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Tidal disruption events

stellar stream is compressed 
(Nozzle shock)

flow collides with 
itself

tidal forces 
disrupt the star
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Figure 1
Allowable region for the tidal disruption of stars representative of different evolutionary states, a 0.6-M!

CO WD, a 0.17-M! He WD, a 1-M! MS, and a 1.4-M! RG, bounded by the conditions that Rp < RT,
R" < RS, and RT > RS for a TDE to be observable, as a function ofMBH, and β is the strength of the tidal
encounter (β # RT/Rp). Figure inspired by Rosswog et al. (2009). Abbreviations: CO WD, carbon oxygen
white dwarf; He WD, helium white dwarf;MBH, black hole mass; MS, main-sequence star; RG, red giant;
TDE, tidal disruption event.

X-ray, or gamma-ray), the peak luminosity and the characteristic thermal blackbody temperature
at peak, and the reference associated with those measurements. All these nuclear transients have
been shown to not harbor an active galactic nucleus (AGN) or a supernova (SN) in the host-galaxy
nucleus, with a TDE being the most viable explanation for the flaring source. In principle, TDEs
should occur around MBHs that have an AGN accretion disk, and at least one strong candidate
has been reported in a narrow-line Seyfert 1 galaxy (Blanchard et al. 2017) and one in a luminous
infrared galaxy harboring a dust obscured AGN (Mattila et al. 2018). TDEs in an AGN host may
even produce interesting signatures from the interaction of the debris streams with the preexist-
ing AGN disk that could distinguish them from TDEs around quiescent black holes (Chan et al.
2019). However, there are too many ways in which observations of a variable AGN could be mis-
taken for the signatures of a TDE flare, and so I avoid these candidates to ensure the purity of the
TDE census. In Figure 2, we show the cumulative number of TDEs reported in the literature as a
function of time and color-coded by the survey waveband.Wide-field optical surveys have played
an important role in the past decade in discovering TDEs and account for almost two-thirds of
all the reported TDEs to date.

One of the most distinguishing characteristics of TDEs is that their continuum is very well
described by a thermal blackbody. However, as can be seen in Figure 2, the temperature dis-
tribution of TDEs is bimodal and seemingly dependent on the waveband in which they were
discovered. However, there are now 10 UV-optically selected TDEs for which a soft X-ray com-
ponent was also detected in follow-up X-ray observations (see Section 3.8). We plot their black-
body temperatures in the figure and see that their characteristic temperatures fall within the X-ray
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Stellar sources

red giants can only be 
disrupted by supermassive 

black holes

Credits: Gezari (2021)



Table 1 (Continued)

Name Surveya Waveband Redshift
log LBB

b

(erg s−1) log TBB (K) Referencec

AT2018lna/ZTF19aabbnzo ZTF O 0.091 44.56 4.59 van Velzen et al. 2021
AT2018lni/ZTF18actaqdw ZTF O 0.138 44.21 4.38 van Velzen et al. 2021
AT2019ahk/ASASSN-19bt ASAS-SN O 0.0262 44.08 4.30 Holoien et al. 2019b
AT2019azh/ASASSN-19dj ASAS-SN O 0.0222 44.50 4.51 van Velzen et al. 2021
AT2019bhf/ZTF19aakswrb ZTF O 0.1206 43.91 4.27 van Velzen et al. 2021
AT2019cho/ZTF19aakiwze ZTF O 0.193 43.98 4.19 van Velzen et al. 2021
AT2019dsg/ZTF19aapreis ZTF O 0.0512 44.26 4.59 van Velzen et al. 2021
AT2019ehz/Gaia19bpt Gaia O 0.074 44.03 4.34 van Velzen et al. 2021
AT2019eve/ZTF19aatylnl ZTF O 0.0813 43.14 4.06 van Velzen et al. 2021
AT2019lwu/ZTF19abidbya ZTF O 0.117 43.60 4.14 van Velzen et al. 2021
AT2019meg/ZTF19abhhjcc ZTF O 0.152 44.36 4.44 van Velzen et al. 2021
AT2019mha/ATLAS19qqu ATLAS O 0.148 44.05 4.35 van Velzen et al. 2021
AT2019qiz/ZTF19abzrhgq ZTF O 0.0151 43.44 4.27 van Velzen et al. 2021

aSurvey that first discovered the nuclear transient.
bIntegrated blackbody luminosity except for X-ray selected TDEs for which the absorbed luminosity in the 0.3–2-keV band is given.
cPublication in which the luminosity and temperature were used.
Abbreviations: ASAS-SN, All-Sky Automated Survey for Supernovae; GALEX,Galaxy Evolution Explorer; ND, no data; OGLE, Optical Gravitational
Lensing Experiment; PS, Pan-STARRS; PTF, Palomar Transient Factory; SDSS, Sloan Digital Sky Survey; XMM, XMM-Newton; ZTF, Zwicky Transient
Facility.
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Figure 2
(a) Cumulative histogram of TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: X-ray (black), UV (blue), gamma-ray (purple), and optical (green). (b) Peak luminosity versus
blackbody temperature for 56 TDEs reported in the literature, color-coded by the wavelength in which they
were discovered: UV-optical (green), X-ray (black), and 10 of the UV-optically selected TDEs with detected
X-ray components (gray). The UV-optical luminosities are calculated for the entire blackbody, whereas the
X-ray luminosities are only for the 0.3–2-keV band but should account for most of the bolometric
luminosity given the extremely soft temperatures observed. The region of expected thermal emission from a
circularized debris disk formed from the tidal disruption of a solar-type star by a ∼106–108 M! black hole is
shown in orange. Note that neither of the two components are in agreement with emission expected from a
simple debris disk.
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• ~100 TDEs have been 
detected 

• Vera Rubin Observatory / 
LSST will greatly improve this 

• bimodal distribution of 
spectrum 

• emission mechanism not fully 
clear 

• probably UV and optical 
through shocks, X-rays 
through accretion disk

Sources: Gezari (2021)

Luminosity vs Temperature for UV / optical 
(green) and X-ray-detected (black) TDEs

Detections of TDEs

Properties

Light curves and corresponding mass 
accretion rates (van Velzen et al. 2020)



• Peaked synchrotron spectrum that evolves to 
lower frequency with time 

• Visible for years (much longer than optical/X-ray 
emission) 

• Half of TDEs show a radio follow-up 

• Synchrotron emission (from outflows and jets) 

• origin not well understood 

• very rarely relativistic jet

Radio emission
13

Figure 7. Radio lightcurves of TDEs suggested to have
late-rising radio emission or two radio lightcurve compo-
nents. TDEs shown in grey are consistent with a single
outflow ejection and no late-time radio flare. The second
radio flare observed from AT2020vwl rises and decays much
faster than most other late radio flares observed. Radio
data are from Cendes et al. (2022, AT2018hyz), Christy
et al. (2024, ASASSN-19bt), Horesh et al. (2021a); Ha-
jela et al. (2024, ASASSN-15oi), Cendes et al. (2021, 2023,
AT2019dsg), Horesh et al. (2021b, iPTF 16fnl), and Good-
win et al. (2022, AT2019azh). Empty triangles represent 3�
upper limts.

when taking into consideration the full long-term radio
lightcurve presented in Goodwin et al. (2022), it is ev-
ident that this flare is consistent with small amplitude
fluctuations in the overall slow rise and decay of the ra-
dio emission of this TDE.

7. SUMMARY

Our long-term radio observations of the TDE
AT2020vwl reveal a second radio flare, beginning at ap-
proximately 400 d post optical flare. The second radio
flare rose and decayed quickly at frequencies > 2GHz,
unlike late-time flares observed from other TDEs.
We find the second radio flare from AT2020vwl is un-

likely to be due to changes in the circumnuclear den-
sity distribution or an o↵-axis jet. We propose that the
second radio flare is instead due to either a period of

new energy injection into the pre-existing outflow, or a
second outflow, launched hundreds of days post stellar
disruption, and coincident with the peak accretion rate
of the accretion disc that is implied by the optical and
UV plateaus in the respective lightcurves.
There is mounting evidence that TDEs launch multi-

ple types of outflows, with prompt radio-emitting out-
flows being well-explained by outflows ejected by de-
bris stream collisions, whilst delayed outflows may be
launched by the accretion disc which can exist for years
after the TDE. ASASSN-15oi and AT2020vwl present
the only two TDEs to date that have both prompt and
late-type outflows observed in the radio due to continu-
ous radio coverage over many years after discovery. Fu-
ture observations that track the long-term evolution of
radio emission from TDEs and search for any relation-
ship between long-lived accretion discs and delayed ra-
dio flares will be crucial in confirming the launching of
multiple types of radio outflows in TDEs.
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government through the Australian Research Coun-
cil’s Discovery Projects funding scheme (DP200102471).
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National Centre for Radio Astrophysics of the Tata In-
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omy Observatory, which is a facility of the National Re-
search Foundation, an agency of the Department of Sci-
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APPENDIX

Credits to Goodwin et al. 2024

Credits to Goodwin et al. 2024shift to lower frequencies



• finding dormant supermassive black holes 

• characterizing intermediate-mass black holes (via white dwarf TDEs) 

• improve the knowledge of occupation fractions of supermassive black holes 
and intermediate-mass black holes in galaxies 

• Multimessenger astronomy (High-energy neutrinos and gravitational waves)

What can they be used for?



SPH-EXA

Florina Ciorba 
Rubén Cabezón 

Osman Seckin Simsek 
Yiqing Zhu 

Lukas Schmidt

Lucio Mayer 
Noah Kubli 

Darren Reed 
Pedro Capelo

Sebastian Keller 
Jean-Guillaume 

Piccinali 
Jonathan Coles 

Jean Favre

• modern SPH implementation (generalized volume elements, 
integral approach to derivatives, AV cleaner) 

• coupled with N-body solver 

• subgrid physics 

• Fully on GPUs 

• Scalability for exa-scale computing



• SPH-EXA had recent updates to 
better handle such numerically 
extreme systems 

• Recreated the results from Fancher 
et al. 2023 using SPH-EXA and 
extended it with higher-resolution 
problems.  

• Currently running longer-term high-
res simulations. This is important 
to correctly catch the emission 
mechanism.

Numerical simulations (Collaboration with Christopher Nixon 
(Leeds, UK), Eric Coughlin (Syracuse University, USA)

• The numerical problem is 
conceptually easy: 

• Black hole (106 M_star) 
modeled by a central 
potential 

• Star is chosen as a 
polytrope with tidal radius = 
pericentre distance 

• The star starts on a 
parabolic orbit with 
pericentre distance >> 
Schwarzschild radius 

initial shape of the 
star

• Fancher et al. 2023:  

• investigates the stellar stream after 
first pericentre passage; 
using multiple resolutions up to 
128M 

• finds important role for self-gravity 

• evidence for gravitational collapse



Trajectory

shape ~10 min before 
pericentre

0.8 code lengths

stream shape 3.5 min 
after pericentre

3 code lengths

shape ~3 hours after 
pericentre passage

75 code lengths
black hole pericentre

Plots from our simulation with SPH-EXA. 
1 code length ~ 1.5 * 10^11 cm

code length

co
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 le
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development of „wings“ 
through self-gravity 
(Fancher et al. 2023)

Mass distribution function of 
binding energy (SPH-EXA 128M)

4 Fancher et al.

Self-gravity included
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Figure 2. The evolution of the specific energy distribution with (left) and without self-gravity (right; self-gravity was turned off at pericenter) at a resolution
of 1 million particles. The dashed line shows the predicted 3"/3n curve calculated from the frozen-in approximation. The approximation is a good fit for the
data near pericenter in both cases, but becomes less accurate as the stream evolves with self-gravity.
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Figure 3. The 3"/3n curve 35 minutes after pericenter at different reso-
lutions. Note that there are still short-lengthscale variations along the debris
stream even at high resolutions, which suggests there are physical density
oscillations in the disrupted star.
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Figure 4. The 3"/3n curves with self-gravity at different resolutions. The
lighter solid lines correspond to 1 million particles (Figure 2), the dashed
lines to 16 million particles, and the dark solid lines to 128 million particles.
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Figure 5. The 3"/3n curves with 128 million particles at later times past
pericenter, during which the central peak reforms. After the curve at 51.5
hours, the 3"/3n distribution remains essentially constant for the next 66
days, which marks the end of the simulation.

2.3 Fourier analysis

It is apparent by eye from Figure 4 that there is, at early times (be-
tween ⇠ 20 � 30 minutes post-disruption), a sinusoidal and physical
oscillation along the 3"/3n curve with a wavelength of ⇠ �n/8.
To more rigorously assess the strength of this oscillatory feature, we
Fourier transform the 3"/3n curve from the 128 million particle
simulation from ��n/2 to �n/2, such that the Fourier coefficients
are

2n =
1
�n

π �n /2

��n /2

3"

3n
4�

2c8=n
�n 3n . (3)

Figure 7 illustrates the Fourier coefficients – normalized by 20 to
offset the declining amount of mass between ��n/2 and �n/2 – from
= = 2 � 14 for the times shown in the legend (the colors match those
in Figures 2 and 4 for the same times); note that there are points
only at integer values of =, and the lines connecting the points are
drawn simply to guide the reader. The coefficients with the largest
amplitudes are = = 0, which yields the (time-dependent) total mass
from��n/2 to�n/2, and = = 1, which accounts for the quadratic-like
peak displayed by the 3"/3n curves (especially pronounced at the

MNRAS 000, 1–8 (2023)

Fancher et al. 2023 
(Phantom, 1M particles) SPH-EXA, 128 million particles



1E+02 s

1E+03 s

1E+04 s

1E+05 s

1M 2M 16M 128M

2.8E+04s

4.6E+03s

1.4E+03s
8.6E+02s

1.3E+06s

8.2E+04s

4.9E+03s
2.4E+03s

• modified impact parameter, polytropic exponent 
and central potential 

• SPH-EXA can automatically generate initial 
conditions for these simulations at arbitrary 
resolutions 

• go to much higher resolutions (~10b particles, 
GPU and efficient node-parallelism greatly 
beneficiary, ideal for SPH-EXA).

Runs with SPH-EXA

2 weeks  
(Fancher et al. 2023)

7 hours 
SPH-EXA 
(old PizDaint)



physical or numerical fluctuations?   
(10-billion particles run)



22000 code lengths

longer term evolution after 
second pericentre passage 

(SPH-EXA) 

The bound part is coming back; 
soon the stream will collide 

with itself

• simulate long-term evolution, including 
Nozzle shock and stream-self crossing 

• go to much higher resolutions (~10b 
particles, GPU and efficient node-
parallelism greatly beneficiary, ideal for 
SPH-EXA). 

• search for numerical convergence

Longer evolution simulations 
(current work)



6 N. Kubli et al.

(a) 1 million particles (b) 16 million particles (c) 128 million particles (d) 512 million particles

Figure 7. Stream self-intersection at different resolutions

MNRAS 000, 1–7 (2025)

Resolution study

relative stream expansion 
at different resolutions



• Radiation transport 

• Magnetic fields 

• ISM envelope model

Outlook

After the long-time high-resolution 
simulations the next step will be to add 

additional physics:

• investigate the parameter space 

• show convergence in nozzle shock 
properties and debris structure / 
dynamics 

• simulate late-phase dynamics (low-
energy emission in radio spectrum)

 Fast, high-resolution simulations and 
long simulation timescales allow to:





(a) The deformed stellar stream after Þrst pericentre passage. Result of a 512
million particles run with SPH-EXA using 16 GH nodes.

(b) Stream self-intersection after the second pericentre passage (nozzle shock)
due to apsidal precession. Run with SPH-EXA using 128 million particles on
4 GH nodes.

Fig. 1: Visualization of the simulation at two di! erent evolutionary
stages. The colorbar showslog density in code units. Note the huge
range of densities that has to be resolved over many orders of
magnitudes together with the extreme geometric shape.

If the resolution is not high enough, the stream is artiÞcially
inßated after the nozzle shock and therefore the dynamics
during stream self-crossing is not completely accurate (17).

The community is therefore in need of a very fast numerical
code that is able to evolve a high number of particles across
the whole dynamical domain involved in the tidal disruption of
a star around a MBH. SPH-EXA is the perfect code for this
task, as it contains the fundamental physics involved in the
dynamical modeling of TDEs, i.e. gravity and hydro solvers.

code hardware ! runtime energy

P!"#$%& Eiger 3 12h 1.4 ! 107 J
ChaNGa Eiger 3 1.5h 2.8 ! 106 J
ChaNGa 4x Eiger 3 38min 4.8 ! 106 J
ChaNGa GH 3 21min 1.7 ! 106 J
ChaNGa (GPU) GH 3 15min 1.2 ! 106 J
SPH-EXA GH 3 1min 1.2 ! 105 J

ChaNGa" GH 90 10h 5.1 ! 107 J
SPH-EXA GH 90 23min 3.6 ! 106 J

SPH-EXA GH 2200 8.5h 8.3 ! 107 J

TABLE III: Benchmarks of various runs with SPH-EXA,'!"#$%&
and ChaNGa using128million particles. The physical time! is given
in code units, a value of! = 2200corresponds to the Þrst pericentre
passage. On Eiger, we ran ChaNGa also on multiple nodes. The
energy measurements of the non-GPU runs of ChaNGa on the GH
nodes contain the idle consumption of the 4 Hopper GPUs. It is clear
that SPH-EXA is much more e" cient than the other codes, both in
runtime and energy consumption.
" We were not able to run the GPU-enabled version due to a code issue.

Indeed we need to properly model the dynamics of the stellar
debris before moving towards the electromagnetic emission
characterization. Fig1 shows the stellar debris stream at two
di! erent points in time in simulations we conducted with SPH-
EXA.

We compared the performance of SPH-EXA with the high-
est resolution simulation ever published using the'!"#$%&
code. The'!"#$%& code only runs on CPU nodes using
shared memory. In order to obtain a meaningful comparison,
we have re-run the'!"#$%& simulation on Eiger, a multi-
core cluster at CSCS with two AMD EPYC 7742 64-core
sockets per node, and compared with a run using the same
initial conditions but performed with SPH-EXA on the Grace-
Hopper nodes of Alps. The search for neighboring particles is
possibly the most expensive part of any SPH algorithm. The
'!"#$%& code (8), employs a" d-tree method for neighbor
search on groups of particles. The result of this search are
the trial neighbors positions, which are cached and used to
search for neighbours of individual particles in the group.
The " d algorithm splits the grid cells containing the particles
recursively based on the center of mass and bisects the longest
axis at each level (18). The tree is then reÞned until a certain
minimum number of neighbors is reached.'!"#$%& employs a
classical" d-tree solver for gravity. The gas self-gravity is then
calculated by splitting the acceleration in a Ôshort-rangeÕ and
a Ôlong-rangeÕ part. The Ôshort-rangeÕ interaction calculates
gravity through direct summation over neighboring particles,
while the Ôlong-rangeÕ interaction is computed by hierarchical
grouping of particles using the" d-tree algorithm.

We report the results of the performance comparison in
table III , showing both runtime and energy consumption. In
addition to '!"#$%& , we also evolved the same numerical
setup using ChaNGa (19; 20; 21), another Lagrangian code,
widely used in astrophysics, that features node-parallelism and
can o# oad the gravity calculations to GPUs. We evolved 128
million particles modeling a relaxed star on a parabolic orbit,

SPH-EXA benchmarks

weak scaling (2 trillion particles) strong scaling test

tests conducted with TDE setup 
on ALPS



Newtonian potential with 
different impact 

parameters

Einstein-potential 
(relativistically corrected)

en
er

gy
 d

is
tri

bu
tio

n
fa

llb
ac

k 
ra

te



Turbulence and gravity in star-formation 
(TGSF) simulations with SPH-EXA

• SPH-EXA well-reproduces the turbulent spectrum 

• will be the largest turbulence simulation for star formation 
(1 trillion particles)

run with 15 billion particles 
(credits to Jean Favre)



development of „wings“ 
through self-gravity 
(Fancher et al. 2023)

Mass distribution function of 
binding energy (SPH-EXA 128M)


