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ABSTRACT

The disruption of a star by the tidal forces of a spinning black hole causes the stellar stream to precess, affecting the conditions
for triggering the tidal disruption event (TDE). In this work, we study the effect that precession imprints on TDE light curves due
to the interaction of the TDE wind and luminosity with the stream wrapped around the black hole. We perform two-dimensional
radiation-hydrodynamic simulations using the moving-mesh hydrodynamic code JET with its radiation treatment module. We
study the impact of black hole mass, accretion efficiency, and inclination between the orbital and spin planes. From our results,
we identified two behaviours: (i) models with low-mass black holes (M, ~ 10° My), low inclination (i ~ 0), and low accretion
efficiency (n ~ 0.01) show light curves with a short early peak caused by the interaction of the wind with the inner edge of the
stream. The line of sight has little effect on the light curve, since the stream covers a small fraction of the solid angle due to
the precession occurring in the orbital plane; and (ii) models with high-mass black holes (M}, > 107 My,), high inclination (i ~
90°), and high accretion efficiency (n ~ 0.1) produce light curves with luminosity peaks that can be delayed by up to 50-100 d
depending on the line of sight due to presence of the precessed stream blocking the radiation in the early phase of the event. Our
results show that black hole spin and misalignment do not imprint recognizable features on the light curves but rather can add

complications to their analysis.
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1 INTRODUCTION

Most, if not all, galaxies in the Universe harbour a supermassive
black hole at their centre (Ferrarese & Ford 2005; Kormendy & Ho
2013). Yet, detecting them is challenging because they typically do
not accrete at high enough rates to generate observable radiation.
This can change when a star is ripped apart by the tidal forces of
the black hole, as this process produces a bright transient known
as a tidal disruption event (TDE). The outcome of this process is
that half of the stellar material becomes unbound while the other
half remains bound and returns to pericentre, forming an accretion
disc and producing a bright flare that can last for days to years.
(Hills 1975; Rees 1988; Alexander 2005). The light curve of the
event is characterized by a fast rise to a luminosity peak of about
10%2-10* erg s~! with a decay o< #=>* that follows the rate at which
the mass returns to pericentre (e.g. Gezari et al. 2006). Although
if the star is not fully disrupted the power law of the decay may
be different (Phinney 1989; Guillochon & Ramirez-Ruiz 2013). A
complete physical understanding of TDEs could provide a method
for estimating the properties of dormant nuclei, i.e. the black hole
mass and spin, where dynamical measurements are not possible. In
addition, TDEs can be used as laboratories to study accretion discs,
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jet formation, as well as gravitational wave emission (e.g. Toscani
et al. 2021; Pfister et al. 2022; Amaro-Seoane et al. 2023).

The development of surveys for detecting transients, such as the
intermediate Palomar Transient Factory (iPTF; Rau et al. 2009;
Blagorodnova et al. 2019), the All-Sky Automated Survey for
SuperNovae (ASAS-SN; Kochanek et al. 2017; Wevers et al. 2019;
Hinkle et al. 2021), the Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS; Chambers et al. 2016; Nicholl et al.
2019), the Zwicky Transient Facility (ZTF; Bellm et al. 2019; van
Velzen et al. 2020, 2021), and the extended ROentgen Survey with
an Imaging Telescope Array on the Spectrum-Roentgen-Gamma
mission (SRG/eROSITA; Predehl et al. 2021; Sazonov et al. 2021)
has contributed to increase the sample of events with observations
across most of the electromagnetic spectrum (see Gezari 2021, for a
review). To date, most TDEs have been detected in optical and ultra-
violet wavelengths, or in X-ray emission. But only a few events have
been observed in both optical/ultraviolet (UV) and X-ray frequencies
(Gezari 2021). Dai et al. (2018) proposed that this property is due to a
line-of-sight effect: the X-ray light can only escape along directions
close to the poles, while the rest is reprocessed in an optically thick
outflow. However, despite the increase of the TDE sample, there
are crucial physical aspects that are not yet fully understood. For
instance, it is not clear what the power source is: a small amount
of material accreted by the black hole (Metzger & Stone 2016),
dissipation of the stream self-interaction (Piran et al. 2015; Jiang et al.
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2016), and/or secondary shocks (Bonnerot & Lu 2020). Additionally,
some light curves display enigmatic features such as rebrightenings
or plateaus (e.g. Blanchard et al. 2017; Godoy-Rivera et al. 2017;
Wevers et al. 2019) that differ significantly from the general picture.

The theoretical foundations of TDEs were developed by Hills
(1975), Carter & Luminet (1983), Rees (1988), and Phinney (1989),
while the first numerical study was carriet out by Evans & Kochanek
(1989). Since then, numerical efforts have been focused on a wide
variety of aspects of the evolution: the disruption of the star and the
subsequent evolution of the tidal stream (Lodato, King & Pringle
2009; Guillochon & Ramirez-Ruiz 2013; Mainetti et al. 2017),
the quantification of the role of magnetic fields (Bonnerot et al.
2017; Guillochon & McCourt 2017; Curd & Narayan 2019), the
impact of using more realistic stellar structures (Goicovic et al.
2019; Golightly, Nixon & Coughlin 2019; Law-Smith, Guillochon
& Ramirez-Ruiz 2019), the formation of the disc from the stellar
stream (Rosswog, Ramirez-Ruiz & Hix 2009; Hayasaki, Stone &
Loeb 2013; Bonnerot et al. 2016; Bonnerot & Lu 2020; Metzger
2022), and even considering the relativistic effects due to the large
mass of the black hole and its rotation (Kesden 2012; Gafton &
Rosswog 2019; Liptai et al. 2019; Jankovi¢ & Gomboc 2023; Ryu,
Krolik & Piran 2023), among others (see Lodato et al. 2020, for a
review).

The development of numerical tools and models that take into
account the relativistic effects has helped to explain certain features
observed in the light curves. For instance, the relativistic precession
due to the spin of the black hole can prevent the self-collision of
the tidal stream on a single winding (Stone & Loeb 2012; Dai,
Escala & Coppi 2013; Guillochon & Ramirez-Ruiz 2015). Instead,
the stream may wrap around the black hole several times before
the event is triggered, delaying the generation of the electromagnetic
signal. Furthermore, Guillochon & Ramirez-Ruiz (2015) showed that
massive black holes (= 107 Mg) can cause prompt TDE flares due
to more violent self-collisions, which has been invoked to explain
light-curve signatures with rapid rises and plateaus (Wevers et al.
2019). This problem has been revisited by Batra et al. (2023), who
solved the approximate tidal equation of the stream to calculate its
thickness evolution during its trajectories along geodesics. However,
there is a crucial aspect that has not been considered in this scenario:
what happens to the remnant of the tidal stream wrapped around
the black hole, once the event is triggered. In principle, once this
occurs the luminosity and the disc wind will imminently encounter
part of stream. If this is the case, it is reasonable to ask whether such
interactions can leave detectable features in the TDE light curves, as
they could give us information about the spin of the black hole.

Semi-analytical models to describe how radiation is reprocessed
through a dense wind have been used in the context of TDEs (e.g.
Metzger & Stone 2016; Kremer et al. 2023; Uno & Maeda 2023).
For instance, Piro & Lu (2020) developed a formalism to estimate
how much radiation escapes from a spherically symmetric outflow
being illuminated by a central source. However, these methods are
limited by the spherical symmetry assumption. To overcome this
obstacle, Calderén, Pejcha & Duffell (2021) performed radiation
hydrodynamic simulations of wind-reprocessed transients, managing
to validate the formalism of Piro & Lu (2020). Additionally, they
demonstrated the capabilities of their numerical tool to model
mixtures of gas-radiation multidimensionally and over wide ranges
of space and time. This highlights the relevance of using efficient
and multidimensional numerical tools to model transient phenomena
with complex geometries.

In this work, we present a set of radiation-hydrodynamic sim-
ulations of the impact that relativistic precession can have on the
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light curves of TDEs. Our model considers that the stellar stream
wraps around the black hole until self-collision is achieved based on
the approach by Guillochon & Ramirez-Ruiz (2015). We perform
two-dimensional moving-mesh radiation-hydrodynamic simulations
of the interaction of the TDE radiation and disc wind with the rest
of the stream wrapped around the black hole. The calculations were
done using the moving-mesh hydrodynamic code JET (Duffell &
MacFadyen 2011, 2013) with the radiation treatment module that we
have developed (Calderdn et al. 2021). For rapidly spinning black
holes, we find that such interactions can modify the expected light
curves by up to ~50 per cent during the first 100-200 d of the event,
depending on the line of sight and the black hole mass. Furthermore,
under extreme conditions our model predicts either the appearance
of an early peak of roughly of the same amplitude as the main
maximum, or a delay in the peak of the expected light curve. This
paper is structured as follows: Section 2 describes the model and
its assumptions, Section 3 specifies the numerical method and setup
for conducting the simulations, Section 4 presents the results of the
hydrodynamics and light curves computed from the simulations, and
Section 5 details the observational implications of our results and
limitations of our model. Finally, in Section 6, we summarize our
findings and discuss further guidelines.

2 THE MODEL

2.1 Analytical foundations

Before presenting our model we introduce the quantities for describ-
ing a TDE. First, let us consider a star of mass m, and radius R,, and
a black hole of mass M. If the star travels inside the tidal radius r;,
that is, the distance at which the black hole tidal force equates the
stellar self-gravity, it will be disrupted. The tidal radius is given by

ro=Ruq"’, (1)

where g = My/m, is the mass ratio. It is important to remark that the
star will be disrupted if it enters the sphere of radius r, as long as
its pericentre is not smaller than the radius of the innermost bound
spherical orbit rigso (Bardeen, Press & Teukolsky 1972) given by

1 2
rBso = ERsm (1 +V1 iah) , (2)

where, ay is the spin parameter of the black hole, Rsg is its
Schwarzschild radius, and the upper (‘+’) and lower (‘—’) signs
corresponds to the the prograde (i = 0°) and retrograde (i = 180°)
cases, respectively.! Otherwise, the star will enter the black hole
before the generation of electromagnetic radiation can take place.
Fig. 1 shows the combinations of black hole mass M}, and penetration
ratio B that allow a TDE to occur. The penetration ratio is defined
as B = r/ry, where r, corresponds to the pericentre distance of
the stellar orbit. The region above each white line highlights the
parameters, where the star would plunge directly into the black hole,
that is, when the stellar pericentre is shorter than the innermost bound
circular orbit.

Once the star crosses the the tidal radius, it becomes an elongated
stream that is being compressed along the axes that are perpendicular
to its orbital velocity v. During pericentre passage the material is
heated up, increasing its entropy and, as a consequence the width of
the stream. If there is precession out of the orbital plane the stream

I'To the best of our knowledge, there is no general analytical expression for
rigso Wwith i # 0° and 180°.
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Figure 1. Parameters of a TDE. Pericentre distance r}, as a function of black
hole mass M}, and penetration parameter 8. The region above the white lines
represents the parameter space, where a star would enter the radius of the
innermost bound spherical orbit rigso. The solid white line represent the case
of a non-spinning black hole. The dashed white lines correspond to the cases
of a fast spinning black hole with a, = 0.9, and inclinations i = 0° and 180°.
TDEs can take place only for parameters below the white lines.

can go through pericentre passage multiple times before it collides
with itself and triggers the event. General relativistic effects can
produce precession that change the orbital plane if the black hole has
significant spin and there is misalignment between its rotation axis
and the stream orbital plane. Nevertheless, modelling this process is
not straightforward, as calculating the trajectories and properties of
the stream under the influence of a strong gravitational field implies
the use of general relativistic hydrodynamic simulations.

Here, we follow the semi-analytical approach developed by Guil-
lochon & Ramirez-Ruiz (2015) to estimate the width of the stellar
stream as well as the total number of windings. The method assumes
that the width of the stream S is proportional to the ratio between the
velocity perpendicular and parallel velocities to the orbital plane, that
is, S oc v /v)|. Then, it considers that the growth of the perpendicular
speed v, during each pericentre passage is proportional to the number
of windings W of the stellar stream around the black hole, that is,

v = W,Bvesm (3)

that is, the spread in velocity increases in Suv.s in every passage,
being v,y the escape velocity of the star.
Now, we consider the stream as a cylinder with a radius given by

5= % ~ Warg™'", @
v

where we have used the equation (3), combined with |v|~
V2G My /r and vese = /2Gm,/R,. This implicitly assumes that the
self-gravity of the stream is not relevant after the first pericentre
passage: R, = rg~ .

The equation (4) indicates that the width of the stream is propor-
tional to the distance to the black hole and the number of times it
has returned to pericentre. In reality this is more complex, as part of
the stream could be confined by self-gravity (Coughlin et al. 2016;
Steinberg et al. 2019), and cooling and recombination processes are
expected to play a significant role (Kochanek 1994; Hayasaki et al.
2013; Bonnerot et al. 2016; Hayasaki, Stone & Loeb 2016; Metzger
2022). However, this approach still gives us a general description of
the stream, which is useful due to its simple implementation for the
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generation of initial conditions in our simulations (see Section 3.2).
Capturing the detailed structure of the stream is beyond the scope of
this work, as our main goal is to quantify the impact of surrounding
structures in the light curves of TDEs.

To estimate the trajectory and how many times the stream wraps
around the black hole we consider that the stream can be described as
a set of disconnected ellipses. Then, during every pericentre passage
anew ellipse is generated but it is rotated according to the effects of
relativistic precession calculated by the following post-Newtonian
expressions (Merritt 2013)

Aw = (Au))J + (AU))Q, (5)
_ Amay, [ GMyp 77

(B = 5 {7& | H)} ©)
_ Bma [ GMyB 10

(AC{))Q = m [m} Ccos1, (7)

AQ = (AQ)p + (AQ); + (ARQ)q, 3
_ 6rGM,fS

(AQ)p = R 1) &)

(AQ); = —4cosi(Aw)y, (10)

1 —5cos?i
(AQ)q = W(Aw)@ (11)

where Aw and AR represent the orbit-averaged nodal and apsidal
precessions. The subscripts D, J, and Q correspond to the de Sitter,
Lense—Thirring, and quadrupole terms, respectively. The panels in
Fig. 2 show Aw and A2 as a function of the mass of the black hole M},
and its spin ay, for a penetration factor § = 1 and inclination i = 45°.
Although not shown here the penetration factor can boost the effect
of precession as most equations (5)—(11) show a proportionality at
least to first order in 8. However, deeper events are more likely to go
directly inside the IBSO radius without having the chance to generate
an electromagnetic signature (see Fig. 1). Thus, in these cases, it is
necessary to adopt a more careful approach to calculate the exact
trajectories of the stream in the immediate vicinity of the black hole.

The calculation continues until the first point in time at which
the stream collides with itself. Here, we consider that the event
is triggered and material falls onto the black hole, forms a disc,
and generates radiation and a disc wind (see Section 2.2). In this
way, by choosing the initial orbital parameters of the disrupted star
and the parameters of the event, it is possible to describe the three-
dimensional geometric structure of the tidal stream that wraps around
the black hole. Although this approach has limitations in capturing
the precise trajectory of the stream in the vicinity of the black hole,
we argue that it is reasonable to use it for initializing the density
structure of the leftover of the stream. The main reason for this lies
in that most of the mass in the stream will be concentrated further
away from the black hole, since this is the region with the longest
free-fall time-scale. For a more detailed description of this problem,
we refer the reader to the work by Batra et al. (2023) that developed
a detailed analysis on the of the evolution of the stream thickness
and its trajectory by solving an approximate tidal equation.

2.2 TDE model

The model is based on a stellar tidal disruption assuming the
inefficient accretion scenario following the description by Metzger
& Stone (2016). It is important to remark that this approach is not
affected by the so-called missing energy problem, that is, the small
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Figure 2. Orbit-averaged nodal Aw (left-hand panel) and apsidal precession A (right-hand panel) as a function of black hole mass M}, and spin parameter ap
for events with penetration parameter 8 = 1 and inclination between black hole rotation and orbital plane i = 45° estimated using equations (5)—(11).

total energy (~1 per cent) inferred from optical/UV observations
relative to the expected energy released by the eventual accretion
of half of a star. An inefficient accretion model solves this problem
by construction, since the total radiated energy Eiy is small Eio <
fiun(m,/2)c?, where f;, and n the accretion fraction and the radiative
efficiency, respectively. Other solutions to this problem are: the
absorption of most of the radiation, the fact that most of the energy
could be in a jet beamed away from the line of sight to the Earth, or
eccentric accretion discs that allow mass to fall directly to the black
hole without circularization and viscous accretion (see Piran et al.
2015; Svirski, Piran & Krolik 2017; Lu & Kumar 2018).

To introduce our mode, let us consider a star with mass m, = 1 Mg
and radius R, = 1 Rg, moving on a highly eccentric orbit e = 0.99
around a black hole of mass M}, and spin parameter ay,. We fixed the
penetration ratio to 8 = 1, so that the orbital pericentre coincides
with the tidal radius given by equation (4). Once the star is disrupted,
the stellar stream wraps around the black hole due to its orbital
precession until it collides with itself following the description given
in Section 2.1. In this model, we remain agnostic of the detailed
evolution after this point until the electromagnetic signal and mass
outflow are produced.

The accretion luminosity will be given by

Lacc(t) = nfinmefb(z)cz’ (12)
and a disc outflow with mass rate
My(t) = (1 = fin) fn M (1), (13)

where Mp,(7) is the rate at which mass returns to pericentre after
the disruption, c is the speed of light, and f;,, is a free parameter of
the model that indicates the fraction of the bound mass that is either
accreted or launched in the wind, so that the rest (1 — f,) stays
in the precessed stellar stream. For instance, if f;, = 1 no leftover
material remains in the streams, so all the material is either accreted
or ejected as a wind. Then, if only a small fraction of the material
is accreted, that is, fi, < 1, the minimum speed for the material to
become unbound at the tidal radius is given by

1/2 1/3
ymin [ GMifin g g 8 (fn T
w A= fre 0.1 10° Mg ’

(14

which corresponds to the initial velocity of the disc wind. If the
generated luminosity is capable of accelerating the wind, it could
reach a maximum speed of

LN 172
VI /20 fine = 4.24 x 10° (Oil)m (%) ems™. (15)
Notice that for a more massive black hole the minimum wind speed
will be closer to the maximum speed. Regardless of the black hole
mass, relativistic effects should not be relevant since at most V,,/c &
0.14, which implies a Lorentz factor of y &~ 1.01.

We consider that both mass and luminosity are launched isotropi-
cally from the tidal radius r,. Although the sphericity of the wind
and radiation of the event is an assumption, we argue that this
is reasonable, since it is possible for the accretion disc to precess
on relatively short time-scales (e.g. Stone & Loeb 2012; Franchini,
Lodato & Facchini 2016; Teboul & Metzger 2023). Additionally, we
must assume that this process is fast enough for the luminosity and
wind to encounter a significant fraction of mass of the stellar stream
wrapped around the black hole. We expect that the interaction of both
the radiation and the wind with the surrounding structure will leave
observable signatures on the light curves of these events, which will
depend on the line of sight.

3 NUMERICAL SIMULATIONS

3.1 Equations

We perform two-dimensional (r, ) radiation-hydrodynamic sim-
ulations using the moving-mesh hydrodynamic code JET (Duffell
& MacFadyen 2011, 2013) with its radiation treatment module
(Calder6n et al. 2021). The code solves the radiation-hydrodynamic
equations in the mixed-frame formulation following Krumholz et al.
(2007). The closure relation for the radiation treatment is the flux-
limited diffusion approximation (Alme & Wilson 1973). Thus, the
radiative flux is expressed as a function of the radiative energy
gradient following Fick’s law. Then, the set of equations in the mixed-
frame formulation is

dp

V. =0
o + V- (ou) ,

(16)
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0(pu)
or T V- (puu)+Vp = —AVE,, a7
O(pE
% + V. (pEu+ pu) = —ckp (arT4 — E£0>) —Au-VE,;
(18)
0E, 3 -
5 TV (%Eu) = cxp (a,T* — E) + Au - VE,
cA
+V- (—VEr) ; (19)
XR

where p, u, P, and E, are the radiation-hydrodynamic variables of
mass density, fluid velocity, thermal pressure, and radiation energy
density, respectively. The total specific matter energy density E
is given by pE = pu - u/2 + e, where e is the internal energy
density. The constants ¢ and a, are the light speed and the radiation
constant, respectively. The coefficients xp and xg represent the
Planck and Rosseland absorption coefficients (in units of inverse
length), respectively. The flux limiter A and the Eddington factor f
were set following Levermore & Pomraning (1981),

24+ R

MR = ————— 20
(R) 6+3R+ R?’ 20)
f(h, R) = 1+ A%R%, 21
where

VE,
R:l Z'. (22)

XRLE,

The flux limiter allows radiation to diffuse in the optically thick
regime so that A — 1/3, while in the optically thin limit A — 1/R so
that radiation propagates with the speed of light.

Quantities with the superscript (0) are measured in the comoving
frame, while the rest in the lab frame. To relate E; in the comoving to
the lab frame we used the expression derived by Zhang et al. (2011)
under the flux-limited diffusion approximation

A
EO = E+2" . VE + 0w /). 23)
XR C

For further details of the implementation and method for solving
the radiation hydrodynamic equations we defer the reader to the
appendices A and B of Calderén et al. (2021).

The simulations consider an adiabatic equation of state (y = 5/3),
Solar composition (X = 0.7, Y = 0.28, and Z = 0.02), and a constant
mean molecular weight assuming that the gas is fully ionized. We
set Planck and Rosseland opacities (kg and kp) following Metzger &
Pejcha (2017) (see also Pejcha et al. 2017; Matsumoto & Metzger
2022) by using the following analytical expressions

kr = km + [k + (k" + kD17, (24)
kp = 0.1k + (k- + kg 7" (25)
where

km = 0.1Z cm? g7, (26)

0 0.5 T 7.7
kg = 1.1 x 107203 (W) (E) em? g7 !, Q7
0 T 3.5

kg = 4.0 x 105(1.0 + X)Z (g Cm_3> <E> em’ g™, (28)

ke = 0.2(1.04+ X)cm? g7 (29)

Here, ky, ky-, ke, and kg correspond to the contributions of molecular,
H~, electron scattering, and Kramer opacities, respectively.
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3.2 Initial conditions

We set a two-dimensional spherical (r, #) domain spanning radial
and polar extensions of (r, 100r,) and (0°, 180°), respectively. It is
important to remark that the radial extension only refers to the initial
state of the domain, as the moving-mesh aspect of the code will follow
the expansion of the fluid. The density distribution is initialized to
the precessed tidal stream following the analytical model presented
in Section 2.2. This is determined by the properties of the black hole:
My, and ay,; of the star: m, and R,; and of the stellar orbit: 8, e, and i.
Once we have calculated the structure of the stellar stream as a set of
ellipses until an intersection is found, we estimate the density within
the stream assuming that the amount of mass at a given location is
proportional to the free-fall time-scale at such a location. We assumed
that the stream has a cylindrical shape, whose radius is calculated
using equation (4). Then, we normalize the density distribution so
that the total mass in the stream is equivalent to 0.5(1 — fi,)m,.
Then, we integrate it in the azimuthal direction in order to be able to
represent it in the two-dimensional domain. However, the complex
geometry of the problem and the lack of symmetry complicates the
choice of the direction of the symmetry axis. Based on our tests, we
have chosen the axis depending on every model, so that the density
structure is located as close as possible to the direction 8 = 90°. By
doing so, we avoid the presence of numerical artifacts close to the
symmetry axis as the density structure is as far as possible from it.
In particular, this choice allows us to simulate both the low and high
inclination cases, since other choices, for example, the axis aligned
with the initial orbital angular momentum or the black hole spin
direction, part of the structure will inevitably be at the poles.

The stream is considered to be at rest with a low thermal pressure
(temperature of T = 103 K) and low radiation energy density (E, =
107! erg cm™>). The empty regions of the domain, that is, where the
stream did not pass, are filled with material with very low density,
thermal pressure, and radiation energy density, so that they have
negligible effect on the wind and luminosity injected as boundary
conditions (see Section 3.3). Fig. 3 presents four examples of the
initial density distribution for different parameters. Notice that the
stream is confined to the orbital plane if the black hole mass is small,
the stellar orbit and black hole spin are roughly aligned (see equations
5-11). This is also the case if the black hole spin is smaller unless
both inclination and black hole mass are large (see Appendix A).
On the other hand, if the inclination is nonzero and the black hole
is more massive the precession takes the stream out of the orbital
plane, which causes its spread over a larger solid angle (see middle
and bottom right-hand side panels of Fig. 3).

3.3 Boundary conditions and source terms

To include the wind and luminosity of the event in our simulation
we set boundary conditions as source terms in the innermost radius
of the domain. The wind is injected as source terms in the matter,
momentum, and energy equations, which is assumed to be time
dependent and spherically symmetric. The wind is specified by a
mass-loss rate My, Vi, Ty, and E, . The mass-loss rate of the wind
is set to the fallback rate of a TDE, assuming that the total mass of the
outflow corresponds to half of the stellar mass times fi,. The fallback
rate is calculated using the method considering that the stellar
structure is a polytrope before the disruption (Lodato et al. 2009).
The resulting non-analytical mass-loss rate as a function of time was
tabulated and used as a time-dependent boundary condition. The
velocity of the wind was set using equation (14), as this corresponds
to the minimum value for launching an outflow from the tidal radius.
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Figure 3. Two-dimensional (r, 8) density maps of the precessing TDE model with ap = 0.9 for varying inclination i and black hole mass My. Upper, central,
and lower rows show models with inclination i = 0°, 45°, and 90°, respectively. Columns contain panels with a given black hole mass, from left- to right-hand
side My, = 1090, 1095, 1070, and 107 Mg . Radial spatial scales are shown in units of Schwarzschild radii according to their black hole mass, that is, Rsch =
2GMh/c?. Notice that the larger the black hole mass the effect of relativistic precession is more relevant, hence the stellar stream wraps covering a larger solid

angle.

In principle, the luminosity may accelerate the outflow further but
this will be taken into account self-consistently in the simulation.
The temperature and radiation energy density of the wind were set
to small enough values: Ty, = 10° K, and E, ,, = 10~ !%erg cm~3, so
that the total energy of the wind is dominated by its kinetic energy.
The luminosity was included as a boundary condition in the
implicit step of the solver through the innermost boundary of the
domain. This was estimated using the fallback rate through equation
(12), and therefore is a time-dependent function. As our code allows
the motion of the domain along the radial direction we had to take
into account potential changes in the radius where both the wind

and irradiation are injected. This was handled considering that the
wind is continuously blown from a fixed radius, and tracking the
potential time difference it takes to arrive to the innermost radial
boundary. We also ensured that the stream structure was far enough
to this boundary throughout the whole simulation. Additionally, we
took into account energy degradation due to adiabatic expansion
only if the wind was dense enough for trapping the radiation in it.
This was taken into account adding an extra factor (re/rin)~?? to the
injected luminosity, where 7, corresponds to the trapping radius, that
is, the radius at which the diffusion time-scale equates the dynamical
time-scale (Piro & Lu 2020; Calderén et al. 2021).
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Table 1. Simulated models and parameters.

Model log ( MM—g ) i n fmn Init. res.
)] ) 3) “) (%) (6)
M60 6.0 90° 0.1 0.5 5122
M65 6.5 90° 0.1 0.5 5122
M70 7.0 90° 0.1 0.5 5122
M75 75 90° 0.1 0.5 5122
M60-701 6.0 90° 0.01 0.5 5122
M70-501 7.0 90° 0.01 0.5 5122
M60-i45 6.0 45° 0.1 0.5 5122
M70-i45 7.0 45° 0.1 0.5 5122
M60-i0 6.0 0° 0.1 0.5 5122
M70-i0 7.0 0° 0.1 0.5 5122
M60-19 6.0 90° 0.1 0.9 5122
M70-f9 7.0 90° 0.1 0.9 5122

Notes. Column 1: the name of the model. Column 2: black hole mass M.
Column 3: inclination i between the orbital plane of the disrupted star and the
black hole spin. Column 4: accretion efficiency n. Column 5: fraction of the
bound mass that is either accreted or goes into the disc outflow f,,. Column
6: initial resolution in the radial N, and polar Ny directions.

3.4 Models

We investigate models whose parameters would maximize the
deviations from the standard scenario. Table 1 shows the parameters
of the 12 models explored in this work. All models consider a Solar-
like star, that is, m, =1 Mg and R, = 1 Ry, being disrupted by
a black hole with a spin parameter a, = 0.9 in an encounter with
B = 1, and assuming that a small fraction of the bound material is
accreted fi, = 0.1. The choice of fixing the spin parameter to high
value was motivated due to the fact that smaller values cause only
small precession out of the orbital plane. As a result, the stream
remains roughly aligned with it. This fact is discussed further in
Appendix A. Thus, the parameters studied are black hole mass M,
inclination of the orbital and black hole spin inclination i, accretion
efficiency 7, and stream mass fraction (1 — f). It is important
to remark that we ensured that the pericentre of the disrupted star
was larger than the corresponding IBSO radius in every model. The
resolution of the simulations initially considered 512 spatial elements
in each dimension logarithmically and linearly spaced along the
radial and polar directions, respectively. However, as the moving
mesh of JET adapts during the simulation the typical resolution along
the radial direction was about ~1000 elements. Each model was
simulated for at least 1000 d, which had a computational cost of
approximately 9000-18 000 cpu hours depending on the parameters
of the model. The calculations were performed at the Barbora cluster
at the IT4Innovations National supercomputer center in Ostrava,
Czech Republic.?

4 RESULTS

In this section, we present the results of the simulations discussing
their evolution, the light curves generated, and describing the impact
of the main parameters studied. The fiducial set of simulations
consider M, = 10%%, 1053, 107°, and 107> Mg, i = 90°, n =
0.1, and f;, = 0.5. Thus, we describe these models, and then we
discuss the impact of modifying these parameters.

Zhttps://www.it4i.cz/en/infrastructure/barbora
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4.1 Radiation hydrodynamic time evolution
4.1.1 Model M60

The complete evolution of the model M60 is shown through density p
and module of radiative flux |F,| maps in Fig. 5. Each panel contains
twice the complete domain of the simulation (left- and right-hand
sides of the circles), in order to display both density and radiative
flux simultaneously. The quantities are shown in logarithmic scale
while the spatial scale is linear with its minimum and maximum
extensions, that is, 7y, and rmax, Which are shown in the lowermost
region of each panel. Figs 5(a)—(f) display maps at times t =0, 0.15,
0.9, 6.21, 99.9, and 398.01 d. Notice that both the spatial and colour
scales change significantly over time due to the radial motion of the
mesh.

At the beginning of the simulation (# = 0), the density is negligible
in the medium except along the orbital plane of the disrupted star,
where the density is more than 10 orders of magnitude larger (see
Fig. 5a). As the radiation energy density was initially set to a low
value the magnitude of the radiative flux is very small as well
(<10™* erg cm™2 s~!). Once the simulation starts, it can be seen
how the wind is being launched from the inner boundary, although
it is still less dense than the tidal stream (see Fig. 5a). The injected
radiation manages to propagate quickly filling most of the domain,
as at this stage the wind is completely optically thin. However, this
is not the case along the stellar stream, where radiation is forced to
diffuse through it at a much slower speed, which can be seen as a
shadow in the radiative flux map (see Fig. 5b). Over time-scales of
a couple to 10d, the evolution remains stationary (see Figs Sc and
d), that is, the wind keeps being blown and travels outwards without
impediment. Despite its collision with the stream the ram pressure
of the wind is not strong enough to accelerate it. In this regime, the
radiation has not had enough time to penetrate the dense stream yet
and the absence of radiation in the stream is still noticeable. At z &~
100 d, both the wind density and luminosity are close their maximum
value given by the peak in the fallback rate (see Fig. 4). As a result,
the wind is much denser and has enough ram pressure to push the
stream outwards, although not as fast as the free wind. This can be
seen as a bipolar outflow with a wide opening angle, deviating from a
spherically symmetric wind (see Fig. S5e). Nevertheless, the radiative
flux is isotropic at large scale as radiation has managed to diffuse
isotropically regardless the presence of the stream, which at this scale
is significantly smaller. At longer time-scales (¢ 2 400 d), radiation
has already filled the dense stream and the map looks completely
isotropic (see Fig. 5f). In summary, the structure of the outflow is
affected by the presence of the stream over the entire evolution, but
the radiation is only affected during the early phase of the event ( <
100 d).

To analyse the evolution along different lines of sights, we present
radial profiles of the most relevant variables along 6 = 0° (polar
direction) and 8 = 90° (equatorial direction) in Fig. 6, which are
shown as dashed and solid lines, respectively. From upper- to bottom-
most each row of panels show density, radial velocity, temperature,
and magnitude of radiative flux, while from left- to right-hand side
columns display same simulation time # = 0, 6.21, and 398.01 d.
Notice that the chosen sampling times coincide with the maps in
Figs 5(a), (d), and (f). These allow us to illustrate the phases of the
evolution for observers along two extreme lines of sight. Initially,
the density profile is very different along both lines of sight due
to the presence of the stream along 6 = 90° (see uppermost left-
hand side panel of Fig. 6). The rest of the variables were initialized
identical along 6: radial velocity and radiative flux are negligible
in the initial conditions but both temperatures, matter and radiation,
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Figure 4. Fallback rates and accretion luminosity of a Solar-like star
disrupted by a black hole of mass 10® M, (solid blue line), 10%° Mg, (dashed
orange line), 10”" My, (dashed—dotted green line), and 107> My, (dotted red
line) with parameters § = 1 and e = 0.99. The stellar density profile was
modelled as a polytrope with n = 1.5. The fallback rate was computed using
the approach by Lodato et al. (2009). The luminosity was computed using
equation (12).

are in equilibrium at 10° K (see left-hand side column of Fig. 6),
where the temperature of radiation is defined as T, = (E,/a,)"*. After
a couple of days, differences can be spotted along the lines of sight
(see central column of Fig. 6). Shocks develop at different locations
depending on the line we consider. Along 0 = 0°, the free expansion
of the wind at high speed compresses the background material and
heats it up to 10~107 K. The location of the shock is at ~5 x 10'* cm
att = 6.21 d and can be seen as a sudden drop in the density profile.
However, the encounter of the wind with the dense stream heats up
the material in its inner boundary to ~10% K that cannot propagate
as fast as the free wind region. Additionally, it is possible to see that
the outermost part of the wind along 6 = 0° has been accelerated
due to the action of the radiation at earlier times. This also can be
seen along 6 = 90°, but to less extent due to the presence of the
stream. Only at later times (¢ 2 400 d), the stream has been displaced
outwards significantly (see right-hand column of Fig. 6). This has
caused the stream to expand, decrease its density and its outermost
parts have become optically thin. Here, it can be observed that only
in the densest region of the stream the radiative flux decreases, but
the rest coincides with the radiative flux along 6 = 0°. Therefore, at
this phase the source has become isotropic despite the presence of
the remnant of the stellar stream.

4.1.2 Model M75

The evolution of density and radiative flux of the model M75 is
shown in Fig. 7, which is completely analogous to Fig. 5. The main
difference in this setup corresponds to the mass of the black hole that
impacts directly the density distribution in the initial condition (see
Fig. 3) as well as the wind and radiation injected (see Fig. 4). Fig. 7(a)
displays the initial state of the simulation, where the complex density
structure is a product of the precession of the stellar stream. Notice
that the domain samples a larger spatial scale, as the massive black
hole has a larger tidal radius.

Effect of precession on light curves of TDEs

2575

Once the simulation starts, most of the wind interacts with the
surrounding structure, as it covers a significant fraction of the solid
angle (see Fig. 7b). The radiation fills the entire domain very quickly,
even penetrating and going through the stellar stream. This is a
consequence of the material being more diluted at larger scales, as
the total mass in the stream is the same but distributed over a bigger
volume. Therefore, more coverage of the solid angle due to the stream
implies less dense regions in the stream. Nevertheless, radiation still
needs to diffuse at a slower speed when passing through the stream as
its structure still can be recognized in the radiative flux maps, which
implies an attenuation of the escaping radiation from the system (see
Figs 7b and c). At longer times, the wind has expanded to large radii
along the poles but the stream remains unaffected at larger scales due
to the weak ram pressure of the wind (see Fig. 7d). In this case, the
fallback rate is smaller and reaches its peak at later times (¢ =~ 300 d).
Thus, significant hydrodynamic impact of the wind on the stream
takes place at later times. Indeed at ¢ > 100 d, the wind manages to
push the stream outwards to larger scales, yet the overall structure is
closer to a bipolar configuration rather than to a spherical structure
(see Fig. 7e). At this phase, the wind and stream are not dense enough
to impact significantly the spherical symmetry of the radiative flux
at these scales. In the final phase (¢ 2 400 d), the stream continues
to travel outwards due to the action of the wind. As a result, this is
diluted even further and the source can be seen completely isotropic.

The detailed evolution of the model along extreme lines of sight
is shown in Fig. 8, which is also analogous to Fig. 6. The main
features of the evolution can be seen in the density and radiative
flux evolution, displayed in the upper- and bottom-most rows. The
density profiles along & = 0° and 90° show the former as a simple low-
density decay and the latter as a much denser structure caused by the
precessed stream. Once wind and radiation are injected through the
innermost boundary, the wind tries to sweep the medium despite not
having enough momentum for displacing the stream during the initial
phase. Regardless, shocks are formed at the maximum extension of
the wind, which can be seen in the middle column of Fig. 8: at r &~
10" cm along # = 0° and r &~ 5 x 10'3 cm along 6 = 90°. In the
density profiles, this is seen as a small increase in the density, while
in the temperature profiles it is seen as sharp increases in the matter
temperature. Notice how the velocity structure is different along each
line of sight. The free expansion of the wind along 8 = 0° allows
a constant speed of the wind but along 6 = 90°, the wind stopped
moving outwards due to the inertia of the stream. At this stage, the
stream manages to attenuate the radiation, as it needs to diffuse in
order to go through it. However, this only occurs at the parts of the
stream that are close to pericentre, that is, at smaller scales as the
stream is not as dense at further radii. This can be observed as the
radiative flux along 6 = 0° and 90° tends to agree for r > 10'* cm
at this stage. In the last phase (¢ 2 400 d), the wind has swept the
material in the stream along 6 = 90° and formed a dense, thick shell
kept at high temperature (see right-hand column of Fig. 8). It is also
possible to see that this shell moves at u, ~ 10° cm s~!, which is
roughly one-third of the speed of the wind. Additionally, both the
wind and stream are completely transparent as the radiative flux is
identical along both lines of sight, explaining the isotropy of the
source at large scale.

These two models summarize both extremes of the impact of the
surrounding stellar stream on the TDE evolution in the case of the
fiducial models. On one hand, low M, sets the time-scale of the event
and keeps stellar stream on the orbital plane. If the stream is confined
on the orbital plane its density is maximized, which makes more
difficult to push it outwards and for radiation to penetrate through
it. As a consequence, the evolution differs significantly along 6 =
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Figure 5. Evolution of density and radiative flux maps of model M60. Each panel contains the entire two-dimensional domain duplicated in order to show
density p and magnitude of radiative flux |F;| on a single panel. The minimum and maximum radial extensions of the domain at a given time, that is, rmi, and
rmax are included below each panel. From the upper left to the lower right panel, the simulation time of each panel are r = 0, 0.15, 0.9, 6.21, 99.9, and 398.01 d.
The asymmetric feature observed above the equator is a result of the precession that changes the density distribution of the stream, since the model M60-i0
remains symmetric (see animations in Supporting Information).
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Figure 6. Radial profiles of density (upper row), radial velocity (second row), temperature (third row), and radiative flux (lower row) of model M60 along the
polar and equatorial directions. Dashed and solid lines show the variables for 6 = 0° and 90°, respectively. Panels along the same column show the variables at
simulation times t = 0, 6.21, and 398.01 d, which coincide with the maps of Figs 5(a), (d), and (f), respectively. Matter and radiation temperatures are displayed
in orange and green lines, respectively. Notice how the domain samples different spatial regions throughout the simulation due to JET moving-mesh capability.

At t = 0, the radiative flux is zero across the domain.

0° and 90°, and such differences may last for hundreds of days. On
the other hand, a higher black hole mass allows the stellar stream
to precess out of the orbital plane creating a complex structure.
However, the mass in the structure is the same fraction of the stellar
mass but distributed over a larger volume. Therefore, the impact of
the structure on the wind and radiation of the event affects a larger
solid angle but only at the early times of the evolution due to the lower
density of the structure especially at larger scales. As this work aims
to characterize the impact of the precessed stream on the light curves
we opted for not to include a detailed description of the radiation
hydrodynamic evolution of the rest of the simulations. However,
the Supporting Information of the article contains animations of the
density and radiative flux maps of all the models analogous to maps
shown on Figs 5 and 7.

4.2 Light-curve analysis

We proceed to study the light curves generated from each simu-
lation. To estimate the total radiated luminosity, first we map our
two-dimensional model into three dimensions assuming azimuthal
symmetry. Then, we identify the photosphere location for each polar
element integrating the optical depth along radial component to find
Tph SO that T(r = rpy) = 2/3. The observed luminosity for a given
line of sight 6,5 Was calculated integrated the radiated power over

the whole photosphere weighing the contribution of each surface
element by cos (8 — Obs). The result is the observed luminosity along
a given line of sight as a function of time L = L(O s, t). Additionally,
we calculated the expected light curve for the wind and radiation
injected using the semi-analytic approach developed by Piro & Lu
(2020), assuming that the opacity source is dominated by electron
scattering. The mass-loss rate and luminosity used were the same as
in the simulations. It is important remark that this calculation does
not consider the presence of a surrounding medium as it assumes
a spherically symmetric system. The results are presented in the
following subsections, describing the impact of the parameters of
the models: black hole mass My, inclination i, accretion efficiency 7,
and mass fraction fy,.

4.2.1 Fiducial models: impact of black hole mass

The simulated light curves from the fiducial models M60, M65,
M70, and M75 are shown in Fig. 9. The observed luminosities along
different lines of sight 84,5 = 0°, 30°, 60°, and 90° are represented
with solid yellow, dashed beige, dotted—dashed grey, and dotted blue
lines, respectively. The semi-analytic light curve L,, is also included
as a solid black thin line. Panel (a) contains the results computed
from model M60, where it is possible to see the same qualitative
shape of the light curves. However, smaller values of the line-of-
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Figure 7. Analogous to Fig. 5, but for model M75, that is, with a black hole of My, = 107> Mg,
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Figure 8. Analogous to Fig. 6, but for model M75, that is, with a black hole of My, = 1073 Mp.

sight angle display a larger luminosity during the first half of the
evolution (~500 d). This is a consequence of the presence of the
stellar stream only on the orbital plane. Thus, both wind and radiation
do not encounter resistance while travelling for lines of sight closer to
the poles. On the contrary, for an observer along the plane radiation
do not travel directly, at least initially as it must diffuse through
the stream. Overall the differences are small (~10 per cent) across
different lines of sight. Although there is an exception during the
first tens of days of the event. Here all light curves show a bump
with an amplitude of at most ~20 per cent for 6,ps. Such features
are due to the wind hitting the stellar stream for the first time that
heats up the dense material in the innermost edge of the stream.
This generates a transient bright flash that escapes more easily along
smaller line-of-sight angles but it is quickly attenuated due to the
wind becoming denser with time and trapping the radiation. The main
difference between the simulated and semi-analytic light curves is
due to the assumption of electron scattering being the only source
of opacity. In the simulations, more opacity sources were considered
that take into account, for instance, the absorption processes. As
a result, the radiation heats up the dense wind, and even manages
to accelerate it to higher velocity than the launching speed (see
Fig. 6).

The light curves of model M65 show a very similar behaviour
to model M60 (see Fig. 9b). In this case, the precession of the
stream also acts only on the orbital plane, causing the same line-
of-sight effects on the light curves as in the model M60. However,
the difference is that the outflow is less dense and, therefore the

attenuation is smaller around the peak, which results into a better
agreement with the semi-analytic model.

In the case of model M70, the light curves show their peaks
at different times, being later for higher line-of-sight angle. This
is a result of the complex structure around the black hole due to
precession out of the orbital plane that acts blocking and attenuating
the radiation over a wider opening angle rather than solely along the
orbital plane. For 0, = 0° the light curves matches the analytic
model due to the lower density of the wind, which is not enough to
be accelerated by the radiation or to absorb significant energy from
the wind. The only exception occurs at early times (¢ < 10 d), where
the collision of the wind and the stream generates a bright transient
feature. Increasing 6, the radiation encounters directly the stream
that is distributed over a larger polar angle (see Fig. 3). Once the light
curve along 0,,s = 90° reaches its maximum (¢ &~ 250 d), the source
has become approximately isotropic.

For larger My, the impact of the surrounding medium on the light
curve is confined only to the very early phase (+ < 100 d). This is
a direct consequence of the higher precession of the stream out of
the orbital plane distributed the stellar material over a larger volume
resulting in smaller density. In Fig. 9(d), it can be seen that light
curves are attenuated up to 50 per cent relative to L,,, regardless of
line of sight. The fact that the stellar stream covers a wide solid angle
only allows radiation to escape in direction of a small vicinity around
the poles (see Fig. 7). As a result, the observed luminosity differs
significantly from the expected light curve until radiation manages
to go through the stream. It is important to bear in mind that a more
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Figure 9. Simulated light curves computed from models (a) M60, (b) M65, (c) M70, and (d) M75. Lines of sight O,ps = 0°, 30°, 60°, and 90° are represented
with solid yellow, dashed beige, dotted—dashed grey, and dotted blue lines, respectively. The solid thin black line shows the semi-analytic model of the expected
light curve of the event without surrounding medium following Piro & Lu (2020). The lower part of each panel shows the relative difference between the

simulated light curves and the semi-analytic calculation.

massive black hole sets a larger length-scale for the event, which
translates into a less dense stream in general. Thus, although its
impact onto the observed light curves is more significant it occurs on
relatively shorter time-scales.

Through the analysis of varying the black hole there is one
additional relevant aspect. Notice that the location of the peak of these
light curves does not seem to depend significantly on the observer
angle with the exception of model M70. This feature can be explained
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as a result of two competing effects caused by varying the black hole
mass that are maximized in the case of M70. On one hand, more
massive black holes cause precession to be more significant outside
of the orbital plane. As a result, more lines of sight encounter the
stellar stream, which in principle causes more light attenuation. On
the other hand, the density of the stream is smaller if more precession
takes place as the same mass is distributed over a larger volume.
This decreases the attenuation of the light going through the stellar
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Figure 10. Simulated light curves computed from models M60-1701 (left-hand side) and M70-n01 (right-hand side). Panels are analogous to panels in Fig. 9.

stream. Thus, there is an optimal black hole mass vicinity where
the attenuation is relevant and, at the same time affects a significant
amount of lines of sight for long enough time-scales. That is why for
more massive black holes we do not observe the extra attenuation
around the peak but only during the rising to peak regime. While for
less massive black holes we do observe extra attenuation but it does
not affect many lines of sight.

4.2.2 Low accretion efficiency: n = 0.01

The accretion efficiency determines the accretion luminosity of the
event, hence a smaller value decreases the luminosity of the event
(see equation 12). As the kinetic energy of the outflow remains the
same (see equation 14) its relative power increases, which results into
a clear observational signature during the early phase of the event.
Fig. 10 shows the simulated light curves computed from the models
with n = 0.01: M60-101 (left-hand side) and M70-101 (right-hand
side). The panels are completely analogous to panels in Fig. 9 in
order to make comparisons more easily.

Here, it can be observed that model M60-101 displays a clear peak
around ¢ &~ 30 d, deviating from the expected light curve (see left-
hand side panel of Fig. 10). Notice that the peak amplitude is large
with decreasing 6 45, reaching ~40 per cent more relative to L,,. This
feature is caused by the collision of the outflow with the inner edge
of the stellar stream. The radiation generated can escape easily with
lower line-of-sight angles due to the presence of the dense stream
only on the orbital plane. Immediately afterwards, the wind becomes
dense trapping both the injected and generated radiation attenuating
quickly the observed luminosity across all lines of sight but especially
at O, = 90°. At later times, these light curves reproduce better the
semi-analytic estimate, especially the one along 0., = 0°. This is
a direct consequence of the lower luminosity, as radiation pressure
is not strong enough to accelerate the wind further. Thus, radiation
exerts less work, causing most energy to remain in radiation and
finally to propagate outwards.

In the case of M70-101 (right-hand side panel of Fig. 10), a peak
is also present at the beginning of the simulation but is qualitatively

similar to the one observed in model M70 (see Fig. 9c). The higher
relative amplitude of the peak is simply a consequence of the larger
relative magnitude of the kinetic energy with respect to the injected
luminosity, when compared to the fiducial case. As a consequence,
the light curves across all lines of sight are in some cases more
luminous than L,,, especially at 6,5 = 0°. The rest of the evolution
is analogous to the fiducial model.

4.2.3 Impact of inclination: i = 0°, 45°, and 90°

So far, we have explored models with extreme inclinations in order
to maximize the precession out of the orbital plane. Now, we proceed
to analyse cases with moderate to no inclination, and compare them
to the fiducial models. Fig. 11 shows the simulated light curves
computed from models M60, M60-i45, M60-i0 (left-hand side), and
M70, M70-i45, M70-i0 (right-hand side). Light curves of models
with i = 0°, 45°, and 90° are shown with black, yellow, and purple
lines, respectively; and were computed for lines of sight O, =
0°(solid lines) and 6, = 90° (dashed lines).

Models with M, = 10° M, (left-hand side panel of Fig. 11) do
not show significant differences when comparing light curves for a
given line-of-sight angle. This behaviour is expected since inclination
plays only a minor role in the outcome of the precession of the stellar
stream for a black hole mass of ~10° M. However, small differences
around the peaks of the light curves for 6,5 = 90° are observed. We
attribute this to different outcomes of the precession on the orbital
plane that can result into different radial density distributions within
the stream depending at the location where the stream collides with
itself. For instance, if the self-intersection of the stream occurs closer
to the pericentre the density will be enhanced in this region, which
can have impact on the earlier stages of the light curve and vice-
versa. None the less, in general the impact is very small for a TDE
involving a black hole of this mass.

In the case of models with M; = 10”7 Mg (right-hand side
panel of Fig. 11), only light curves observed along 6,,s = 90° are
affected to different extent depending on the inclination. Specifically,
increasing the inclination the stellar stream precesses out of the
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Figure 11. Simulated light curves computed from models M60, M60-i45, M60-i0 (left-hand side) and M70, M70-i45, M70-i0 (right-hand side). Different
inclination models i = 0°, 45°, and 90° are shown as black, yellow, and purple lines, respectively. Additionally, the lines of sight 6,5 = 0°and 90° are

represented with solid and dashed lines.

orbital plane covering a larger solid angle, causing extra attenuation
of the escaping radiation at earlier times. As a result, the peak of
the light curve is shifted by ~50 d and the event remains slightly
brighter afterwards for ~100 d. Nevertheless, if these events are
observed along lines of sight close to the polar directions all light
curves look indistinguishable.

4.2.4 More accretion and massive wind, less massive stream.:
f,=0.9

So far we have assumed that half of the bound mass remains in the
stellar stream and the other half falls onto the black hole. In this
section, we analyse the impact of this assumption through exploring
the scenario, where only a small fraction of the bound material
(10 per cent) stays in the stellar stream and the rest is accreted
or launched as a wind. Fig. 12 shows the light curves computed from
models M60 and M60-/9 (left-hand side panel), and M70 and M70-
/9 (right-hand side panel). In both panels, solid and dashed lines
represent models with f;, = 0.5 and 0.9, respectively; while lines of
sight are shown in colours black (6, = 0) and orange (6ps = 90°).

Before analysing the effect of f;,, it is necessary to bear in mind
that the accretion luminosity is proportional to this parameter (see
equation 12) as well as the density of the outflow and, therefore the
potential attenuation of the escaping radiation. Thus, it is not obvious
that the observed luminosity will indeed be higher in this case as the
outflow is also denser, which may attenuate to a higher degree the
injected luminosity. In the left-hand side panel of Fig. 12, it can be
seen that indeed models with M, = 10° Mg, and f,, = 0.9 display
larger observed luminosities with respect to the fiducial scenario.
This means that the net effect of increasing f;,, makes the luminosity
brighter despite the denser wind. Furthermore, the less dense mass
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in the stream decreases the deviations between observing the event
either along the pole or orbital plane as expected. In the right-hand
side panel of Fig. 12, it is observed that a larger value of f;, also
produces a brighter event but the effect of the surrounding stream
is different with respect to the fiducial case. In this case, the stellar
stream blocks part of the radiation of the event during the initial rise
when observed along 6,,s = 90° in the same way than in the fiducial
model. Nevertheless, the behaviour of the light curves around the
peak differ, as the light curve along 6., = 90° reaches a higher
maximum ~50 d later than the peak along 6,,; = 0°. Less mass in
the stream reduces the optical depth along the lines of sight that cross
it, as a result the radiation generated in the collision of the outflow
and the innermost part of the stream can diffuse faster with respect
to the fiducial case. The rest of the evolution of the light curve is
analogous along both lines of sight.

In summary, the surrounding stellar stellar stream can modify two
aspects of the TDE light curves: (i) the absence or presence of an
extra early peak, and (ii) the attenuation excess during the initial
rise that could result into a delay of the expected peak in 50-100 d.
Fig. 13 shows an schematic representation of these two extremes,
their impact on the light curves, and the required conditions for
these to take place. Events involving less massive black holes (M}
~ 10° Mg) and low accretion efficiency (n ~ 0.01) maximize the
presence of the extra early peak. This peak is powered by the collision
of the outflow with the innermost side of the stellar stream, and its
emission is more easily observed due to the higher relative power
with respect to the TDE itself with low accretion efficiency. The
amplitude of the peak is larger when observed at lower line-of-sight
angle (fos = 0°), as larger angles will encounter part of the stream
that would block the emission, especially during the initial phase. On
the other hand, events with more massive black holes (M, > 10" M),
high accretion efficiency (1 ~ 0.1), and non-zero inclination increase
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Figure 12. Simulated light curves computed from models M60, M60-f9 (left-hand side), and M70, M70-/9 (right-hand side). Mass fractions f, = 0.5 and 0.9
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Figure 13. Schematic representation of both extremes of the impact of the surrounding stellar stream on TDE light curves. Models with My, ~ 10° M, and 7
~ 0.01 show light curves with an early sharp peak due to the interaction of the wind and the innermost part of the stream. Models with My, > 107 Mg, i ~ 90°,
and n ~ 0.1 generate light curves whose peaks are delayed 50100 d depending on the properties of the event and line-of-sight angle. This is a result of the tidal
stream covering a large solid angle that attenuates and blocks the radiation of the event, especially during the initial rising phase.
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the effect of the early attenuation and peak delay. The impact is
maximum when observed along 6,,s = 90°, decreases for smaller
angles, and disappears along 6,,s = 0°. An important caveat is that
in the case of high-mass black hole, the conclusion holds only if
they are rapidly rotating (a, = 0.9). This feature is key to produce
significant precession of the stream out of the orbital plane that is
the responsible for spreading it over a larger solid angle, producing
the attenuation in the early phase and the delayed maximum in the
light curve. TDE:s in black holes rotating more slowly will also show
these signatures in their light curves but to less extent.

5 DISCUSSION

In this section, we discuss implications on observations, and limita-
tions of the model and approach.

5.1 Observational implications

Our simulations predict two potentially observable signatures in light
curves as a result of the interaction between the TDE luminosity and
wind with the tidal stream. On one hand, there could be an early peak
that would be more prominent in the case of low accretion efficiency
and relatively low-mass black holes. On the other hand, the rise to
peak of the light curve could be attenuated causing a delay in reaching
its maximum, provided that both the inclination and black hole mass
are large. Hence, it is sensible to wonder whether or not such features
could be recognized in observed light curves.

The predicted early peak seen in the synthetic light curves has
an amplitude comparable to the main maximum, and has a short
duration <30 d (see left-hand side of Fig. 10). To date, there are
have been cases of light curves that show a re-brightening after the
first peak (e.g. Dong et al. 2015; Leloudas et al. 2016; Godoy-Rivera
et al. 2017). However, Godoy-Rivera et al. (2017) did not report any
sign of interaction between the ejecta with the surrounding medium,
which is typically inferred from the presence of narrow emission
lines. Additionally, they reported that the re-brightening occurred in
ultraviolet bands, and not in visible bands. Thus, it is hard to relate
such a feature with the prediction of our model. Nevertheless, this
fact does not necessarily rule out this scenario, as a high accretion
efficiency (n ~ 0.1) is enough to bury this early peak under the
intrinsic luminosity of the event.

The attenuation and delay on reaching the maximum brightness
are effects that may introduce more uncertainties into the analysis
of light curves. We have shown that the amount of light obscuration
and its duration depend largely on the black hole mass, and varies
with line-of-sight angle. Although this is a clear prediction from the
model, it might be difficult to identify it in observed light curves
since a delay in reaching the maximum might also be attributed
to other effects such as the relativistic precession itself or the disc
formation. Hence, in practice this will add more uncertainty in light-
curve modelling rather than an easily recognizable feature caused by
the wind—stream interaction.

5.2 Limitations
5.2.1 Two-dimensional approach

The simulations were performed by solving the two-dimensional
radiation hydrodynamic equations in spherical coordinates, assuming
azimuthal symmetry. This approach was chosen in order to be able
to explore a wide range of parameters of the problem without a high
computational cost. Sampling the three-dimensional tidal stream into
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a two-dimensional domain has two main effects. First, it dilutes the
mass in the stream by a factor 27, which reduces the density and may
affect the optical depth of the stream. Second, it increases the solid
angle covered by the stream in the sky of the black hole, so that more
line-of-sight angles will hit the stream when observing the event. In
reality, therefore the stream should be denser and cover a smaller
solid angle in comparison with our simulations. As a result, we
expect that three-dimensional models would show more pronounced
features in their light curves due to the interaction between the wind
and the tidal stream but such effects may have a stronger dependence
on the line-of-sight angle. To properly quantify this issue, three-
dimensional simulations must be developed, which we leave to a
future work.

5.2.2 Grey approximation

To date, most TDEs have been detected in optical wavelengths, some
of these show X-ray emission, and others have been detected only in
X-ray (e.g. Gezari 2021). Unfortunately, it is not clear yet how and
where the emission is generated as there is discrepancy on the inferred
radii at which the radiation is produced. Our models were carried
out under the grey approximation, that is, only frequency-integrated
radiation. On one side, this choice is based on simplicity due to the
high computational cost and complexity of performing multigroup
radiation hydrodynamics. Additionally, since our model is agnostic
about how the radiation is generated we decided not to investigate this
aspect further, as our main goal was set to quantify the impact of the
wind and luminosity with the tidal stream. In this context, our result
should be interpreted as guidelines to investigate further aspects of
this scenario namely the radiation generated at different locations
from the event or even the impact on the multigroup emission.

6 CONCLUSIONS

We have investigated the effect of relativistic precession on TDE
light curves. To this end, we developed a set of moving-mesh
radiation-hydrodynamic simulations of the interaction between TDE
luminosity and disc wind with the leftover of the tidal stream wrapped
around the black hole. The model assumes that both luminosity and
wind follow the fallback rate of a polytrope. We investigated models
involving rapidly spinning (a ~ 0.9) supermassive black holes with
masses in the range 10°-107° M. Each model was simulated for
a duration of at least 1000 d. The simulations show that in all cases
the wind structure is affected by the presence of the tidal stream,
being forced into a bipolar shape rather than retaining its original
spherically symmetric shape with which it is launched. The opening
angle of the outflow depends on the ability of the tidal stream to
precess out of the orbital plane, and is therefore smaller for massive
black holes with high inclination, and larger for black holes with
smaller masses or small inclination.

We estimated light curves for different lines of sight for each
simulated model. This analysis allowed to us to quantify the impact
of the accretion efficiency, inclination, black hole mass, and the
amount of mass assumed to be in the surrounding stream. From
this, we were able to identify two cases based on the properties
of the event and the signatures imprinted in their light curves (see
Fig. 13): (i) events involving black holes with M}, ~ 10° M, and low
accretion efficiency (n ~ 0.01), and (ii) events with more massive
black holes with M, > 10" M, large inclination (i ~ 90°), and high
accretion efficiency (1 ~ 0.1). The former type of events have light
curves that show a fast and sharp peak before the maximum of the
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fallback rate is reached. This feature is produced by to the interaction
of the disc wind and the tidal stream innermost edge. Events with
higher accretion efficiencies also show this interaction and feature
but the lower power relative to the luminosity of the event hides it
below the main signal. The later class of events show light curves
that are attenuated during the initial rise due to the presence of the
precessed tidal stream. In this case, the effect is more pronounced
because a more massive black hole and a high inclination produce
a precession out of the orbital plane of the stream, which spreads it
over a larger solid angle. As a result, a wider range of line-of-sight
angles are affected by the stream blocking the radiation, generating
a delay of 50-100 d relative to the expected time of the light-curve
peak.

Although our models predict clear signatures on TDE light curves
we conclude that such features may be present in the observed light
curves but it might not be possible to identify them unambiguously.
The results of this work should be interpreted as a first approach
for constraining the effect of relativistic precession, as we have
worked under the grey and azimuthal symmetry assumptions. Our
results have allowed us to identify the potential observable features
under the most relevant cases, where precession can have the most
significant impact on the light curves. With this in hand, we can
proceed further to investigate such models with a more realistic, albeit
more computationally expensive setup, such as a three-dimensional
approach and/or multigroup radiation-hydrodynamics.
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APPENDIX A: IMPACT OF SPIN PARAMETER
ON THE INITIAL CONDITIONS

The black hole spin a, indeed plays an important role in shaping
the precessed stream around the black hole. If the black hole is
not spinning fast enough (a, ~ 0.5), the precession out of the
orbital plane occurs only for extreme values of both black hole
mass (My, ~ 107> M) and inclination (i ~ 90°). Fig. A1 illustrates
this fact as it shows the precessed stellar stream for cases with ay
= 0.5, different inclination i = 0°, 45°, and 90° along each row
(top to bottom), and different black hole mass M; = 10°, 10%3,
107, and 107> Mg, along each column (left- to right-hand side).
Notice that in this case most structures are aligned with the orbital
plane with the exception of the models with the highest mass and
inclination.
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Figure A1l. Analogous to Fig. 3, but for a, = 0.5. Two-dimensional (r, 8) density maps of the precessing TDE model for varying inclination i and black hole
mass My. Upper, central, and lower rows show models with inclination i = 0°, 45°, and 90°, respectively. Columns contain panels with a given black hole mass,
from left- to right-hand side M;, = 109, 1055, 107, and 107 Mg. Radial spatial scales are shown in units of Schwarzschild radii according to their black hole

mass, that is, Rsen = 2GMy/c?.
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