Suzaku observation was performed
10 days earlier. The 2 — 10keV power spectra of both the
Suzaku and XMM-Newton observations exhibit a potential
quasi-periodic oscillation (QPO) near 5 mHz with quality
factor @ = v/dv > 12 and ~15 for Suzaku and XMM-
Newton, respectively (Reis et al. 2012). The observed QPO
at about 5 mHz is statistically highly significant with a sig-
nificance of 4.330 (Reis et al. 2012). Burrows et al. (2011)
claimed to find no evidence for any statistically significant
QPO in the Swift X-ray Telescope (XRT) light curve dur-
ing the first 20 days of observation. Reis et al. (2012) per-
formed a similar Fourier analysis on the same data, and
also arrived at the same result. But if zooming into the
power spectrum in a narrower frequency range centered
at about 5 mHz, a potential QPO feature was also identi-
fied at about 6.2 mHz (Reis et al. 2012). Miller & Giiltekin
(2011) also located an X-ray QPO with low significance in
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Swift J1644+57. Abramowicz & Liu (2012) proposed that
the observed QPO belongs to a “3:2 twin peak QPO as-
sociated with a 10° M, black hole. Swift J1644+57 is the
first tidal disruption event with jet and QPO, so it may give
clues on the mechanism of QPO with a jet.

QPOs have been studied in X-ray binaries, in which a
neutron star or a black hole is included (Tauris & van den
Heuvel 2006). In black hole-X-ray binaries, QPO frequen-
cies may be related to the orbital frequency at the inner-
most stable circular orbit (ISCO), so QPOs are ideal probes
of the strong gravitational field near a black hole. But be-
fore we test the strong gravitational fields with QPOs, the
mechanism of a QPO must be understood. There are a
large number of proposed models for low-frequency QPOs
(about 0.1 — 30 Hz) in black-hole binaries, including disk
oscillations (Titarchuk & Osherovich 2000), radial oscil-
lations of accretion structures (Chakrabarti & Manickam
2000) and the accretion-ejection instability (Tagger &
Pellat 1999). For high-frequency QPOs (HFQPOs, 40 —
450Hz), Abramowicz & KluZniak (2001) proposed that
the QPO may be related to the harmonic frequencies via
a resonance between the coordinate frequencies in general
relativity generated by orbiting blobs of accreting matter.
Stella et al. (1999) applied general relativity coordinate fre-
quencies and associated beat frequencies to model QPOs
in both neutron star and black hole systems. The classi-
cal model of a kHz QPO in neutron star sources is the beat
frequency model. In this model, one of the kHz QPOs is re-
lated to the Keplerian frequency of the orbiting matter and
the other kHz QPO represents a beat frequency between
the orbiting matter and the spin of the central star (Alpar &
Shaham 1985; Lamb et al. 1985; Lamb & Miller 2001).

In this paper, we propose that the QPO of Swift
J1644+57 may be related to discrete clumps from the ac-
cretion disk falling into the black hole or the interface
between the compressed inflow and bulging jet magneto-
sphere. We find that Swift J1644+57 is a plunging event
from the onset time of the QPO in Section 2. We model the
QPO in Section 3 and conclude in Section 4.

2 A PLUNGING EVENT DERIVED FROM QPO

If a star with radius R, and mass M, passes within the
tidal radius, Ry ~ R, (Mpy/M,)"/3, of the black hole
with mass M p, the star will be disrupted. After the star
is disrupted, a fraction of about half its mass is placed onto
highly eccentric orbits, which returns to the vicinity of the
black hole on a timescale (Rees 1988; Ulmer 1999)
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where Iz, is the pericenter distance. The explicit evolution
of the debris is very complex and is dependent on the prop-
erties of the black hole and the star. In the tidal disruption
event, a large fraction of the debris can circularize and an
accretion disk can form due to stream-stream collision af-
ter a few orbits (Rees 1988). The circularization time is

teir = Norbtib, (2)

where 10,1 18 the requisite number of orbits for circulariza-
tion. The value of nq,p is greater than unity and probably
between 3 and 10. The detection of a QPO about 10 days
after the BAT trigger requires that an accretion disk forms
shortly after the tidal disruption (Reis et al. 2012). This
condition necessitates nq.p X ti, < 10d, so the critical fall
back time is about g, ~ 1 d. For solar-type stars disrupted
by a supermassive black hole with mass about 10 M,

te, = 0.11 yr(&)3 ~1d 3)
Rr
must be satisfied, which gives R, ~ 0.29Rp. This means
that Swift J1644+57 is a plunging event in which the peri-
center is likely well within the tidal disruption radius, in
agreement with Cannizzo et al. (2011) and Gao (2012).

3 MODELING THE QPO OF SWIFT J1644+57

For the HFQPOs detected in stellar-mass black holes, their
frequencies are believed to be related to the Keplerian
frequency at the radius of the ISCO. So, this can place
important constraints on the masses of the central black
holes, because the emission is mainly from the accretion
disk. But for Swift J1644+57, the X-ray emission with a
power-law spectrum is from a relativistic jet (Bloom et al.
2011; Burrows et al. 2011). The jet emission is also con-
firmed by radio observations (Zauderer et al. 2011; Berger
et al. 2012). We compare this QPO with HFQPOs that
are occasionally seen in several black-hole binaries with
high coherence. These frequencies appear to be stable, and
are regarded as a signature of strong gravity near a rotat-
ing black hole. From these objects, a tentative HFQPO-
black hole mass relation fo = 931 (M /M)~ ! Hz was
derived (Remillard & McClintock 2006). Gierliniski et al.
(2008) concluded that this relation could scale up to su-
permassive black holes with masses of 107 M. The ob-
served frequencies are 2 f, and 3 f. This gives the central
black hole mass of Swift J1644+57 being 3.8 x 10° M,
or 5.8 x 10° M, which is consistent with Abramowicz &
Liu (2012). However, Cannizzo et al. (2011) estimated the
central black hole mass is between 10° M, and 107 M,
based on the decay rates for stellar debris fallback and ac-
cretion in a freely expanding super-Eddington disk. Miller
& Giiltekin (2011) utilized the fundamental plane of black
hole activity and found log(Mpp/Mg) = 5.5 £ 1.1. The
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result is changed to log(Mpn/Mg) = 6.0 + 1.1 when
any beaming effect is neglected. Burrows et al. (2011) de-
rived a central black hole mass of 2 x 107 M, based on the
Magorrian relation, and a lower limit of 7 x 105 M, based
on minimum X-ray variability timescale. So, some of the
above derived black hole masses contradict the value from
the tentative frequency-mass relation. The QPO from Swift
J1644+57 may have a different origin.

We first demonstrate that the X-ray emission is mainly
from the jet. The temperature of the thermal radiation from
the disk is about (Strubbe & Quataert 2009)

Ty ~ 2 x 10° f;li/3f3/3(M—fb)—5/12ME;I}I/§R;§{24 K,
Mgaa o

4)

where rs = 2GMpu/ ¢? is the Schwarzschild radius,

My, ~ M, /3tg, % (t/tm) 5/3, fou is the ratio between
the outflowing gas rate and the infalling gas rate, and f; is
the ratio of the terminal velocity of gas to escape velocity at
the radius ~ 2 I2,,. If the accretion rate is super-Eddington,
only a fraction of (1 — f,ut) can form a disk (Strubbe &
Quataert 2009). We can see that the photons that escape
from the photosphere are mainly in the ultraviolet (UV)
and optical bands with a blackbody spectrum. The disk
luminosity is about the Eddington luminosity (Strubbe &
Quataert 2009). The jet flux usually would swamp any disk
fluxes (see fig. 3 of Burrows et al. 2011). The power-law
spectrum is non-thermal (Bloom et al. 2011; Burrows et
al. 2011; Berger et al. 2012), so the X-ray emission is not
from the disk. Below, we propose two possible models for
the QPO in Swift J1644+57.

In the beat frequency model (e.g., Lamb et al. 1985)
in order to produce QPO phenomena, we require a high
density and discrete accretion flow in the disk. The ac-
cretion flow around supermassive black holes is expected
to be similar as that around neutron stars (Eardley et al.
1978; McHardy et al. 2006). So for this tidal disruption
event, the clumps can form through a similar process as
that of Lamb et al. (1985). First, the vertical eruption of
the magnetic flux will be amplified by the accretion flow.
This strong magnetic flux can produce inhomogeneities in
the density and strength of the magnetic field. Second, the
clumps can be produced by thermal instability of the in-
ner disk. Third, the Kelvin-Helmholtz instability ampli-
fied by the relative motion of the disk plasma and mag-
netosphere can induce clumps. The formation of clumps
is also predicted by numerical simulations. For black hole
accretion flow, the Kelvin-Helmholtz instability can also
induce clumps (Nowak et al. 1997; Wagoner et al. 2001;
Kato 2001; Rezzolla et al. 2003a,b; Li & Narayan 2004;
Zhang et al. 2007). Guillochon et al. (2009) performed
a three-dimensional (3D) simulation of a main-sequence
star deeply penetrating the tidal radius of a massive black

hole. At the pericenter radius, different parts of the star
orbit with different distances from the black hole, which
result in different angular velocities. So the star will eject
material, which may form a clump. This scenario is also
confirmed by one-dimensional simulations (Laguna et al.
1993; Brassart & Luminet 2008).

Another question is whether the clumps will form with
random phases? In this case, it will affect the quality fac-
tor of QPO. The accretion flow around supermassive black
holes is considered to be similar to that around neutron
stars (Eardley et al. 1978; McHardy et al. 2006; Li &
Narayan 2004). If the stellar field is not symmetrical, and
aligned with the rotation axes of disk and star, the clumps
may form with random phases, but this situation is very
rare (Lamb et al. 1985). On the other hand, the interaction
between clumps and the magnetosphere is greatest at some
stellar azimuths. So, the clumps do not form with random
phases (Alpar 1986). Even if the clumps form with com-
pletely random phases, we can consider that all clumps
form at random times but within a narrow range of an-
gles with respect to the axes of the magnetic field. In this
case, the QPO can have a high quality factor () for a wide
range of parameters (Alpar 1986). Even if the clumps are
distributed randomly, Karas (1999) showed that they can
produce a QPO with a high quality factor @ if they are in
a narrow range of radius.

Below we discuss whether the clumps can last a long
time near the ISCO. Cannizzo et al. (1990) found that the
bound material will lie on an orbit with a long period,
typically about 1 yr from numerical simulations (Evans &
Kochanek 1989). Although the inflow rate is high at the
ISCO, the high plasma density may survive a long time
(see fig. 2 of Cannizzo et al. 1990). Burkert et al. (2012)
studied the evolution of the Galactic center cloud G2 which
is already within the tidal disruption radius using a nu-
merical simulation. From their simulation, they predicted
that G2 will break up into clumps within the next 30 years
and will trigger several active Galactic nucleus events. For
plunging event cases, numerical simulations also indicate
that the clumps can last a long time (Laguna et al. 1993;
Brassart & Luminet 2008; Guillochon et al. 2009). The
QPO of Swift J1644+57 existed in the first 20 days after
the BAT trigger (Reis et al. 2012), which is consistent with
theory and simulations.

So in our following analysis, we shall assume that high
density and discrete accretion flow in the disk is satisfied.
The characteristic in-fall timescale for an extreme Kerr
black hole is

t ~ Brs/vk ~ brs/vg, (5)

where vk and vg are the Keplerian velocity and free fall
velocity respectively, and v ~ vg ~ (%)1/ 2 In or-
der to produce a 200 sec QPO, the matter falls in discon-
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tinuously with a characteristic timescale of about 200 sec.
The discontinuous jet is also consistent with the later in-
ternal shock model of X-ray flares (Wang & Cheng 2012).
Assuming the matter-infall timescale equals the period of
QPO, we can obtain

TQPO ~ 5TS/1}K ~ 57’5/’0{{ = QOOMBH_’G,lQS. (6)

We assume that the discrete shells are randomly ejected
at times t; as shot-noise and the lifetime of the shell is
7. Most importantly, the characteristic timescale Tqpo =
1/vqpo corresponds to a periodic modulation injection of
the shells. The following equation represents a steady out-
flow plus clumpy shells with a periodic modulation at a
frequency wg (Alpar 1986),

F(f — 13 (bz) ZA{l + ﬁCOS[WQ(f — ti) + ¢z]}
X O(t —t;) exp[(t — t;)/7],

where wy = 2mrQpo, ¢; is the azimuthal phase of the ith
clump and |3 < 1 (Lamb et al. 1985) is the fraction of
discrete shells in the total outflow gas. The lifetime enve-
lope 6(t) explt/7] is chosen for simplicity. The result is
not dependent on the form of this envelope (Alpar 1986).
The resulting power spectrum can be described as follows
(Alpar 1986)

(N

1 3? 1

P(w) = A*7? 1+ w2r2

Tire—wre] @
where 7 gives the width of the QPO frequency and 8 <
1 represents the percentage of the clumpy component
(shells) other than the steady outflow. We add back the am-
plitude A in Equation (8) and ignore the third term in the
original equation of Alpar (1986), because we only con-
sider the positive frequency. The amplitude A could be
slowly varying when the accretion rate decreases.

We must note that the QPO only exists in the early
stage (about 20 days after the BAT trigger), i.e., Suzaku
and the first XMM-Newton observation. Considering the
observational uncertainty, the full-width at half-maximum
(FWHM) of the XMM-Newton QPO is consistent with that
of Suzaku. We can use figure 2 of Reis et al. (2012) to es-
timate the values of 7 and [ by taking two specific values
of w, ie., w = wqro and w = wqpo/2. At frequency
W = wQPO, We can obtain

P(w = wqpo) ~ (147-6/2)2 9)

from Equation (8), since 1/(wqro7) < (/2. In the same
way, we also can estimate

P(w = pro/Q) ~ (QAT/proT)2
= (24/wqro)?

from Equation (8), since (3/2)? < 1. The FWHM is also
known as P(w = wqpo + 0w) = P(w = wqpro)/2.

(10)
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Because P(w = wqpo + 6w) = (AT3/26wT)?, we obtain
T ~ V/2/6w. Reis et al. (2012) showed that the upper limit
of quality factor Q = w/dwqpo ~ 12 for Suzaku and ~ 15
for XMM-Newton, where wqpo = 2mvqpo ~ 0.03rad/s.
Therefore, the constraints on 7, 3 and the clump fraction
listed below are only upper or lower limits. So, the lifetime
of the shells are

T ~ QV2/wqpo ~ 562 sec (11)
for Suzaku observations or
T ~ QV2/wqro ~ 720 sec (12)

for XMM-Newton observations. We also can estimate the
value of 3 as follows. Taking P(w = wqpo/2)/P(w =
wqro) = (4/B(w/éw))?, we obtain

4
 (w/dw)/P(w = wqro/2)/P(w = wqpo)

In order to estimate the parameter (3, we need to know
the ratio between the square of the power spectrum at
wqro/2 and wgpo. The power spectra are depicted in
figure 2 of Reis et al. (2012). By applying the values dis-
played in figure 2 of Reis et al. (2012), we can infer P(w =
wqro/2)/P(w = wqgpo) ~1 and ~ 0.75 for Suzaku and
XMM-Newton, respectively. So,  ~ 4/(w/éw) ~4/12 for
Suzaku and ~ 4/15 for XMM-Newton, which means the
clumpy component comprises about 30%, which is a quite
reasonable value.

The XMM-Newton QPO frequency (4.7 mHz) looks a
bit shorter than that of Suzaku (4.81 mHz), although they
are statistically consistent. If the QPO frequency actually
becomes shorter with time and its amplitude decreases
with time, then it also makes the observation difficult at
late times. So, only Suzaku and the first XMM-Newton ob-
servation could detect the QPO, but the following 11 ob-
servations manifested no QPO signature (Reis et al. 2012).

In our previous papers (Wang & Cheng 2012; Zou et
al. 2013), we have also utilized shells and referred to an-
other characteristic timescale 7 ~ 4.5 x 10°(t/10%)1/4s
(Zou et al. 2013), which is related to the duration of the
pulse. This longer timescale was first noticed by Saxton
et al. (2012). We need to explain their differences. In the
early stage, small shells (clumps) with size of ~ 3r, will
first be ejected and combine to form bigger shells (clumps).
When these shells further collide with each other, their
characteristic timescales will be different. This may be one
reason why the later QPO frequency does not show up in
other XMM-Newton observations. For example if the size
increases by a factor of 2 and the QPO frequency decreases
by a factor of 2, then the QPO frequency will be hidden in-
side the red noise.

B (13)
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Because the X-ray emission is from the jet, this QPO
is an ideal probe of the jet-disk interaction. Li & Narayan
(2004) considered the interface between an accretion disk
and a magnetosphere surrounding the accreting mass.
Recently, McKinney et al. (2012) performed a detailed
simulation of the interface between jet and disk using fully
3D general relativistic magnetohydrodynamics (MHD).
For a high spin or thin disk, the polar magnetic field can
compress the inflow into a non-axisymmetric “magneti-
cally choked accretion flow” (MCAF) (McKinney et al.
2012), so the standard linear magnetorotational instabil-
ity is suppressed. McKinney et al. (2012) found that a
magnetic Rayleigh-Taylor and Kelvin-Helmholtz unstable
magnetospheric interface occurs between the inflow and
the jet magnetosphere. This interface can produce a new
jet-disk QPO mechanism. The period of the QPO is about
T ~ 7T0GMpg/c® ~ 400Mpg g for |a/M| = 0.9 with
quality factor () > 10, which is larger than the period of
QPO in Swift J1644+57. The reason is that the period of
QPO depends on the spin value. For Swift J1644+57, the
spin parameter is very high, up to |a/M| ~ 1.0 (e.g., Lei
& Zhang 2011).

4 CONCLUSIONS AND DISCUSSION

In this paper, we have proposed two possible models for
the QPO observed in Swift J1644+57, which is the first
disruption event with jet emission and QPO. By consider-
ing the QPO to appear about 10d after the disruption, we
argue that Swift J1644+57 is a plunging event in which
the pericenter distance is likely to be within the tidal dis-
ruption radius. Unlike previous QPOs, the disk emission is
swamped by jet flux. We also propose two possible mod-
els for the 200 s QPO. The first model is related to discrete
clumps from the accretion disk which fall into the black
hole, then the outflow in the jet may be also discontinuous.
The characteristic timescale for the matter in-fall is about
2005, which is consistent with the period of the QPO. We
estimate the lifetime of clumps to be about several hun-
dred seconds and the fraction of clumpy shells is about
30% from the QPO. The second model is related with the
magnetospheric interface between the compressed inflow
and bulging jet magnetosphere in the MCAF. Recently,
McKinney et al. (2012) performed a detailed simulation
of the interface between jet and disk using fully 3D gen-
eral relativistic MHD simulations, and found a new jet-disk
QPO. Considering the high spin parameter of the central
black hole, the QPO period of Swift J1644+57 is consistent
with this jet-disk QPO. This event may be the first evidence
of the jet-disk QPO predicated by theory (Li & Narayan
2004; Fu & Lai 2012) and simulation (McKinney et al.
2012). From observations, the two models are comparable.
Numerical simulation predicted that the discrete clumps

also occur around an intermediate-mass black hole in the
case of a white dwarf (Krolik & Piran 2011; Rosswog et
al. 2009). But from Equation (6), the period of the QPO is
about 10 s for a black hole with mass about 10° M, &, which
differs from the observation.

The first model of QPO requires that discrete ejecta
must exist. We (Wang & Cheng 2012) have demon-
strated that multiple X-ray peaks could result from inter-
nal shocks, which are produced by collisions among dis-
crete ejecta. In the first QPO model, we implicitly assumed
that the timescale for feeding the black hole (7¢po) and
timescale for injection of shells are the same. Although
this assumption is used for the accretion of a supermas-
sive black hole here, it may be also true for stellar mass
black holes. It is believed that discrete shells may be ran-
domly ejected in the prompt emission of gamma-ray bursts
(GRBs) (Paczynski & Xu 1994; Rees & Meszaros 1994).
If this is true then there is a very interesting generalization
of our model to the prompt emission of GRBs. Since GRBs
are also produced by an accretion-jet mechanism, one may
speculate that QPOs also exist in GRBs. QPOs in GRBs
with high significance have not been observed. Nine GRB
QPO candidates with periods of about 5 — 9 seconds have
been found (Morris et al. 2010), which are consistent with
the tidal disruption model of GRBs proposed by Cheng &
Lu (2001). For example, Gehrels et al. (2006) identified a
possible QPO in GRB 060614 with a period of 9 sec. Lu et
al. (2008) proposed that this GRB may be a tidal disruption
event and estimated the central black hole mass to be about
105 M. Markwardt et al. (2009) reported evidence for
quasi-periodical pulsations of 8 sec in the prompt emission
of GRB 090709A, but this was questioned by de Luca et
al. (2010) and Cenko et al. (2010). By scaling Equation (6)
to a stellar type black hole with mass ~ 3 M, we get
Toro ~ 2 x 10~ % sec or 5 kHz for GRB prompt emission.
So, our model predicts that kHz QPO could be observed in
GRB prompt emission.
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