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ABSTRACT
In a tidal disruption event (TDE), a star is destroyed by the tidal field of a supermassive black hole.

The stellar debris is initially placed on highly elliptical orbits, and a longstanding question in TDE
theory is: How does the stellar debris circularize into a disc and accrete? The originally proposed
answer to this question is self-intersection shocks, where relativistic apsidal precession results in a
strong collision between the incoming and outgoing material. However, global simulations of TDEs
tend to find enhanced hydrodynamical dissipation prior to any intersections of the debris orbits, with
the material “fanning out” into a wide-angle and partially-unbound outflow upon passing through
pericenter. We show that this dissipation is numerical in origin and arises from a combination of 1) the
change in the kinematics of the debris as it passes through pericenter, with its velocity profile along the
stream transitioning from strongly diverging pre-pericenter to strongly converging post-pericenter, and
2) the dependence of numerical algorithms (viscosity switches for particle-based methods and Riemann
solvers for Godunov-based schemes) on the diverging vs. converging nature of the fluid. We support
this conclusion with analytical and numerical modeling. We discuss possible resolutions to these issues
as well as the implications of our findings in the context of observations.

Keywords: Astrophysical black holes (98); Supermassive black holes (1663); Black hole physics (159);
Hydrodynamics (1963); Tidal disruption (1696); Computational methods (1965)

1. INTRODUCTION
Tidal disruption events (TDEs) occur when a star is

torn apart by the tidal field of a massive black hole
(Hills 1975; Lacy et al. 1982; Rees 1988; Gezari 2021).
The stellar debris that is bound to the black hole is
placed onto highly eccentric orbits that – through sev-
eral poorly understood processes – forms an accretion
flow. Some of the accretion power likely generates out-
flows and some of it escapes as radiation (directly or re-
processed by surrounding gas) that we observe, as borne
out by numerous observations (e.g., Bloom et al. 2011;
Cenko et al. 2012; Gezari et al. 2012; Arcavi et al. 2014;
Alexander et al. 2016; Kara et al. 2016; Pasham & van
Velzen 2018; Holoien et al. 2019; Nicholl et al. 2019,
2020; Cendes et al. 2021; Horesh et al. 2021; Hung et al.
2021; Sazonov et al. 2021; van Velzen et al. 2021; An-
dreoni et al. 2022; Goodwin et al. 2023; Hammerstein
et al. 2023; Pasham et al. 2023; Yao et al. 2023; Christy
et al. 2024; Wevers et al. 2024; Ajay et al. 2025; Ho et al.
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2025; Sfaradi et al. 2025; Yao et al. 2025; Christy et al.
2026; Hammerstein et al. 2026).

Our basic understanding of TDE dynamics was set
forth by Hills (1975); Lacy et al. (1982); Rees (1988)
and is as follows: If the debris followed Keplerian el-
lipses without significant internal (i.e., fluid-dynamical)
dissipation, an elliptical disc would form with a small
range of pericentre distances and a large range of apoc-
entre distances. However, as the pericentres are typ-
ically tens of Schwarzschild radii, the orbits undergo
relativistic precession, leading the gas orbits to inter-
sect and shock. These shocks circularize the flow by re-
moving orbital energy but not angular momentum, and
the accretion flow is then expected to proceed in the
way envisaged in Shakura & Sunyaev (1973) for super-
Eddington flows, such that the mass flow rate on to the
black hole is maintained at the Eddington limit with the
remainder expelled in a disc wind.4

4 It is also possible that self-intersections lead to the ejection of
material, i.e., some of the shocked material is unbound at the
expense of more tightly binding other material (Jiang et al.
2016; Bonnerot & Lu 2020, but see Huang et al. 2024).
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Rees (1988) also discusses the possibility that the Ed-
dington limit is obviated by the accretion of low-binding-
energy, low-angular-momentum orbits that plunge � di-
rectly into the black hole, thereby releasing effectively
none of their orbital energy as they do so. How much
stellar debris is directly accreted in this fashion, accreted
through a disc-like flow, or expelled from the disc in a
wind (or from circularization shocks; see Footnote 4)
likely depends sensitively on the parameters of the TDE,
including the pericenter of the stellar orbit, the physical
properties of the star, and the black hole mass and spin.

Since these original works, there have been many at-
tempts to characterize these dependencies and under-
stand the overall efficiency of circularization, many of
which have been via three-dimensional hydrodynamical
simulations. There are some aspects of the “numerical
TDE problem” – TDE dynamics analyzed with three-
dimensional hydrodynamical simulations – for which
there is overall agreement in the literature, such that dif-
ferent codes with the same numerical methodology, and
different codes with different numerical methodologies,
yield the same answer. For example, the maximum ra-
dius at which a star is completely destroyed (e.g. Guillo-
chon & Ramirez-Ruiz 2013; Gafton et al. 2015; Mainetti
et al. 2017; Miles et al. 2020; Coughlin & Nixon 2022a)
and the energy distribution of the debris when the star
does not plunge too deeply within the tidal radius (e.g.
Lodato et al. 2009; Guillochon & Ramirez-Ruiz 2013;
Norman et al. 2021) are widely agreed upon.

But, there are aspects of the TDE problem that are
known to present difficulties for numerical simulations,
even at modern day resolution. For example, Norman
et al. (2021) and Coughlin & Nixon (2022b) showed that
SPH simulations of deeply plunging TDEs can include
substantial numerical error—even when 128 million par-
ticles are included—in the breadth of the debris energy
distribution and the amount of thermal heating incurred
by the gas.

Another example, which is the focus of the present
investigation, is the hydrodynamics of the stream as it
returns to pericenter: the debris stream expands pre-
dominantly radially and cools, connoting the idea that
the circularization and disc formation is initiated by
the collision of the geometrically thin, kinetic-energy-
dominated outgoing stream with the (also thin and cold)
incoming stream at effectively a single point. However,
while the dynamics of the incoming stream have been
found (numerically) to reflect this set of notions and an-
alytical predictions thereof (Kochanek 1994; Coughlin
et al. 2016), both finite-mass and finite-volume meth-
ods have found that the returning stream is substan-
tially thermodynamically and kinematically modified

(e.g., Lee & Kim 1996; Ayal et al. 2000; Bogdanović et al.
2004; Guillochon et al. 2014; Shiokawa et al. 2015; Ryu
et al. 2023; Steinberg & Stone 2024; Price et al. 2024)
upon passing through pericenter: the debris spreads lat-
erally into a wide-angle “fan,” it is significantly hotter,
and a fraction of it (Ayal et al. 2000 suggested as much
as 75% of the material initially bound to the black hole,
or � 37% of the material overall) is ejected on unbound
orbits.

There have been suggestions that all of these effects
are numerical in origin (Bonnerot & Lu 2022; Huang
et al. 2024), and that their magnitude depends on resolu-
tion has been directly demonstrated with Smoothed Par-
ticle Hydrodynamics (SPH). For example, Kubli et al.
(2025) presented a sequence of simulations ranging from
106 to 1010 particles, studying the return of the material
from a 5=3-polytrope (with a solar mass and radius) be-
ing destroyed a 106M � black hole (the same setup used
in, e.g., Bicknell & Gingold 1983; Evans & Kochanek
1989; Ayal et al. 2000). They found that the anomalous
fanning, or “spraying,” of the material as it returns to
pericenter is effectively absent at 1010 particles. The
same authors also showed that the total amount of dis-
sipation, i.e., the fraction of kinetic energy dissipated
through numerical viscosity, was converging in that it
declined monotonically with increasing resolution, but
had not yet converged.

Despite these strong intimations of the non-physical
nature of the anomalous dissipation recovered by numer-
ical methods, the precise reasons as to where and why
these methods fall short—both that SPH and grid-based
methods have struggled to achieve converged stream
properties near pericentre at extreme resolution—have
not been identified. It is our intent here to try to elu-
cidate, or at least shed some light on, the origin of the
numerical dissipation found in simulations of TDEs. In
Section 2 we develop an analytical model, which com-
bines past approaches and uses both Eulerian and La-
grangian techniques, to understand the hydrodynamic
properties of the stream as it returns to the black hole.
In Section 3 we use this model alongside hydrodynamical
simulations to assess the origin of the fanning and heat-
ing of the debris as it returns, which we argue stems
primarily from the diverging-to-converging and highly
supersonic nature of the velocity field along the stream
near pericenter, coupled with the dependence of fluid-
dynamical algorithms (specifically those for handling
multi-valued velocity fields) on these aspects of the flow.
We also assess the accuracy of these hypotheses with
SPH simulations, and show that when the � -viscosity
term is excluded from the SPH algorithm, there is no
spraying of the material. In Section 4 we discuss poten-
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tial solutions to these issues and approaches that have
been tried but lead to unphysical results, such as the
particle splitting method (Ayal et al. 2000 and Hu et al.
2026, see also Appendix 5), and we also demonstrate
that both outcomes envisaged by Rees (1988)—quasi-
circular accretion vs. near-parabolic infall—can be re-
covered from SPH simulations, depending on the parti-
cle number and the choice of viscosity parameters. We
summarize in Section 5.

2. ANALYTIC MODEL OF THE DEBRIS
HYDRODYNAMICS

The stream of debris resulting from a TDE evolves
non-trivially, owing to the continued post-disruption in-
fluence of pressure and self-gravity. This aspect of the
problem was highlighted by Kochanek (1994), who used
a Lagrangian approach alongside an affine prescription
for the transverse structure of the stream to study its dy-
namics under the influence of gas pressure, self-gravity,
hydrogen recombination, viscous effects, and relativistic
gravity. This same general methodology has since been
used by other authors (Bonnerot et al. 2022; Andalman
et al. 2025). In contrast, it was pointed out in Cough-
lin et al. (2016) that, since all the debris originates very
near the marginally bound (i.e., zero-Keplerian-energy)
radius, one can accurately treat the Eulerian velocity
along the stream self-similarly, such that the dynamics
depend only on time relative to the local dynamical time.
They then showed that the Eulerian density profile can
be recovered by considering the behavior of the stream
width, the evolution of which changes qualitatively in
the bound vs. unbound segments of the stream.

To understand the stream evolution, here we combine
these two approaches: we treat the stream as extending
purely radially from the black hole5 and assume that
the motion along the stream is purely kinematic and
dominated by the black hole’s gravitational field. Then
from Coughlin et al. (2016) we know that the velocity
field can be described self-similarly, i.e., we write

v = V (t)f (� ) ; � =
r

R(t)
; V (t) =

dR
dt

=

s
2GM �

R(t)
;

(1)
where v is the Eulerian radial velocity, M � is the black
hole mass, and R(t) is the marginally bound radius that

5 More generally, one can define the radial direction as a curvilin-
ear axis that extends in the direction of the maximum-density
curve, and curvature and centrifugal terms that incorporate
the finite angular momentum of the debris remain small until
the stream returns to near pericenter; see Coughlin (2023) for
more details.

satisfies (from the right-most equality in Equation 1)

R(t) = Ri

 

1 +
3
2

p
2GM �

R3=2
i

t

! 2=3

(2)

with Ri some scale radius that is comparable to the
tidal radius. This states that the velocity depends only
on the relative distance from the zero-energy-Keplerian-
orbit, R(t), which is a good approximation if the stream
starts out relatively localized (which it obviously does;
see Coughlin et al. 2016 for a comparison between this
solution and hydrodynamical simulations). Then the
equation for f (� ) that comes from the radial momen-
tum equation is

(f � � )
df
d�

=
1
2

�
f �

1
� 2

�
: (3)

We require the continuity of the velocity and its deriva-
tive at the marginally bound radius; the former yields
f (1) = 1 . This boundary condition establishes a critical
point in Equation (3), and using L’Hopital’s rule and
the fact that the velocity should increase with increas-
ing distance from the black hole (i.e., unbound material
is moving faster than bound) shows

df
d�

����
� =1

= 2 : (4)

These boundary conditions are sufficient to numerically
integrate Equation (3).

To establish the other properties of the stream, such as
its width and density profile (with both distance along
and perpendicular to the stream axis), it is more conve-
nient to adopt a Lagrangian description. The equation
of motion along the stream is then

@r
@t

����
r 0

= V (t)f (� )

)
@�
@�

����
� 0

= f � �; � = ln
�

R(t)
Ri

�
:

(5)

Here � 0 = r 0=Ri is the initial radial coordinate of a fluid
element relative to Ri , which satisfies 0:99 . � 0 . 1:01
for typical TDEs. We let the stream adopt a cylindrical
cross-section and assume the Lagrangian position r is
independent of the initial cylindrical distance s0, which
effectively removes the possibility of circulation in the
stream. We could relax this assumption and model the
latter effect perturbatively, but we expect its impact
to be small: bulk motion along the stream (i.e., inde-
pendent of initial cylindrical radius) should primarily
establish its hydrodynamical evolution. With these as-
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sumptions, the density is given by

� (s0; r 0; t) = � 0(s0; z0)
�

s
s0

� � 1 �
@s
@s0

� � 1 �
@r
@r0

� � 1

;

(6)
where � 0 is the initial stream density profile. We will
also assume that the stream behaves adiabatically,6 in
which case the pressure is established by entropy con-
servation:

p(s0; r 0; t) = p0(s0; r 0)
�

�
� 0

� 


= p0(s0; r 0)
�

s
s0

� � 
 �
@s
@s0

� � 
 �
@r
@r0

� � 


;

(7)

where p0 is the initial pressure profile and 
 is the adi-
abatic index of the gas.

Barring the assumption of the independence of r on
s0, the preceding expressions for the density and pres-
sure are general, and must be coupled to the Poisson
and cylindrical-radial momentum equations. We addi-
tionally assume that the motion is homologous in the
cylindrical-radial direction, such that

s(s0; r 0; t) = H (r 0; t)s0; (8)

where H (r 0; t) is a function that is determined from the
momentum equation in the cylindrical-radial direction.
We know that this parameterization is self-consistent
near the marginally bound radius (see Appendix A of
Coughlin 2023) and captures the bulk evolution of the
stream. Then the density and pressure are

� = � 0(s0; r 0)H � 2
�

@r
@r0

� � 1

;

p = p0(s0; r 0)H � 2

�

@r
@r0

� � 


:
(9)

The cylindrical-radial equation of motion contains
gradients in terms of s. Because we are not allowing
for circulation in the stream, it follows that

@r0
@r

=
�

@r
@r0

� � 1

;
@s0
@s

=
�

@s
@s0

� � 1

=
1
H

; (10)

and hence
@
@s

=
@s0
@s

@
@s0

=
1
H

@
@s0

: (11)

6 Radiative recombination heats the stream, moves fluid el-
ements to different adiabats, and can increase the stream
thickness relative to the adiabatic value by a factor of a few
(Kochanek 1994; Kasen & Ramirez-Ruiz 2010; Coughlin et al.
2016; Coughlin 2023; Steinberg & Stone 2024; Andalman et al.
2025), but these effects do not alter our conclusions.

The gravitational potential contains contributions from
the black hole and the gas, where the former is

� � = �
GM �p
s2 + r 2

)
@� �

@s
’

GM � s0H
r 3 ; (12)

and the final equality ignores terms of the order �
s3=r3 � 1. We will also let the initial density profile
be uniform for simplicity,7 such that � 0(s0; r 0) = � c, in
which case the self-gravitational potential satisfies

@�
@s

= 2 �G� cH � 1
�

@r
@r0

� � 1

s0: (13)

Finally, we assume that the initial pressure profile across
the stream is

p0(s0; r 0) = pc

�
1 �

s2
0

H 2
i

�
; (14)

where H i is the initial stream width and the quadratic
term is necessary to balance the self-gravitational force
(i.e., this is the leading-order in s0, self-consistent form
for the pressure profile across the stream; cf. Coughlin
& Nixon 2022b).

With all of this, the equation for H that follows self-
consistently (i.e., such that all dependence on s0 cancels)
is

@2H
@t2

�
2pc

� cH 2
i

H 1� 2

�

@r
@r0

� 1� 


= �
GM � H

r 3 � 2�G� cH � 1
�

@r
@r0

� � 1

: (15)

The first term on the left-hand side is the Lagrangian
acceleration of H (i.e., @=@tis the Lagrangian time
derivative), the second term on the left-hand side arises
from the pressure gradient, the first term on the right-
hand side is the tidal potential of the black hole, and
the second term on the right originates from the self-
gravitational field of the stream. H (r 0; t) is dimension-
less and satisfies H (r 0; t = 0) = 1 , i.e., the preceding
equation is dimensionally correct. Given that the mo-
tion along the stream was written in terms of � and � , it
is reasonable to use these same coordinates in our equa-
tion for H , which becomes

7 The uniform-density assumption can be trivially relaxed under
the present set of approximations, but the precise density pro-
file depends on the early non-self-similar stream evolution, the
finite angular momentum, and self-gravity along the stream,
and the uniform-density solution is sufficient for our purposes
here; see the discussion at the end of this section and the sim-
ulations in Section 3.1 that address the importance of the vari-
ation in the density along the stream.
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2 �H � 3 _H �
2pcR3

i
� cH 2

i GM �
H 1� 2
 e(4 � 
 ) �

�
@�
@�0

� 1� 


= �
H
� 3 �

2�� cR3
i

M �
e2� H � 1

�
@�
@�0

� � 1

: (16)

Here dots denote differentiation with respect to � .
To integrate Equation (16) we also require an initial

condition for the transverse velocity, i.e., _H (0). To this
end, we note that there is an exact, “equilibrium” solu-
tion to Equation (16) near the marginally bound radius,
where we can Taylor expand � as � = 1 + � 0e� (note
that this follows self-consistently from Equation 5, and
� 0 . R?=rt . 0:01, i.e., this is highly accurate at early
times), which is


 = 5=3;
pc

�G� 2
cH 2

i
= 1 ; H (� 0; � ) = e�= 2: (17)

Note that 
 = 5=3 should be accurate before and, to a
lesser extent, after hydrogen recombination (Andalman
et al. 2025), and the second relation is effectively the
one satisfied by hydrostatic balance in the original star,
i.e., these conditions should automatically be upheld to
high accuracy (this equilibrium solution was described in
Coughlin 2023, and is the one about which their pertur-
bation analysis was performed). Equation (17), and the
fact that it should be approximately satisfied in general,
then motivates the following simplifications and initial
conditions: let 
 = 5=3, let pc, � c, and H i be related
via Equation (17), and let H (0) = 1 and _H (0) = 1 =2,
implying that the stream begins in quasi-hydrostatic
balance effectively everywhere (i.e., when the stream is
still highly localized around the marginally bound or-
bit). With this set of conditions the equation for H is

2 �H � 3 _H +
H
� 3

= �

 

� e2� H � 1
�

@�
@�0

� � 1

+ H � 7=3e7�= 3
�

@�
@�0

� � 2=3
!

;

(18)

where

� =
2�� cR3

i
M �

(19)

is the ratio of the stream density to the “black hole den-
sity” M � =R3

i at the initial marginally bound radius. Be-
cause the fluid elements in the bound segment of the
stream eventually start to return to the black hole, the
stream width H (� 0; � ) will evolve in a way that is not
simply given by e�= 2, but that can nonetheless be de-
termined from the numerical solution to Equation (18),
given � (� 0; � ) from Equation (5).

From the solution for H (� 0; � ) we can assess its Mach
number and causal connectedness: the sound-crossing
time over the stream width is given approximately by

tsc =
2H i H

cs
=

2
p


�G� c
H 5=3e�= 3

�
@�
@�0

� 1=3

; (20)

where � corresponds to the position of the marginally
bound radius when we impose some perturbation to the
stream (note that the dimensionless stream width H and
@�=@�0 are also evaluated at � ) and recall that H i is the
initial stream width. The causal connectedness of the
stream as concerns its ability to smooth out perturba-
tions is established by the ratio of tsc to the time taken
for the fluid element to return to the origin t ret , which
is

tsc

t ret
’

H 5=3e�= 3
�

@�
@�0

� 1=3

e3�= 2 � e3� 1 =2 ; (21)

where � 1 is the position of the marginally bound ra-
dius when the fluid element reaches the origin, measured
from � = 0 . If this ratio is greater than one, the stream
is causally disconnected transversely.

The left panel of Figure 1 gives the solution to Equa-
tion (18) for � = 4 , which is the expected value for a
low-mass star given the ratio of its central to average
density and the tidal radius (Coughlin & Nixon 2022a;
Coughlin 2023), as a function of � 0 for the � shown
in the legend. Note that � 0 ranges from 0:99 to 1:01,
which is appropriate to a black hole with mass 106M � .
The initial behavior (for � . 4) is a monotonic increase
in H that is independent of � 0, which is simply a re-
flection of the fact that H ’ e�= 2 (independent of � 0)
while each fluid element is on nearly the same, effectively
marginally bound orbit. After reaching apocenter and
upon returning to the black hole, the tidal field com-
presses the stream, resulting in a width that approaches
H ’ 1 as the material reaches pericenter. Unbound seg-
ments of the stream become dominated by self-gravity,
which is the origin of the non-monotonic behavior for
� 0 > 1.

The right panel of this figure shows the ratio of the
sound-crossing time to the return time as a function of
� , which can be thought of as the time at which some
fictitious perturbation is applied that then “crosses” the
stream, for � = 4 , where the different curves are for fluid
elements specified by the � 0 in the legend. Each curve is
terminated when � = 1 , as at this point the finite angu-
lar momentum of the debris becomes important and the
width approaches a non-zero minimum. The vertical,
dashed lines delimit the times at which the fluid ele-
ments reach their apocenters. This figure demonstrates
that even though the fluid elements are tidally com-
pressed as they return to pericenter (as shown by the left
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where we used Ri = r t in the final line and set s0 = R?,
corresponding to a fluid element at the initial stellar sur-
face, while the Mach number associated with this com-
ponent of the velocity is

M H =
jvsj
cs

’ e� 7�= 6
�

@�
@�0

� 1=3 ����
@H
@�

���� : (24)

As for Equation (22) above, the ’ arises from drop-
ping order-unity factors (which, because of our simpli-
fying assumption of an initially uniform density along
the stream, are inaccurate compared to the realistic sit-
uation anyway). Figure 3 shows the cylindrical-radial
velocity relative to the stellar escape speed in the left
panel, and the Mach number associated with this com-
ponent of the velocity in the right, for the same set of
� 0 as in Figures 1 and 2. We see that the speed in the
transverse direction never exceeds � the stellar escape
speed (which is trivially and immediately satisfied if one
ignores the thermal energy of the gas, as the motion is
then ballistic in a conservative potential), and the Mach
number – while large in an absolute sense – is corre-
spondingly much smaller than that associated with the
radial velocity.

We assumed that the density is independent of posi-
tion along the stream (i.e., of � 0), which was done for
simplicity – including additional variation from, e.g., the
initial density profile of the star (e.g., via the method-
ology in Lodato et al. 2009) is trivial if the pressure
gradient and self-gravitational field are not included self-
consistently in the dynamics. A more realistic density
profile, such that the sound speed approaches zero at the
radial extremities of the stream, would lead to the ra-
tio tsc=tret falling below unity at earlier times and being
considerably larger upon returning to pericenter than
is indicated for � 0 = 0 :99 in the right panel of Figure
1; similarly, the Mach number of the most-bound fluid
elements for a more realistic TDE debris stream would
be much higher than the (already-large) values shown
in Figure 2, and this can be seen directly from Figure 5
below. These features have strong bearing on the ability
of numerical methods to resolve the stream dynamics as
it returns to pericenter, which we now discuss.

3. THE ORIGIN OF THE ANOMALOUS
DISSIPATION

Figure 2 highlights that the Mach number associated
with the in-plane motion of the returning debris is at
least & 103. However, supersonic motion is obviously
a necessary but not sufficient condition for the forma-
tion of shockwaves and hydrodynamic dissipation, as
(e.g.) the initial star suffers no such dissipation despite
having a Mach number & 100 as it passes through peri-

center. The additional requirement is that the relative
motion of fluid elements be supersonic, which is (also ob-
viously) absent when the entire star moves nearly with
the same velocity.

Because of its hypersonic nature, the returning debris
is moving (for all intents and purposes) ballistically, and
hence the only shocks that form will do so as a result
of caustics. One such caustic is in the out-of-plane di-
rection (i.e., in the direction parallel to the orbital an-
gular momentum vector of the original star), which has
been the subject of extensive discussion and debate (e.g.,
Kochanek 1994; Guillochon et al. 2014; Bonnerot & Lu
2022; Andalman et al. 2025). Figure 3 illustrates that
the out-of-plane motion never exceeds the stellar escape
speed, but the Mach number can still be appreciable,
and hence there can be shocks8 that form as the stream
is compressed (though radiative recombination will raise
the temperature relative to the adiabatic one assumed
here, which will increase the sound speed and reduce
the effective Mach number; see Andalman et al. 2025).
Nevertheless, because the speed itself is 2-3 orders of
magnitude smaller than the in-plane speed and dissipa-
tion will at most yield a thermal pressure comparable
to the vertical ram pressure, its impact on the in-plane
motion is ignorable; this conclusion agrees with the re-
sults of, e.g., Guillochon et al. (2014); Bonnerot & Lu
(2022); Andalman et al. (2025).

There is no analogous caustic formation within the
plane (this is clear kinematically and as we show im-
minently, but see also Kubli et al. 2025, whose 1010-
particle simulation shows that there is little-to-no spray-
ing or dissipation at pericenter), and hence the only
site of (weak) dissipation should be that associated with
the vertical motion, implying that a dynamically cold
stream should emerge from the pericenter passage and
impact the incoming stream at effectively a single point.
However, it is near pericenter that the nature of the
in-plane velocity field changes qualitatively and in a
way that is problematic for standard numerical meth-
ods. Specifically, as the stream is returning to but has
not yet reached pericenter, the velocity along the stream
is hypersonic and diverging implying that numerically

8 Note that this is not a given, nor is it addressable with the
model developed in Section 2, because a homologous velocity
profile (which we assumed) yields a one-to-one mapping be-
tween the initial and current Lagrangian positions of each fluid
element and precludes shock formation. Indeed, shocks formed
from the gravitational compression of gas are typically much
weaker than simple Mach-number-based estimates imply, as
the increasing density leads to adiabatic heating and the in-
creasing sound speed works to resist the formation of a shock
(cf. Norman et al. 2021; Coughlin & Nixon 2022b).
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grangian time derivative of Equation (23) in Coughlin
& Nixon (2025).

Figure 4 shows the predicted (from this model) dis-
tribution of the debris at three different times post-
disruption, two prior to the return of the most-bound
debris and one after, following the disruption of a solar-
like star by a 106M � black hole. The coloration of
the curves scales with the local value of r � v (given
by Equation 26), such that purple coincides with re-
gions of diverging flow (r � v > 0), while blue, green,
yellow, orange, and red represent regions of converging
(r � v < 0) flow and in order of increasing magnitude
of convergence. The inset provides a zoom-in on the
fluid that has returned to pericenter. The right panel of
this figure shows the local divergence of the fluid veloc-
ity, measured in units of the inverse of the dynamical
time at the tidal radius, as a function of the angle of
the orbit that is measured with respect to the direction
of pericenter, � , i.e., the true anomaly. The coloration
in this panel reflects that in the left panel: the fluid
elements experience a strong convergence as they pass
back through pericenter, resulting in the compression of
the gas. However, the magnitude of r � v remains fi-
nite everywhere, indicating that there is no caustic and
hence no shock formation within the flow – the ordering
of the fluid elements is preserved and there is no inter-
penetration of the gas. The dashed curve in this panel is
the prediction that follows from zero-energy Keplerian
orbits, being

r � v = �
1
4

s
GM �

2r 3
t

sin � (1 + cos � )

’ �

s
GM �

8r 3
t

y
r t

:

(27)

Note that this is a factor of 2 smaller compared to what
is obtained by taking @v=@ywith v given by Equation
(25), because there is an x-component of the velocity
that increases as the gas recedes to larger radii, i.e.,
Equation (26) correctly accounts for both the magnitude
and the direction of the velocity as one moves along the
curvilinear axis represented by the stream. The small
differences between Equation (26) (the exact solution)
and (27) are from the small but non-zero binding ener-
gies of the fluid elements.

We propose that it is the qualitative change in the
stream velocity profile through pericenter (shown by
Equations 26 & 27 and Fig. 4), alongside the under-
resolved nature of the simulations and the very weakly
bound nature of the debris – such that the work done
by the spurious viscous forces on the fluid elements is
large compared to their binding energies – that results

in the “fanning” and heating of the material as it re-
turns to pericenter. Aside from increasing the particle
number, either locally in the case of Ayal et al. (2000)
or globally as done in Kubli et al. (2025), to test this
hypothesis one can simply reduce the magnitude of the
artificial viscosity employed in the SPH algorithm and
investigate the differences that arise. We perform this
exercise in the next subsection.

3.1. Numerical simulations
We test our hypothesis by running and analyzing a

set of simulations with the phantom SPH code. To
model the relativistic apsidal precession of the debris
we employ the Einstein potential9 for the gravitational
field of the black hole, given by (Nelson & Papaloizou
2000)

�( r ) = �
GM

r

�
1 +

3Rg

r

�
; (28)

where Rg = GM � =c2 is the gravitational radius. We
also include an accretion radius of 4Rg, inside of which
particles are removed from the simulation. The star is
taken to be an n = 3=2 polytrope with a solar mass
and solar radius, and placed on a parabolic orbit with
pericentre equal to the tidal radius r t = ( M=M ?)1=3R?.
The equation of state for the gas is P = K� 
 where

 = 5=3 is a fixed constant. The entropy function K is
fixed in simulations that exclude heating from the artifi-
cial viscosity terms (i.e., the entropy equation is trivially
_K = 0 ), while for simulations that include heating from

the artificial viscosity, K is evolved to include this effect
(see Price et al. 2018, for details). We perform the sim-
ulations at 105, 106 and 107 particles to simultaneously
investigate the effects of resolution.

Since our main interest here is to understand the im-
pact of the artificial viscosity on the simulation results,
we briefly summarize its standard implementation in the
SPH algorithm. Specifically, the artificial viscosity is
composed of two terms: a linear (quadratic) term that
is linear (quadratic) in the fluid velocity. For each par-
ticle, a, its pressure, Pa , is augmented in the equation
of motion (i.e., the momentum equation) by an amount
qa

ab (Equation 34 in Price et al. 2018), where qa
ab is given

by

qa
ab =

8
<

:
� 1

2 � AV
a � avsig;a vab � r̂ ab vab � r̂ ab < 0

0 otherwise
: (29)

9 The details of the self-intersection obviously depend on the
choice and accuracy of the pseudo-Newtonian potential (e.g.,
Tejeda & Rosswog 2013), but these details are not the point
of the present investigation, and the Einstein potential suffices
for our purposes.
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