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ABSTRACT

We present simulated optical light curves of super-Eddington tidal disruption events (TDEs) using the ZEro-BeRnoulli Accretion
(ZEBRA) flow model, which proposes that during the super-Eddington phase, the disc is quasi-spherical, radiation-pressure
dominated, and accompanied by the production of strong jets. We construct light curves for both on- and off-axis (with respect
to the jet) observers to account for the anisotropic nature of the jetted emission. We find that at optical wavelengths, emission
from the accretion flow is orders of magnitude brighter than that produced by the jet, even with boosting from synchrotron
self-Compton. Comparing to the observed jetted TDE Swift J2058.44-0516, we find that the ZEBRA model accurately captures
the time-scale for which accretion remains super-Eddington and reproduces the luminosity of the transient. However, we find
the shape of the light curves deviate at early times and the radius and temperature of our modelled ZEBRA are ~2.7—4.1 times
smaller and ~1.4-2.3 times larger, respectively, than observed. We suggest that this indicates the ZEBRA inflates more, and
more rapidly, than currently predicted by the model, and we discuss possible extensions to the model to account for this.
Such refinements, coupled with valuable new data from upcoming large-scale surveys, could help to resolve the nature of

super-Eddington TDEs and how they are powered.

Key words: accretion, accretion discs —black hole physics —transients: tidal disruption events.

1 INTRODUCTION

When a star with radius R, and mass M, comes to within the tidal
radius

= R*(ZWBH/ZW*)I/3 (1

of a supermassive black hole (SMBH) with mass Mgy, the extreme
tidal force of the SMBH overcomes the self-gravity of the star,
producing a tidal disruption event (TDE; e.g. Rees 1988; Gezari
2021). Approximately half the disrupted material remains bound
to the SMBH and falls back on to it to be accreted, with the
rate varying approximately as ocz—>3 when the star is completely
destroyed (Phinney 1989), or as oz~ if the disruption is partial and
the core of the star survives the encounter (Coughlin & Nixon 2019;
Miles, Coughlin & Nixon 2020; Nixon, Coughlin & Miles 2021).
At early times, the rate at which material falls back to the SMBH,
the fallback rate My,, can be much higher than the Eddington rate of
the SMBH. As the accretion rate, M,.., is assumed to be comparable
to My, the SMBH undergoes super-Eddington accretion. Several
interpretations of such super-Eddington TDEs have been proposed.
Both Strubbe & Quataert (2009) and Lodato & Rossi (2011)
presented models in which the extreme radiation pressure causes
sub-relativistic outflows to be launched (see also Metzger & Stone
2016). Such outflows emit from their photospheres as blackbodies
(Loeb & Ulmer 1997), however, these models predict significantly
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different temperatures from what has been observed (e.g. van Velzen
et al. 2011; Pasham et al. 2015).

More recently, models have been proposed that combine both ex-
otic accretion flows and outflows, and here we utilize one such model,
the ‘ZEro-BeRnoulli Accretion’ (ZEBRA) flow model developed by
Coughlin & Begelman (2014, hereafter CB14). To briefly summarize,
at early times the angular velocity of the material falling back to
the SMBH is too low to prevent super-Eddington accretion rates.
The low angular momentum, in addition to the inefficient advection
of accretion energy, results in a puffed-up, quasi-spherical accretion
flow —the ZEBRA —instead of a thin disc. Reprocessing of the super-
Eddington accretion luminosity within the envelope leads to thermal
emission from the surface of the ZEBRA flow at the Eddington limit,
where photons are no longer efficiently trapped (Begelman 1978).
Inflated ‘discs’ are also proposed in other models, such as that of
Dai et al. (2018) and Metzger (2022). Metzger’s model assumes that
the debris stream rapidly circularizes to form a quasi-spherical ‘disc’
with Eddington-limited emission similar to the ZEBRA model. Dai
et al., on the other hand, started with initial conditions that resembled
a thick disc (H/R ~ 0.3), though it is not clear if the total mass
and angular momentum (which they assumed to be Keplerian) were
representative of those in a TDE, and thus how accurately their
flow would map to a ZEBRA. The presence of inflated ‘discs’ has
also been identified numerically with several simulations found to
be consistent with the predictions of the ZEBRA model (Sadowski
et al. 2016; Bonnerot & Lu 2020; Andalman et al. 2022).

However, the ZEBRA flow itself can only radiate at the Eddington
limit of the SMBH and remain quasi-hydrostatic. The remaining
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excess accretion energy must therefore be exhausted, and the model
proposes that this occurs through the launching of relativistic jets that
propagate along the (nearly evacuated) poles of the flow. The model
of Dai et al. (2018) also includes such jets, and it is posited the spin of
the SMBH in the disc’s magnetic field induces the Blandford—Znajek
process and launches similar jets (Blandford & Znajek 1977). The
anisotropic nature of Dai et al.’s jets is suggested to contribute to the
differences between X-ray and optical TDEs, with a strong angular
dependence on the observed properties of a TDE. The Metzger (2022)
model differs, however, in that super-Eddington fallback rates do
not result in super-Eddington heating of the flow (e.g. Steinberg &
Stone 2022) and therefore the removal of excess energy by jets or
outflows is not necessary. Dai et al., in addition to other authors (e.g.
Metzger & Stone 2016; Gezari 2021), suggest that super-Eddington
accretion also results in sub-relativistic and wide-angle outflows.
Such wide-angle outflows are, however, currently excluded in the
ZEBRA model.

Jetted super-Eddington TDEs are believed to have already been
observed. In particular, the Neil Gehrels Swift Observatory, here-
after Swift, has observed three likely super-Eddington TDEs, Swift
J164449.34-573451 (hereafter J1644+57; Burrows et al. 2011;
Levan et al. 2011; Zauderer et al. 2011), Swift J2058.44-0516
(hereafter J2058+05; Cenko et al. 2012; Pasham et al. 2015), and
Swift J1112.2—8238 (hereafter J1112—82; Brown et al. 2015). All
of these events exhibited properties consistent with a relativistic
jet rather than a purely thermal transient. For instance, power law
rather than thermal X-ray spectra were observed in all three cases,
while significant IR and optical polarization was identified for
J1644+4-57 and J20584-05, respectively, which are consistent with
jet contributions at these wavelengths (Wiersema et al. 2012, 2020).
The erratic nature of the early X-ray light curve of J1644+4-57 was
also shown to be consistent with jet wobbling due to a ‘magnetically
arrested disc’ (Tchekhovskoy et al. 2014), but whether sufficient
magnetic flux is present to form such an accretion flow remains to
be demonstrated.

To investigate the geometric and accretion properties of ZEBRA
flows, Wu, Coughlin & Nixon (2018, hereafter WCN18) performed
a series of simulations. Starting from the initial disruption of the star,
they used the numerically calculated fallback rates to derive the shape
and behaviour of a forming ZEBRA envelope across a period of 3
yr. We use the results of these simulations to inform the properties
of the ZEBRA envelope and derive light curves.

In Sections 2 and 3, we summarize the physics of ZEBRA flows
and the numerical simulations of WCNI18. The results of those
simulations are used to generate our light curves as detailed in
Section 4. Sections 5 and 6 detail our results and compare them
to observations. We present our conclusions in Section 7.

Throughout this paper we adopt a flat ACDM cosmology with
Hy=71kms ' Mpc~!, Q, =027, and 2, = 0.73.

2 THE ZERO-BERNOULLI ACCRETION
MODEL OF TIDAL DISRUPTION EVENTS

2.1 Super-Eddington phase

During the super-Eddington phase of the TDE, a ZEBRA flow is
assumed to form. This is a special case of an ‘adiabatic inflow—
outflow solution’ (ADIOS) for which the Bernoulli parameter, B,
is globally zero. The flow is not radiative and instead energy is
assumed to be advectively transported throughout the flow and the
material cannot cool efficiently. The combination of this inefficient
cooling, the super-Eddington accretion rate and the low specific
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Debris
stream

Figure 1. A sketch of the ZEBRA flow model. The opening angle of the
jets produced due to super-Eddington accretion, 6, is small. The visibility of
the jet therefore depends on the angle of the observer from the poles of the
ZEBRA envelope, 00ps-

angular momentum of the gas implies that the flow is geometrically
thick. The accretion and shocks within the flow also inject additional
thermal energy, and coupled to the already-low binding energy of the
returning material, result in the material being very weakly bound.
However, rather than unbinding the disc, excess accretion energy
is exhausted in the form of jets at the poles of the flow, as shown
schematically in Fig. 1.

The density, pressure, and angular momentum squared are as-
sumed to vary self-similarly with radius within the ZEBRA envelope,
from some inner radius ry, near the innermost stable circular orbit of
the gas, to the trapping radius (Begelman 1978). These parameters
vary as (CB14)

—-q
r . o
p(r,0) = po (7) (sin®0)“, 2)
0
GM GM, r\ 77
p(r,0) = p——0p = p——" py (—) (sin® 0)°, 3)
r r ro
and
0(r,0) = aG Mgyr sin” 0, 4)

where constants «, 8, and a obey

l—gqly -1 y—1

o= , B= ,
y—1 I+y—qy -1

in which y is the adiabatic index of the gas, taken to be 4/3 as the
accretion flow is dominated by radiation pressure (note also that 8
in the equations above is not the impact parameter used to describe
the ratio of tidal radius to the pericentre radius of the disrupted star).
The density power-law index g can vary from 0.5 to 3, with the
flow attaining a more spherical geometry as ¢ increases. The limits
are set so that energy generation decreases with increasing radius (g
> 0.5) and to ensure the envelope does not become fully spherically
symmetrical and a non-infinite density is maintained at the poles
(¢ < 3). For TDEs, g can be determined from the bulk properties
of the flow. In particular, rearranging the above equations yields
the function f which has two equivalent values and is dependent on
the total mass, .# = [ pdV, angular momentum, .¥= [ £pdV, and

=2ap (&)
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where I' is the generalized factorial, y ~ 1 is the efficiency of
convection, and « is the relevant opacity, in this case taken to be
the opacity of electron scattering (k ~ 0.34 cm? g~! for standard
metallicities). As y only enters equation (6) to the 1/6 power, it has
negligible impact on the solution for ¢. Using equations (2)—(6), the
parameters of the envelope can therefore be determined at single
instants in time and their evolution determined.

CB14 introduced the factors §, x, and y to parametrize the
efficiency of accretion, the inner radius of the disc in terms of the
Schwarzschild radius, and convective energy transport throughout
the disc, respectively, and are not able to be further constrained within
the model but are likely of the order of 0.1-1 for a geometrically thick
ZEBRA flow (see the discussion above equation 28 in CB14). The
accretion rate can therefore be approximated as that of the spherically
symmetric regime, My = 47 rg PV, Where vy, is the radial velocity
at the inner radius of the ZEBRA envelope. This can be solved to
give

. 3 2G Mgy \ >4
Myee = 6)( q%\/ G Mzu )

C

yor -23-9)
x <7.///WMBH) h(g), ™

dmem,

where § is a number less than 1, x = ro/Rs where Rs is the
Schwarzschild radius of the SMBH, ot is the Thomson scattering
cross-section and

2 T@+3/2)3-q)
g =s——-—"""—"

Jr C(x+1)

The photospheric radius can also be solved for, finding it to be
coincident with the trapping radius:

3_ 2/5
B = (Wﬂ\/cm,{) . ©)

From these equations, the emission properties of the enve-
lope can be determined. As ZEBRAs radiate as blackbodies
with a fixed bolometric luminosity equal to the Eddington lu-
minosity of the central SMBH, the temperature of the pho-
tosphere can be inferred from the radius. Equations (2)—(9)
can be solved numerically for a given instant to derive the
radius and temperature and characterize the emission of the
ZEBRA.

However, as the bolometric luminosity is equal to the Eddington
luminosity of the SMBH, the super-Eddington accretion means
excess energy is continually injected into the inner regions of the
ZEBRA. This energy cannot be efficiently advected to the surface
of the envelope, does not form wide angle outflows as in the
ADIOS case and its absorption into the envelope would result
in a positive Bernoulli parameter and the entire flow becoming
unbound. Instead, jets remove excess energy along the centrifu-
gally supported funnels of the envelope, and have a total isotropic
luminosity of

(B = q)pvay 3670, ®

Lj,iso = max {61‘.4accc2 — Lgad, 0} B (10)

where € = 0.1 is the (assumed) accretion efficiency. Although it
is expected that not all TDEs result in jets, as borne out by radio

Simulated optical light curves of ZEBRAs 6015

observations (e.g. van Velzen et al. 2013), the anisotropic nature of
the jet formation could be a contributory factor to the differences
between jetted and apparently non-jetted TDEs. In some cases,
it is plausible that jets do form but are only observable across a
narrow range of observer angles (O ops in Fig. 1) at optical and higher
frequencies.

2.2 Sub-Eddington phase

As the fallback rate drops with time, M, falls below the Eddington
limit and the excess accretion energy ceases to be injected into
the inner regions of the ZEBRA envelope. Without this radiation
support, the ZEBRA will collapse. It is currently unclear exactly
how this collapse occurs, but it is likely that the ZEBRA will
collapse from its photosphere towards the SMBH to form a thin
disc. Modelling this precisely is beyond the scope of this work
and we have therefore used a fading ZEBRA component and rising
disc component to approximate this behaviour in our light curves as
discussed in Section 4.1.2.

We use the approach of Lodato & Rossi (2011) to model the thin
disc, for which the properties of the disc are derived from M., Mgy
and the radius of closest approach, r,. It should be noted that the
dependence on r, assumed by Lodato & Rossi is incorrect for g >
1 (see e.g. Norman, Nixon & Coughlin 2021) but is applicable to
our simulations where 8 = 1. The viscous time-scale of the thin
disc can have a significant impact on the accretion rate but at early
times in the sub-Eddington phase, it is much smaller than the fallback
time-scale (Cannizzo, Lee & Goodman 1990; Lodato & Rossi 2011).
The accretion rate is therefore dominated by the fallback rate. The
viscous time-scale does start to dominate at later times but of the
order of decades (Cannizzo et al. 1990; Ulmer 1999) and we do not
discuss this phase here.

3 NUMERICAL SIMULATIONS

We derive our light curves from the results of the numerical
simulations performed by WCN18 and we discuss these briefly
here. WCN18 used the smoothed particle hydrodynamics (SPH) code
PHANTOM (Price et al. 2018) to simulate the disruption of a star of
R, = Ry and M, = My by SMBHs with masses 1 x 105, 5 x 10°,
1 x 10% 5 x 10° and 1 x 10" Mg,

A polytrope with polytropic index y = 5/3 was used to model
the star with 107 particles positioned to approximate the density
distribution. The polytrope was also relaxed in isolation to smooth
numerically induced perturbations. It was then placed on a parabolic
orbit with impact parameter B = r,/r, = 1, where r, is the radius of
closest approach.

Following the disruption of the star, the resultant debris stream
was assumed to evolve adiabatically with an adiabatic index
y = 5/3, a reasonable assumption for the evolution of the de-
bris at early times (Coughlin et al. 2016). At later times the
effects of magnetic fields and radiative recombinations could have
a significant impact on the debris stream’s behaviour, however,
these are assumed to be negligible here (Kasen & Ramirez-Ruiz
2010; Bonnerot et al. 2017; Guillochon & McCourt 2017). The
self-gravity of the debris stream was simulated using a bisec-
tive tree algorithm with an opening angle criterion (Gafton &
Rosswog 2011).

To model the SMBH, a Newtonian point mass was used. An
‘accretion radius’ was also initialized during the time where the
debris stream extends to high radii and prior to the most bound part
returning to r,. The accretion radius was set to 3r, and particles

MNRAS 517, 6013-6021 (2022)
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Figure 2. The results of WCN18’s simulations extrapolated to TDEs occurring at z = 0.1. Upper left: g, upper right: the radius of the ZEBRA’s photosphere in
units of r;, lower left: the temperature of the ZEBRA’s, and lower right: the total isotropic kinetic luminosity of the jets. In the all panels, the solid lines indicate
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times where the accretion rate was super-Eddington and in the first three panels, the dashed lines indicate a sub-Eddington accretion rate.

that approached the SMBH to within this radius were ‘accreted’ and
removed from the simulation. The rate of this ‘accretion’ was used
to derive Myp,.

My, was used to define the mass contained in the ZEBRA
envelope through .# = My — M. The total angular momen-
tum of the envelope, %, is similarly derived from the angular
momentum of the debris, %, which is dependent on the fall-
back rate and the star’s initial angular momentum. As the de-
bris falls on to the SMBH, conservation of angular momentum
means it loses its angular momentum to the system and therefore
L= L.

From the derived .# and %, equations (6)—(8) were used to
numerically derive ¢(¢) from an initial ¢, although the solutions
quickly converge to a solution that is independent of the initial value
(CB14). This also means the very earliest behaviour of the ZEBRA
may not be accurately captured. From ¢(f), M, can be derived
and the properties of the ZEBRA envelope can be determined, in
particular, the photospheric radius and temperature and therefore the
emission of the ZEBRA. The time-scales for which M, drops below
the Eddington limit and the ZEBRA starts to collapse can also be
calculated. The results of the simulations are summarized in Fig. 2.
Note that these are for a source observed at z = 0.1 for consistency
with Fig. 3.
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Figure 3. The observed off-axis g-band light curves of TDEs with varying
SMBH mass from 10° to 107 M. All sources are at a redshift of z = 0.1.

4 LIGHT-CURVE MODEL

In this section, we discuss the emission of the ZEBRA and the
derivation of our light curves. This emission consists of two main
components, thermal radiation from the accretion flow, discussed in
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Section 4.1, and the contribution from the relativistic jet, examined
in Section 4.2. All light curves were calculated in the rest frame
and two possibilities were examined where the observer was either
on-axis with the jet (ops = 0°) or off-axis (Bops = 30°). Any jet
contribution was assumed to only be visible in the first case due to
its anisotropic nature and small opening angle (~5°, e.g. Metzger,
Giannios & Mimica 2012).

4.1 Accretion flow emission

4.1.1 Super-Eddington ZEBRA emission

During the super-Eddington phase, the emitted spectrum of the
ZEBRA is a single blackbody with bolometric luminosity equal
to the Eddington luminosity of the SMBH, consistent with optical
observations of TDEs (e.g. Gezari 2021). From the photospheric
radius and temperature derived from the numerical simulations, the
luminosity per wavelength (given in cm here) is therefore

2 2w he? !

—1 —
hot 7 .\ °Igs  cm
A5 [ e BTphor — |

4.1.2 Transition between the super-Eddington and sub-Eddington
phases

L, =47R (11)

Accurately modelling the collapse of the ZEBRA to a thin disc is
beyond the scope of this work. We therefore instead used a smoothed
two-component model, the final ZEBRA component derived in the
super-Eddington phase and a thin disc component with emission
modelled as in Section 4.1.3. We take fenq as the time at which M.
drops below the Eddington limit and #g.cqy as a decay time-scale,
taken to be 2 weeks here. The ZEBRA component, and in the on-
axis case the accompanying jet component, is faded exponentially as
e~ (—fend)/tacery while the thin disc similarly rises as 1 — e~ fend)/fdecay
and will rapidly start to dominate over the ZEBRA. The relatively
quick time-scale is motivated both by the sharp decline observed in
the optical light curves of the jetted TDEs, particularly J2058+-05,
and directly calculating the Kelvin—Helmholtz time-scale, Txy. This
time-scale is given by the ratio of the thermal energy of the flow,
Ew ~ G Mgy | %, to its luminosity, L ~ 4w GMgyc/k, i.e.

Eth K.//
L 4w Rc’

where assuming ~0.1 Mg, R ~ 10" cm, and k ~ 0.34 cm? g ! as
above yields a tgy of approximately 2d. This rapid cooling leads
in turn to the rapid collapse of the ZEBRA. We note, however, that
a change to the decay time-scale would have little impact on the
observable properties of such a TDE.

TKH (12)

4.1.3 Sub-Eddington thin disc phase

The temperature of a geometrically thin and optically thick disc
varies according to its radius and the accretion rate as

3GMBHMucc . Rin 12
87TR3O'SB R

1/4
K, (13)

T(R) =

where osp is the Stefan-Boltzmann constant and R;, is the inner
radius of the accretion disc, taken to be three times the Schwarzschild
radius of the black hole (i.e. Ry, = 3Rs = 6GMgp/c?). The short
viscous time-scale of the disc means M, ~ M. We took the outer
radius of the disc, Ry to be twice the radius of closest approach,

Simulated optical light curves of ZEBRAs 6017

i.e. for our chosen B = 1, Ry, = 2r, = 2r,. To account for the
varying temperature across the disc, we use the standard procedure of
treating the disc as a series of concentric annuli (Frank, King & Raine
2002). Each of these annuli emits as a blackbody with temperature
determined by its central radius and a luminosity per unit wavelength
(cm) of

27 he? 1.
Ly =27 RypputusdR ———————ergs™ cm™, (14)
A3 (&7 — 1)
where R s 18 the central radius of the annulus, Rynues = Rinner +
dTR, and dR is the width of the annulus, Ryyer — Rinner- Integrating
over the annuli will therefore give the total emission from the disc
Both how the ZEBRA collapses and the orientation of the disrupted
star’s orbit with respect to the SMBH’s spin are likely to significantly
affect the resultant thin disc. Along with the Lense-Thirring effect,
these result in a high probability that the disc will be ‘tilted’ or
‘twisted” (e.g. Ivanov, Zhuravlev & Papaloizou 2018; Raj, Nixon &
Dogan 2021). The resulting precession of the disc leads to variability
in the observed emission (e.g. Stone & Loeb 2012; Franchini,
Lodato & Facchini 2016). While we do not model this variability
here, we note that it is likely to have a non-negligible but small
impact on the final light curve.

4.2 Jet emission

The jet emission is modelled following Metzger et al. (2012), Berger
et al. (2012), Zauderer et al. (2013), and Eftekhari et al. (2018), who
all examine Swift J11644+4-57’s jet. We therefore assumed, at least
initially, that any jet contribution at optical wavelengths would be
dominated by synchrotron emission. We also assumed that the total
luminosity is equally split between two jets and therefore the kinetic
luminosity of each is L;js0/2.

Synchrotron spectra are characterized by power-law segments
between break frequencies, v,, the self-absorption frequency; vy,
the peak frequency; and v, the cooling frequency. The photon index,
I", varies between these segments and at higher frequencies is also
dependent on the electron energy distribution. This is assumed to
be a power-law distribution with index p and to properly derive the
spectrum, both p and the break frequencies need to be calculated.

Examination of J1644+4-57’s X-ray light curve indicated the kinetic
luminosity of the jet remained constant for ~10° s. This luminosity
was therefore used to determine the synchrotron parameters in the
modelling of Metzger et al. (2012), Berger et al. (2012), Zauderer
et al. (2013), and Eftekhari et al. (2018) as any additional energy
injected at later times is relatively negligible compared to that injected
here. For our model, we used the peak kinetic luminosity from fig. 1
of WCNI18 the time of which was used to define #,;. Note that WCN18
also include a radiative efficiency of ¢ = 0.1.

A suitable value for p can be determined from observations of
J16444-57, J2058+05, and J1112—82. We initially assume that all
emission, from X-ray to radio, was dominated by synchrotron. The
Swift BAT and XRT spectra of both J16444-57 and J2058+4-05 are
reasonably well fitted at early times (days) with a power law with I'
~ 1.6 (Levan et al. 2011; Cenko et al. 2012) while J1112—82 had
a harder spectrum with I' ~ 1.3 (Brown et al. 2015). There is some
evidence of slight steepening in J20584-05’s spectrum at ~200 d
to I' ~ 1.8 but it also becomes shallower again at I' ~ 1.7 at ~1
yr. J16444-57 also shows evidence of later steepening (Levan et al.
2016) but it is after the drop in the X-ray light curve and is likely
to be evidence of the disc component starting to dominate over the
jet. From the X-ray, therefore we assumed I' = 1.6 to be suitably
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representative of the jet’s general behaviour and that it was in the
regime vy, < v < v.. The radio emission of J1644+4-57 has also been
extensively investigated and modelled. While not directly fitted, it
was found to be consistent with a p in the range 2.3-2.5 (Berger et al.
2012; Metzger et al. 2012; Zauderer et al. 2013).

Therefore, from the closure relations of Granot & Sari (2002) with
I' = 1.6 and the radio modelling of J1644+57, we assumed p = 2T
— 1 = 2.2 to be accurate. For p = 2.2, the break frequencies are
given by (Granot & Sari 2002; Berger et al. 2012; Metzger et al.
2012; Zauderer et al. 2013)

55%10° x e e,

-1
=25 1 65 (1
ij,isoAgtj,Gn/ (;) Hz, <ty

va(t) = » o (15)
1.1 x 1010 x e;llellg{iz

—3/5
=2/5 . —1.6/5( t
ij,iwAstmn / (?) Hz, 1> 1y

27 %10 x €2_e5?, 1
21 -
XL 048t 6 (ﬁ) Hz, I = Ipk
Vm(t) = n , (16)
7.6 x 1010 x €2_ €%,

XL} sl 6 (i) . Hz, 1>ty
A\ 12
ve(t) = 2.9 x 10" x €5 L2, 4gtjon (7) Hz for all 7, (17)
J
where we use the notation X = 10°X,; €, = 0.1 and €3 = 0.01 are the
fractions of the total internal energy directed into the electrons and
magnetic field, respectively; and n,g is the circumnuclear density at a
fiducial radius of » = 10'® cm. While there is evidence of 1,5 to vary
over time in the case of J1644+4-57 (Berger et al. 2012), we assumed
that this was either specific to J1644+4-57 or any variation would be
negligible. We therefore assume n;3 = 1 cm™ at all times.
The luminosity normalization of the spectrum can be derived
similarly and we find

32 5 . _3p
20 x €e, 1L iso 451767

2
><c9j?71v120 (f) ergs™'Hz™', 1 <iy
’ J
Ly, (1) = 2 an (18)
175 x Ee-—le.isoAStj,()n_\/

t

2 2 —1 1y,-1
><9j,—1V10 m ergs™ Hz™', t > fpk

where 6; = 0.1 is the opening angle of the jet.

5 RESULTS

5.1 Off-axis light curve

Due to the anisotropic nature of the jet, the sole component visible
in the off-axis light curve is the ZEBRA flow and the later thin disc.
The resultant SDSS g-band light curves for each SMBH mass are
shown in Fig. 3. All sources are taken to have a redshift of z =
0.1, comparable to the peak of the distribution of observed TDEs’
redshifts (Qin et al. 2022).

The distinct phases of the TDEs’ behaviour are easy to identify in
the light curves. The super-Eddington phase begins with a fairly rapid
rise before slowing and starting to plateau. The length of the super-
Eddington phase has an obvious SMBH mass dependence with higher
SMBH masses resulting in a shorter time-scale. For the 1 x 10°
and 5 x 10° Mg cases, this time-scale was actually longer than
the ~3 yr the simulations covered. The TDE is relatively bright
during this phase especially for higher SMBH masses, peaking at
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Figure 4. The colour of a TDE ata 5 x 10® M SMBH and at a redshift of
z = 0.1 for each combination of the SDSS ugriz bands. All magnitudes are
in the observed band.

~19 mag for the 1 x 10” M, Following the super-Eddington phase,
the collapse phase and sub-Eddington phases are also distinct. In
the sub-Eddington phase, the decay was consistent with =>'1> as
expected for a thin disc model at optical wavelengths (e.g. Lodato &
Rossi 2011; Gezari 2021). However, this phase is significantly fainter
than the super-Eddington phase by ~5-6 magnitudes.

We also investigated the colour change of the transient as shown in
Fig. 4 using the SDSS ugriz bands. Generally, the TDE’s colours are
relatively constant in time particularly within the individual phases.
There is a more significant shift during the transition between the
super-Eddington and sub-Eddington phases, but this is still small
with a maximum change of <0.25 mag and would therefore require
precise photometry to measure. Observationally therefore the end of
the super-Eddington phase would be best identified using the drop in
the light curve, as shown in Fig. 3, rather than the spectral behaviour
of the transient.

5.2 On-axis light curve

In addition to the accretion flow, the on-axis case positions the
observer such that the jet contribution is fully visible. Adding the
jet contribution to the off-axis light curve therefore produces the on-
axis light curve. However, as shown in Fig. 5, the jet’s synchrotron
contribution at optical wavelengths is ~4.8 orders of magnitude
fainter than that of the ZEBRA at the jet’s peak time and ~2.8 orders
of magnitude fainter during the sub-Eddington thin disc phase. The
jet’s synchrotron emission therefore has a negligible effect on the
overall optical light curve.

However, there is evidence that the dominant emission mech-
anism at optical wavelengths for the observed jetted TDEs was
not synchrotron (e.g. Bloom et al. 2011; Crumley et al. 2016;
Lu & Kumar 2016). We therefore examined the possibilities of
other mechanisms such as synchrotron self-Compton or external
inverse-Compton emission. Such mechanisms could boost the jet’s
optical luminosity by up to ~3 orders of magnitude during the
super-Eddington phase. We include such a boosted jet in Fig. 5 by
increasing the jet’s optical luminosity by a factor of 1000 and adding
an exponential decline from when the accretion rate drops below the
Eddington limit. However, we found that even with this increase,
the jet contribution is still ~1.8 orders of magnitude fainter than
the ZEBRA at the jet’s peak and remains ~2.8 orders of magnitude
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Figure 5. A comparison of the expected contribution from the ZEBRA (red)
and jet (black solid) components to the on-axis g-band light curve for a TDE
ata5 x 10° Mg SMBH and at a redshift of z = 0.1. The boosted jet due to
synchrotron self-Compton emission is also shown in the dashed line.

fainter during the sub-Eddington phase. The jet consequently remains
unlikely to make any significant impact on the light curve.

In addition to any jet contribution, it is possible that the emission
observed from the ZEBRA flow itself may be different when
observed on-axis. The density of the ZEBRA varies according to
angle and therefore the optical depth can also vary. For an on-axis
observer therefore it might be possible to view inside the ‘funnel’
of the flow and the inner regions of the ZEBRA to dominate the
observed emission rather than the surface. In this case, however,
we have assumed the jet effectively fills the funnel and that its outer
sheath is optically thick (Coughlin & Begelman 2020). Any emission
from the inner regions is therefore blocked and only the ZEBRA’s
surface emission is observed.

In this version of the ZEBRA model therefore the on-axis and
oft-axis are functionally identical during the super-Eddington phase
with only a small increase in luminosity (~15 per cent) during the
sub-Eddington thin disc phase for the on-axis model.

6 COMPARISON TO OBSERVED TDES

To examine how accurately the ZEBRA model captures the behaviour
of real events, we now compare the model light curves to the data
collected for J2058+4-05. Of the jetted TDEs, J2058+05 has the best
sampled optical light curve, shown in Fig. 6. Its inferred SMBH mass
is ~5 x 10° Mg (Cenko et al. 2012; Pasham et al. 2015) and we
also include the ZEBRA model light curves for such a TDE at the
same redshift, applying extinctions of E(B — V) = 0.095 mag for
the Milky Way (Schlafly & Finkbeiner 2011) and Ay = 0.2 mag for
J2058+05’s host (Pasham et al. 2015).

There are some commonalities between the model and the
observed light curves. In particular, the time-scale on which
J20584-05’s optical light curve starts to drop much more steeply
is consistent with the collapse phase being reached in the model. The
X-ray light curve (e.g. fig. 4 in Zauderer et al. 2013) also drops at
a similar time reinforcing the view that the time at which super-
Eddington accretion ends is accurately captured by the ZEBRA
model. The luminosity of the model and observed light curves are
also broadly comparable, particularly in the g band.

However, there are also significant differences. In particular,
J20584-05 is somewhat brighter than the model at early times,
particularly in the higher energy bands, and fades prior to the sudden

Simulated optical light curves of ZEBRAs 6019
21 A
X u
Y i
X i

AB Magnitude

300 400 500 600 700 800
Time since disruption (days, observer frame)
Figure 6. The optical light curve of Swift J2058+-05 and the ZEBRA model
light curves of a TDE at a 5 x 10° My SMBH at a redshift of z = 1.1853
with a Milky Way extinction of E(B — V) = 0.095 mag and a host extinction
of Ay = 0.2 mag. Note that this is in the observer frame, hence the model

light curves reach the end of the super-Eddington phase later than in Fig. 3.
All magnitudes are in the observed band.

drop rather than continuing to rise as in the model. The colour changes
much more significantly than in the model and J20584-05 cools much
more quickly than expected for the ZEBRA model.

Pasham et al. (2015) examined the UVOIR SED of J20584-05
finding it be reasonably well fitted with a single blackbody. In Fig. 7,
we compare the parameters inferred from their fits with those derived
using the ZEBRA model by WCN18. We found that J2058+05’s
bolometric luminosity is generally consistent with the Eddington
luminosity of a 5 x 10® My SMBH as predicted by the ZEBRA
model. However, the radius of the fitted blackbody is ~2.7—4.1 times
larger while the fitted temperature is ~1.4—.3 times smaller than that
expected for a ZEBRA. The accretion flow is therefore likely to be
significantly more inflated than suggested by the model. It should be
noted, however, that this discrepancy between observed blackbody
radius and that predicted by theory is shared by many models of
TDEs (e.g. Gezari 2021). J1644+57 and J1112—82 behave similarly
to J2058+-05, although have poorer sampled optical light curves, and
the discrepancies identified here also apply to them.

While other TDEs are not as clearly super-Eddington as the
jetted events, it is still valuable to compare to a larger sample
such as that of van Velzen et al. (2021). Their sample had peak
blackbody luminosities of ~10%6 to ~10*¢ erg s!, consistent
with the Eddington luminosities of SMBHs in the range ~10°° to
~10%® M. However, they predict only a weak correlation between
peak luminosity and BH mass, indicating the luminosity may not
be limited by the Eddington limit. In terms of temperature, there are
significant differences around peak times with observed temperatures
up to a factor of ~three smaller than predicted by the ZEBRA model.
In most cases, the temperature was also found to be rising rather than
falling as in the ZEBRA’s super-Eddington phase. Nicholl et al.
(2022) also analyse the luminosity and temperature behaviour of a
sample of 32 TDEs, including those of van Velzen et al. (2021). Their
findings are similar, with bolometric luminosities varying as a few
tenths of the Eddington luminosity, and although their temperatures
are still rising, they are generally more in agreement with those of
the ZEBRA model. The shape of the light curves in both samples
also differ significantly, with much faster rises and slower decays
observed by both van Velzen et al. and Nicholl et al. than predicted.
In particular, there is no evidence for the extreme decline as the
ZEBRA collapses. Overall, similarly to the jetted TDEs, there does

MNRAS 517, 6013-6021 (2022)

£20Z J8qWIBAON g0 UO Jasn spaaT 10 Alsteaiun Agq 601.5229/S109/t// L S/a191e/seluw/woo dno-olwapeoe//:sdiy Woil papeojumoc]


art/stac3073_f5.eps
art/stac3073_f6.eps

6020

6 x 104 \

Sl

2x10%

R. A. J. Eyles-Ferris et al.

)
S
x
-
15}
2

Temperature (K|

¥

300 400 500 600 700 800
Time since disruption (days, observer frame)

SRS ]]

3
L 6x10M
w
2
kel
©
o
4x 10
3x10%y o mme=—-
2 x 101 /
300 400 500 600 700 800
Time since disruption (days, observer frame)
10% ﬂ']
7
; I
5 1
2
wn
o
£
g 10% 4
-

300 400 500 600 700 800
Time since disruption (days, observer frame)

Figure 7. The blackbody temperature (top), radius (middle), and bolometric
luminosity (bottom) measured by Pasham et al. (2015) for J20584-05.
The black lines indicate the expected behaviour from the ZEBRA model
(WCNI18). The transition to dashed lines indicate the accretion rate becoming
sub-Eddington.

appear to be some agreement in terms of luminosity but many other
properties are discrepant. Generally these discrepancies are more
extreme than is seen for jetted TDEs, however, this is not unexpected
as many of the TDEs in both samples are likely to be sub-Eddington
and therefore subject to a different behavioural regime.

It is also worth noting that the ZEBRA models presented here
(taken from WCNI18) do not cover the full range of possible
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dynamics, and therefore the full range of possible fallback rates,
in a TDE. For example, the TDEs explored by WCN18 have the
pericentre distance of the stellar orbit equal to the tidal radius and
it is known that partial disruptions can produce fallback rates that
initial rise more steeply and then decay more steeply at late times
(see e.g. Nixon et al. 2021). Similarly the simulations in WCN18
employ a y = 5/3 polytrope to model the star; this is an excellent
approximation to the properties of some low-mass stars, but different
fallback rates may be produced by different types of stars (see e.g.
Golightly, Nixon & Coughlin 2019) and partial TDEs (Guillochon &
Ramirez-Ruiz 2013; Coughlin & Nixon 2019). While it is beyond
the scope of the current paper to investigate such effects, this would
be an interesting avenue for further exploration.

7 CONCLUSIONS

We have examined the ZEBRA model of TDEs and derived optical
light curves for a star with solar mass and radius disrupted by SMBHs
of various masses. These light curves indicate a long-lived plateau
phase during the period of super-Eddington accretion with a time-
scale inversely related to the mass of the SMBH. This is followed
by a collapse to a more typical thin disc as the accretion rate drops
below the Eddington limit. We have also investigated the potential
contribution to the optical light curve by a jet but found it to be
negligible compared to the emission from the accretion flow itself.

Comparing these results to the jetted TDE J2058+05, we found
that some properties were consistent, such as the time-scale for which
the event remained super-Eddington and the bolometric luminosity.
However, other properties, such as the rise times and blackbody
radius and temperature, were found to differ between the model and
the observed data. The rise time for the ZEBRA (i.e. the formation of
the flow) is not self-consistently accounted for in the model (see the
discussion in CB14). It is possible that a more realistic description
of the flow would be to have the average Bernoulli parameter be
zero, but to allow there to be a finite (but small) gradient in the
Bernoulli parameter throughout the flow, with the inner regions being
bound (and liberating some of that energy as it accretes), and the
outer envelope having a region of positive Bernoulli parameter. This
would then lead to a small outward velocity, which would expand
the envelope to larger radii and likely bring the model predictions
into better agreement with observations. In addition, incorporating
the radiation-dominated outflow solutions of Coughlin & Begelman
(2020) could aid in understanding the nature of jetted emission and
any contribution made at optical wavelengths.

Overall, we find that while the ZEBRA model does not fully
explain the behaviour of observed TDEs, it is consistent with many
aspects. Further refinements to the model could assist in resolving
the remaining discrepancies and, with the wealth of forthcoming data
from large optical surveys and transient follow-up, help to answer
the question of exactly what powers super-Eddington TDEs.
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