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ABSTRACT

In the past few years wide-field optical and UV transient surveys as well as X-ray telescopes have allowed us to identify a few
dozen candidate tidal disruption events (TDEs). While in theory the physical processes in TDEs are expected to be ubiquitous,
a few distinct classes of TDEs have been observed. Some TDEs radiate mainly in NUV/optical while others produce prominent
X-rays. Moreover, relativistic jets have been observed in only a handful of TDEs. This diversity might be related to the details
of the super-Eddington accretion and emission physics relevant to TDE disks. In this Letter, we utilize novel three-dimensional
general relativistic radiation magnetohydrodynamics simulations to study the super-Eddington compact disk phase expected in
TDEs. Consistent with previous studies, geometrically thick disks, wide-angle optically-thick fast outflows and relativistic jets
are produced. The outflow density and velocity depend sensitively on the inclination angle, and hence so does the reprocessing
of emission produced from the inner disk. We then use Monte-Carlo radiative transfer to calculate the reprocessed spectra and
find that that the observed ratio of optical to X-ray fluxes increases with increasing inclination angle. This naturally leads to a
unified model for different classes of TDEs in which the spectral properties of the TDE depend mainly on the viewing-angle of
the observer with respect to the orientation of the disk.
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1. INTRODUCTION

Stars in a galaxy can occasionally be scattered to approach
the central supermassive black hole (SMBH) so close that
they can be tidally disrupted. About half of the stellar mass
can be accreted onto the black hole, producing a luminous
flare. Theoretical foundations for such tidal disruption events
(TDEs) have been laid out since the 1970s (e.g., Hills 1975;
Rees 1988). The rate that debris falls back to the black hole
is expected to increase in ∼ 1 month, and then declines with
time as t−5/3 in ∼ 1 year (Phinney 1989; Evans & Kochanek
1989; Lodato et al. 2009; Guillochon & Ramirez-Ruiz 2013).
Furthermore, if the luminosity is Eddington limited and the
size of the photosphere is similar to the tidal disruption ra-
dius, then the effective temperature of the thermal emission
is ∼ few × 105 K, which means the flare should be bright
in soft X-ray (Cannizzo et al. 1990; Ulmer 1999).

A few TDEs were identified in the 1990s using the soft
X-ray satellite ROSAT (Komossa 2015). Then recently a
few dozen TDEs were found through mainly optical and
UV wide-field transient surveys. The recent breakthrough
in TDE observations, however, demonstrated that our theo-
retical understanding is incomplete. First, many newly dis-
covered TDEs produced luminous optical/NUV flares with a
temperature of ∼ 104K (e.g., Gezari et al. 2012; Arcavi et al.
2014). Some of them produced prominent X-ray emission
corresponding to ∼ 105K besides optical emission (Miller
et al. 2015; Holoien et al. 2016b,a). Second, only three TDEs
have been observed to produce transient relativistic jets (e.g.,
Bloom et al. 2011; Burrows et al. 2011; Levan et al. 2011;
Cenko et al. 2012; Brown et al. 2015). Since the disrup-
tion and accretion physics in TDEs are expected to be quasi-
universal, it is intriguing to ask why similar disruption con-
ditions can give rise to distinct types of TDEs.

The first task in constructing a general scheme for inter-
preting TDEs is to decide which parameters exert a control-
ling influence upon their observed properties. The mass of
the SMBH dictates a characteristic duration and luminos-
ity scale for TDE activity, though probably not the quali-
tative character. The spin parameter a ≡ cJ/GM2

BH (J and
MBH are respectively the angular momentum and mass of
the hole, c is the speed of light, and G is the gravitational
constant) may control whether a jet can be produced and be
important for interpreting the observed properties of jetted
TDEs (Tchekhovskoy et al. 2014). In the present study, we
nonetheless argue that the orientation relative to our line of
sight may turn out to be the key parameter for interpreting
the properties of most observed TDEs.

To examine this, we study an epoch close to peak of the
flare. For most TDEs the peak of the fallback rate is 1-2 or-
ders of magnitude above the Eddington accretion rate defined
as ṀEdd = LEdd/(ηNTc2), where Ledd = 4πGMBHc/κ is the Ed-
dington luminosity for an opacity κ, and ηNT is the nominal

accretion efficiency for the Novikov-Thorne thin disk solu-
tion (Novikov & Thorne 1973) (ηNT = 12.2% for a = 0.8 used
in the simulation for this study). If the debris can quickly
reduce orbital energy and assemble a disk, then its accretion
rate onto the black hole can also be super-Eddington. Hydro-
dynamical simulations (Shiokawa et al. 2015; Bonnerot et al.
2016; Hayasaki et al. 2016) and semi-analytical studies (Dai
et al. 2013, 2015; Guillochon & Ramirez-Ruiz 2015) have
shown that only in certain parameter regions can fast disk as-
sembly happen. However, the light curves of most observed
TDEs have exhibited temporal pattern similar to the fallback
rate, indicating short circularization and viscous timescales
(Mockler et al. 2018). Therefore, in the observed events,
debris is likely supplied to the SMBH in a super-Eddington
fashion.

Here we present the results of the first realistic simula-
tion to understand the super-Eddington accretion and emis-
sion physics in TDEs. It has been predicted that in super-
Eddington accretion photons are trapped within the accretion
flow and a geometrically thick accretion disk forms due to
large radiation pressure (Begelman 1978; Abramowicz et al.
1988). Recently the development of novel radiation mag-
netohydrodynamics (MHD) codes, some of which also per-
formed under full general relativity (GR), have helped us un-
derstand more about such accretion flow (e.g., Ohsuga et al.
2005; Jiang et al. 2014; McKinney et al. 2014; Sa̧dowski
et al. 2015). These works have demonstrated that wide-angle
fast outflows are launched from the disk. Also, if large-scale
ordered magnetic fluxes are provided to the accretion flow
around a spinning black hole, a relativistic jet can be pro-
duced magnetically (McKinney et al. 2015).

Previous super-Eddington simulations have mostly fo-
cused on extended disks around stellar-mass black holes.
In order to study TDE disks, we simulate a compact super-
Eddington accretion disk around a SMBH, using a 3D fully
general relativistic radiation magnetohydrodynamics (GR-
RMHD) code (section 2.1). We then post-process the simu-
lation data for radiative transfer analysis using a Monte-Carlo
code (section 2.2). We illustrate the qualitative results in the
schematic Fig.1 and give details in section 3. Our summary,
with caveats and a discussion of future work is found in
section 4.

2. TDE SUPER-EDDINGTON ACCRETION:
METHODOLOGY

Reprocessing of emission by an optically thick envelope,
such as the outflows from super-Eddington accretion, has
been discussed in Loeb & Ulmer (1997); Strubbe & Quataert
(2009); Coughlin & Begelman (2014); Metzger & Stone
(2016); Roth et al. (2016). In particular, Metzger & Stone
(2016) and Roth et al. (2016) suggested that there could be
a viewing angle dependence for emission, though they still
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distance, which makes TDE disks much more compact than
AGN or X-ray binary disks. We note that the total mass and
angular momentum of our simulated disk may not be the
same as a TDE disk. The current disk profile has been se-
lected from several test runs, so that the disk, while being as
compact as possible, can sustain until inflow equilibrium is
achieved to a large enough radius. However, as long as the
accretion rate is consistent with a typical TDE accretion rate,
then because the radiation, outflows and other energy output,
which are mostly generated from very close the black hole,
are governed by the accretion rate, they are therefore realis-
tic. The compact size of the initial disk allows us to calculate
how outflows warp around the disk and how the emission is
reprocessed at high inclination angles.

2.2. Radiative transfer setup

To determine the escaping radiation spectrum as a func-
tion of viewing angle, we perform Monte Carlo radiative
transfer calculations using the code SEDONA (Kasen et al.
2006), modified to include a solution to the non-local thermo-
dynamic equilibrium equations of ionization bound-electron
level populations (Roth et al. 2016) and Comptonization
(Roth & Kasen 2017), although we neglect the effects of
stimulated scattering. We track free-free absorption and
emission, along with bound-free and bound-bound interac-
tions with H, He, and O in solar abundance ratios.

The radiative transfer tracks the photon propagation in 3D,
but the gas densities and velocities are treated in spherical
symmetry. We explore the inclination angle dependence of
the problem by performing four separate calculations where
the gas density and velocity correspond to an average of those
quantities within a range of inclination angles from the GR-
RMHD simulations. For the velocity averaging, we con-
sider contributions from outflows and disk outside the inner
boundary. We label these bins 1 through 4: bin 1 corresponds
to angles between 67.5◦ and 87.4◦ from the pole, bin 2 be-
tween 45◦ and 67.5◦, bin 3 between 22.5◦ and 45◦, and bin
4 between 5.7◦ and 22.5◦.

The gas temperatures are recomputed within the Monte
Carlo calculation under the assumption of radiative equilib-
rium, and these along with the gas ionization state and bound
electron states are solved iteratively along with the radiative
transfer solution as in Roth et al. (2016). A fixed amount of
radiative energy is injected from the inner boundary of the
calculation at each time step, and any photon packets that are
directed back within the inner boundary are removed from
the calculation. We place the inner boundary at the radial
location where the θ-averaged velocity field transits from in-
flow to outflow - this is typically on the order of a few Rg. For
all four bins we set the spectrum at the inner boundary to cor-
respond to a blackbody at T ∼ 106 K - this is approximately

equal to the color temperature of the radiation at those radii
as computed in the GRRMHD simulation.

3. RESULTS AND CONNECTIONS TO
OBSERVATIONS: DYNAMICS, ENERGY, EMISSION

3.1. GRRMHD Simulation Results

The GRRMHD simulation was run up to a final time
t f ∼ 20000 Rg/c, by which point the disk has achieved inflow
equilibrium out to r ∼ 200 Rg with constant fluxes of mass,
energy, and specific angular momentum vs. radius. The
disk α-parameter is of order unity. Fig. 2 shows a snapshot
from the simulation as well as various fluxes and efficien-
cies vs. time. In the following, we focus on disk properties
averaged over the latter quasi-steady stage of accretion, from
t = 15000Rg/c until the end. The averaged accretion rate onto
the black hole during this phase is 15 ṀEdd, close to the peak
of the fallback rate of stellar debris Ṁfb ∼ 12 ṀEdd when a so-
lar type star is disrupted by a black hole of mass 5× 106 M�.
The total bolometric luminosity emitted is L ∼ 3.2 LEdd, giv-
ing a radiative efficiency of ηrad ∼ 2.7%. The system is ra-
diatively inefficient compared with the Novikov-Thorne thin
disk solution. The total efficiency is ηtotal ∼ 43%. The jet
efficiency η j ∼ 20%, and the efficiency of the outflow in
terms of kinetic, thermal and gravitational binding energy is
also ∼ 20%, both much larger than the radiative efficiency .

The initial disk is threaded with a weak poloidal magnetic
field, which amplifies via the magneto-rotational instability.
The magnetic flux accumulates and eventually the magneti-
cally arrested disk (MAD) state is built up out to r ∼ 80 Rg

during the latter quasi-steady stage. The magnetic flux ac-
cumulated in this region reaches 1031 Guass cm2, which is
consistent with the flux that the debris stream can capture
from a fossil disk (Kelley et al. 2014). Since the black hole is
spinning fast, the strong magnetic field threading the BH and
disk leads to a relativistic jet by extracting the black hole spin
energy mainly through the Blandford-Znajek process (Bland-
ford & Znajek 1977).

A wide-angle, fast wind is launched from the magnetized
disk supported by radiation pressure. Fig. 3 shows how the t-
φ-averaged gas density and radial velocity vary with the dis-
tance from the black hole along fixed inclination angles. The
wind has drastically different density and velocity profiles at
different inclination angles close to the black hole. At higher
inclination angles (closer to mid plane), the outflows are
denser, and travels at a velocity considerably smaller than the
speed of light. At lower inclination angles, the outflows are
much more dilute, and can have a radial velocity of few×0.1c

(conventionally called ultra-fast outflows). The outflows are
optically thick for the photons produced from the inner disk,
so intrinsic emissions from the disk will be reprocessed in the
outflows, as we will discuss in section 3.2. During the quasi-
steady phase of the simulation, the outflows, mostly launched
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Figure 5. (a) The simulated escaping spectra from inclination angles bin 1 (red curve, closest to mid-plane) to bin 4 (purple curve, closest to
the pole). The optical to X-ray ratio increases with inclination angle. The purple shaded region corresponds to X-ray band with energy below
0.3 keV. The orange shaded region corresponds to the optical band from 3560Åto 9000Å. (b) The simulated escaping spectrum (black curve)
from intermediate angle bin 3, the shapes of which is broader than a blackbody spectrum. We also show two Planck functions, one fitting the
X-ray continuum component (purple dotted curve) and the other one fitting the optical continuum component (orange dashed curve).

from the inner disk (where inflow equilibrium has been estab-
lished), have travelled beyond the size of the electron scatter-
ing photosphere from most inclination angles. As shown in
Fig. 4, the photosphere for electron scattering, where the op-
tical depth τr =

∫
κesdl = 1 integrated from r = 8000 Rg

(optically thin region) radially inwards, has been resolved.
The photosphere has a size ∼ 1000 Rg from most viewing
angles, but gets much closer to the black hole in the funnel
region.

We show in Fig. 4 the magnetic flux lines (with elec-
tromagnetic efficiency), the gas velocity flux lines (with ki-
netic+gravitational energy efficiency) and lab-frame radia-
tion flux stream lines (with radiative efficiency). Within the
optically thick region, photons are trapped in the gas by scat-
tering, so radiation either moves inward within the disk or
somewhat follows the path of the wind and ultimately be-
comes more radially-directed at larger distances. Most of
the electromagnetic energy is released from the black hole’s
spin energy through the Blandford-Znajek process. Most of
the electromagnetic and kinetic energy escape with the jet
or through the wind in the funnel region. The radiation flux
is mildly beamed – the bolometric flux is around Eddington
when viewed along the disk, and 2-3 times Eddington when
looking down the funnel where strong outflows are present.

3.2. Viewing angle dependence for emission

Most of the radiation is produced from the inner disk and
the base of the jet close to the black hole, which is repro-
cessed when going through the outflow and outer disk. Two
different reprocessing mechanisms are responsible for chang-
ing the spectral energy distribution of the photons. Away
from the mid-plane, in inclination angle bins 2 through 4,
the low density of the gas results in relatively high ionization
state and therefore very little absorption of the radiation. In-
stead, it is trapped in the outflow by scattering, and its spec-

trum is red-shifted due to adiabatic expansion. Due to the
high gas velocity, the thermal state of the electrons plays lit-
tle role in setting the spectrum in these bins.

Such adiabatic reprocessing also plays a role for gas close
to the mid-plane (bin 1), but here the radiation is mainly ab-
sorbed by photoionization of HeII and OVI of the dense and
slow gas in the outflows and disk. The absorbed radiation is
re-emitted at UV and optical wavelengths. For the optical re-
emission, the primary processes involved are recombination
of free electrons onto hydrogen and free-free emission, along
with some line emission, as in Roth et al. (2016).

We show the simulated escaping spectra from bin 1 to bin
4 in Fig. 5 (a). There is a clear trend that the optical to X-ray
flux ratio increases with the inclination angle. The ratios of
the integrated optical/UV flux (1500–7000Å) to X-ray flux
(above 0.3 keV) are: 2700 (bin 1), 190 (bin 2), 2.1 (bin 3)
and 0.036 (bin 4). In all bins, most of the escaping luminosity
is in the EUV. The ratios of the (unobservable) EUV (41.3–
1150Å) to the combination of the (observable) optical and
X-ray luminosities are: 24 (bin 1), 24 (bin 2), 39 (bin 3), and
7.1 (bin 4). Interestingly, the shapes of the escaping spectra
from all bins are broader than a blackbody spectrum.

3.3. Comparison with TDE observations

The simulated disk has various features consistent with the
observed properties of TDEs. As our simulation represents
only one epoch in the super-Eddington phase but could not
follow the whole evolution of a TDE disk, we only com-
pare with the properties observed around the peak of the TDE
flare.

1. Fast outflow: Simulations show that the outflows
from super-Eddington accretion can have ultra-fast speed
of few×0.1c at relatively low inclination angles. Out-
flows with similarly high speed have been inferred in
the jetted TDE Swift-J1644 through X-ray reverberation
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(Kara et al. 2016), as well as in the non-jetted (or weakly
jetted) TDE ASASSN 14-li through X-ray absorption fea-
ture (Kara et al. 2018) and radio signals (Alexander et al.
2016).

2. X-ray or optical TDEs: We cannot get a precise ra-
tio of X-ray TDEs to optical TDEs, since parameters like
black hole mass and spin and accretion rates in the ob-
served TDEs could be different from the parameters used
in this particular simulation. However, to the first order,
we should expect that a large fraction of the optically-
selected TDEs do not show strong thermal X-ray emis-
sions, and vice versa. Only a small fraction of TDEs
will show equally strong X-ray and optical emissions like
ASASSN 14-li.

3. Disk temperature: The broad shape of the repro-
cessed spectra means that X-ray discovered TDEs will
have a higher inferred blackbody temperature than opti-
cally discovered TDEs. When both strong X-ray and op-
tical emissions are observed from the same event, such as
when viewed along bin 3, the X-ray part of the simulated
spectra can be fitted by a Planck function of few ×105K,
while the optical part can be fitted by a Planck function
of few×104K, as shown in Fig. 5 (b). This is consistent
with what was observed in ASASSN 14-li and ASASSN
15-oi to the first order.

4. Luminosity: The luminosity estimate of several
TDEs are a few×0.1LEdd (Hung et al. 2017). This is con-
sistent with the luminosity inferred from the optical or X-
ray component of the simulated spectra by fitting Planck
functions to each of them separately, but underestimates
the true bolometric luminosity. Given that most of the ra-
diated energy is in EUV, which is likely to be absorbed
by gas and dust in the host galaxy, perhaps the best hope
of recovering an accurate estimate of the bolometric lu-
minosity originally emitted by the TDE will be via obser-
vations of infrared echoes (e.g., van Velzen et al. 2016;
Jiang et al. 2016a).

5. Presence of jet: Only three TDEs have been ob-
served to produce powerful relativistic jets. If these jets
are produced through the Blandford-Znajek process, this
can be because the host SMBHS of those events have
very large spins, since the jet power generally depends
on black hole spin as Pj ∝ a2−4 (McKinney 2005). It is
also possible that only in those events were large mag-
netic fluxes accumulated or collected (Kelley et al. 2014),
given that the initial stellar magnetic flux is not enough to
power a jet such as that from Swift-J1644. The full an-
swer to this question goes beyond the scope of this paper.

4. SUMMARY AND FUTURE WORK

We propose a unified model for various classes of observed
TDEs (Fig. 1): The spectral distribution of emission ob-

served from TDEs mainly depends on the the viewing an-
gle of the observer with respect to the orientation of the
disk. To examine this, we have carried out 3D GRRMHD
simulations of a compact super-Eddington disk around a
SMBH, with parameters consistent with realistic TDE sce-
narios. Wide-angle, optically thick outflows are launched
from the radiation-pressure dominated thick accretion disk.
Monte-Carlo radiative transfer studies using the simulation
data reveal how the intrinsic emissions from inner disk are
reprocessed in the outflows and the outer disk: 1) Close to
the disk mid-plane, the intrinsic X-ray emission is absorbed
by the dense, slow outflow or disk into NUV/optical emission
by photoionization. 2) When viewed high above the disk, the
dilute outflow moves at few×0.1c, the gas is effectively op-
tically thin to absorption, and adiabatic expansion is mainly
responsible for cooling. 3) Only when looking down the fun-
nel region would one expect to see the exposed inner disk
producing strong, beamed X-ray emission. A relativistic jet
can be produced when conditions are optimal, and the power
of which could depend on the black hole spin and magnetic
flux dragged into the accretion flow. Whether a jet is pro-
duced or not, however, does not change the basic picture that
the the optical to X-ray flux ratio of the observed emission
increases with the viewing angle of the observer.

It has been proposed that collisions of debris streams dur-
ing the disk-formation phase can also produce optical emis-
sions (Piran et al. 2015; Jiang et al. 2016b). Further stud-
ies are needed to compare the contribution of optical emis-
sions from stream-stream collision and accretion. Line-
driven winds might also contribute significantly to the out-
flow rate when the gas temperature is around 105K (Miller
2015) and should be considered. We focus on the continuum
emission for this paper, and will investigate the line profiles
with higher-resolution radiative transfer calculations in fu-
ture work. Furthermore, simulations with different parame-
ters are needed to understand the full evolution of a TDE.

Much of what we have summarized in this study revolves
around different ideas as to how three dimensional flows,
likely magnetic and radiation dominated, behave in and
around strong gravitational fields. While there are serious
issues of theory that need to be settled, it is clear that there
is a convergence in the study of AGN, radio jets, (ultra-
luminous) X-ray binaries, and TDEs, which inspires the type
of model as we advocated. These bonds may be highly rele-
vant in teaching us how mass, angular momentum and energy
can flow around and away from black holes.
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