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Les Houches 1982

• Can numerical simulationsreveal 
the observed gravitational 
waves? 


• Damour - no need analytic 


• Piran - yes

Prehistory



LIGO-Virgo-Kagra  observations of Kerr Normal modes

• First and second normal modes 
identified in the gravitational 
waves signal of GW250114 

Most recent success



Pre History
Stark and Piran 1985

• Carried out on Cray 1 = 80-150 Mflops


• 2025 Macbook pro - 10s Tflops



The gang of four - Takashi Nakamura, Ken-Ichi Madea, Kei-ichi Maeda, Shoken Miyama, Misao Sasaki
Prehistory

M. Sasaki

CAR - Computer Aided Relativity



Prehistory
Les Houches 1982

• Computation time and memory



BNS mergers  
How far are we from reproducing that from beginning to end? 

• GR is not the main issue but:


• “Clean Initial values” 


• Accuracy of GW signals phases


• Microphysics within the merger


• EOS


• Neutrino & Radiation transport


• Magnetic fields


• Short-scale turbulence; viscosity


• Composition and nuclear physics



BNS mergers  
How far are we from reproducing that from beginning to end? 

• Long-term evolution


• Pre merger - accurate initial values, Magnetic fields 
interaction, tidal deformation, residual eccentricity


• Post merger - Accretion disk, Jets, Macronova, 
Afterglow 


• Multiscales


• Low side - Small scale turbulence, magnetic 
evolution? Dynamos?  


• High side - Orbital scale, macronova scale, Jet 
scale and afterglow scale 



BNS mergers  
How far are we from reproducing that from beginning to end? 

• The EM signal


• Atomic physics of the ejecta


• Shock and reconnection physics 


• Numerical issues: 


• Boundary conditions


• AMR effects


• Moving from one kind of code to another codes, 
requires interpolation between grids and physics.;



BNS mergers  
How far are we from reproducing that from beginning to end? 

• The GW signal


• Gauge effects


• Phase errors


• Finite radius extraction


• Initial conditions



BNS mergers  
Some surprises are still possible

• Jet propagation inside Merger ejecta


• Choked short GRB jets (Moharana)? 


• Relativistic radiation-mediated shocks 
(Itoh) 


• Nuclear Physics within jet-cocoon 
propagation (A. Granot)


• Composition change


• r-process nucleosynthesis


• Kilonova light curves

Kiuchi et al., 

Pais et al., 



BNS mergers  
The ultimate relativistic computational problem

• Almost all issues that one can 
think about in relativistic 
computations appear in the BNS 
merger problem. 


• Need different codes for different 
steps


• Some unexplored regimes that 
may harbour surprises. 



Collapsars and long GRBs
Some open issues 

• The supernova problem


• Jet formation 


• Jet - star interaction 


• Jet CSM interaction


• Emission mechanisms



Collapsars and long GRBs
The jet-star interaction, choked jets and low-luminosity GRBs

Simulation of choket jet in a stellar envelop by Matteo Pais 



Do we see choked jets? 

Dim GRBs (low luminosity, soft and smooth bursts)  

Typical energy 1047 erg 

Typical redshift z< 0.1 

Most common in nature but only few have been  
observed.  

Produced by a collapsing star.  

The core produces a jet that DOES NOT punches 
the envelope. The observed gamma-rays are 
produce by a hot cocoon when it emerges from 
the stellar envelope.  

Low luminosity GRBs



The missing signature 
Choked jet

Izzo et al., 2019

Spectrum 

TP et al., 2017, 2019

Regular SNe Cocoon

Expansion velocity ~105 km/sec

TP et al., 2017, 2019

Missing is a detailed simulation of the observational cocoon breakout 



Collapsars and long GRBs
The LHASSO’s TeV emission - who ordered that? 

• The LHASSO TeV signal is the 
first evidence for the very early 
jet-CSM interaction.  

LHAASO

Prompt Emission
0.3-7 TeV afterglow



18

It takes time to accelerate the shock material

If Efs = EBM this gives the BM solution

+

Derishev & Piran 2024
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The Inverse Jet Break

𝜞𝛝≃1

1/Γ

Ear

La
Early

Later

1/Γ



𝛝=0.6/𝜞0 
td=130sec    
300< 𝜞0 < 800  


For 𝜞 = 500              
𝛝=0.0012 ⋍ 0.1o   

Etot ⋍ 1050 erg    
Rd = 2 ly     
m=1.2 x106 m⦿/y 
.

Derishev & Piran 2024

The best fit model
The numerical challange - interaction of ultrarelativistic narrow jet with CSM



Can we detect choked jets and jet acceleration in general?

• The jet acceleration produces a 
memory type gravitaiontal wave 
signal  


• Segalis and Ori 2001


• Piran 2002


• Sago, Ioka, Nakamura Yamazaki, 
2004

Jet-Gravitational waves

h ∼
GE
c4d



Need to solve  using retarded Green’s function□ hμν = 8πGSμν

• The jet acceleration produces a 
memory type gravitaiontal wave 
signal  


• Segalis and Ori 2001


• Piran 2002


• Sago, Ioka, Nakamura Yamazaki, 
2004

Jet-Gravitational waves

h ∼
GE
c4d



A test on jet simulation (Zuriel, Ofengeim, Bromberg, Piran)
Jet-Gravitational waves

h ∼
GE
c4d

Simulaiton: Omer Bromberg



A test on jet simulation (Zuriel, Ofengeim, Bromberg, Piran)
Jet-Gravitational waves

h ∼
GE
c4d

Preliminary 



A test on jet simulation (Zuriel, Ofengeim, Bromberg, Piran)
Jet-Gravitational waves

h ∼
GE
c4d

Preliminary 



A (not comic) Break S301 replacing S2



A (not comic) Break S301 replacing S2
Tidal forces - or lack of…

• Gravity discovered S301 the 
(so far) nearest star to SGR 
A 

• Pericenter  280 rg


• vpericenter ~25,000 km/sec


• e=0.9825


• 8.7 yr orbit

Abd El Dayen et al., 2026 (Gravity collaboration)+ 



S 301 - Measuring SGR A’s Kerr parameter !
Tidal forces - or lack of…

• 280 rg > 4 RT ~ 100 rg is too far 
even for partial tidal disruption ☹


• It is even too far for significant 
tidal effects on the orbits ☹ 


• We can measure the Kerr 
parameter 😊

Abd El Dayen et al., 2026 (Gravity collaboration)+ 



The Origin of S 301
Hills Mechanism - a tidal disruption of a Binary

• Most likely formed by tidal 
disruption of a binary.


• The companion is a 
hypervelocity star escaping 
from the galactic center.


• ϵcap ≈ 1 − ( Mbin

MBH
)1/3



Binary White Dwarf
An open frontier  - sources of LISA GWs and Ia SNe?   

• Classical LISA sources


• Progenitors of SNe 1a 


• These curves are based on 
knowledge of the chirping 
signal.

hef

f

f-1

heff = Nh = tobs f h

SN 1a



Binary White Dwarf
An open frontier  - sources of LISA GWs and Ia SNe?   

• Classical LISA sources


• Progenitors of SNe 1a 


• These curves are based on 
knowledge of the chirping 
signal.

hef

f

f-1

f5

t0~1 year
heff = Nh = t0 f h

heff = Nh = tobs f h

SN 1a



Binary White Dwarf
An open frontier  - sources of LISA GWs and Ia SNe?   

• Classical LISA sources


• Progenitors of SNe 1a 


• These curves are based on 
knowledge of the chirping 
signal.


• But…

hef

f

f-1

f5
SN 1a?



Tidal interaction in binary WDs
An (almost) Netonian problem with relativistic aspects and implications

• Tidal interaction between the two stars 
begin to dominate the GW emission long 
before the merger. 


• The effects of this interaction must be well 
understood in order to understand the 
initial values for the merger itself. 


• We must understand this phase to 
estimate and detect the (strongest) GW 
BWD signals just before merger. 


• The numerical issue is the huge difference 
in time scales. 

Roche Lobe overflow



Stellar Black hole - WD disruption
If you want to make it relativistic replace one WD by a BH (or NS). 

• Sources of very long GRBs 
(e.g. Lloyd- Ronning et al., 
2024)?


• For a massive WD and a light 
BH, the disruption will happen 
very close to the collision (in 
space - not in time). 



Tidal Disruption
A (partially) open frontier

• The classical picture 

Rees 1988

=> a0 ~ 1000 rg

t0 ~ 1 month

=> rt ~ 25 rg

Unbound - to infinity 

Bound -  back to 
the black hole 



What happen when the mass returns
The Classical picture

Expected

•  T ~ 500,000 K

•  R ~ 25 rg

•  v > 50000 km/sec

•  E ~ 1053 erg

• A compact 
disk of size 
~ the tidal 
radius ~25 rg



Observations

Observed

•  T ~ 50,000 K

•  R ~ 500 rg

•  v ~ 5000 km/sec

• E ~ 1051 erg

Optical/UV TDEs



Observations vs expectations

Observed

•  T ~ 50,000 K

•  R ~ 500 rg

•  v ~ 5000 km/sec

• E ~ 1051 erg

Optical/UV TDEs

Expected

•  T ~ 500,000 K

•  R ~ 25 rg

•  v > 50000 km/sec

•  E ~ 1053 erg

Where has the energy gone?



 S. Rosswog 2006

Early simulation
No Disk

•  SPH

•  Newtonian

•  WD on IMBH



Shiokawa, Krolik, TP, 15

a0~500 rg 

Partially relativistic  simulation
No disk - Big Cloud ; Shocks 

•  Partially relativistic

•  Full Hydro

•  WD on IMBH (to resolve issue 
of widely seperated length and 
time scales).



Current fully relativistic simulation
No disk - Big Cloud ; Shocks 

Ryu, Krolik, TP, Noble, Avara - 2023

• Fully relativistic

• Full Hydro (HARM3D)

• Realistic initial conditions (MESA 
star) on 105 M☉ black hole.



Current fully relativistic simulation
No disk - Big Cloud ; Shocks 

Ryu, Krolik, TP, Noble, Avara - 2023



BH GR + local gravity = multi patch 

Ryu et al., 2020 The tidal radius rt ~ 25 rg

Stellar gravity on a patch

So far only in 
Schartzschild 
geometry



A concordance Picture
Different codes - same result
• Ryu et al., 2023 (Full GR)  

• Steinberg and Stone 
2024 (Shorter, includes 
radiation transfer) 

• Price et al., 2024 (SPH 
up to ~9 t0) 

• Abolmasov et al., 2025 
(Full GRMHD, small 
SMBH, magnetized)



TDE population - another side remark
A luminosity (M*,MBH) model following 
these results
• These numerical results lead 

naturally to a simple analytic 
physical model for the 
luminosity as a function of 
the stellar mass and the 
black hole mass (Krolik, 
Piran, Ryu 2025).


• The model fits nicely (with 
no free parameters) the 
observations (Piran, Krolik, 
Ryu, 2026)  

Piran, Krolik, Ryu 2026) 



Deeper encounters a TDE at  rp ~ 10 rg

• Apsidal precession and other 
GR effects become stronger 
as rp decreases.


• This is common, as in TDEs, 
the cross-section is linear in rp.


• For massive (MBH> 108 M☉) 
this is the “typical case”.


• We see initially strong “nozzle 
shocks” but they weaken.


• Apsidal precission is there but 
its effect is not very strong. 

Some like it more relativistic

Chan, Ryu, Krolik, Piran, 2026



Extreme TDEs:  rp ~ 4-6 rg
Some like it even more relativistic

• TDEs are very different when 
the star’s original orbit 
passes very close to rmb (4 rg 
for sch). 


• This is common, as in TDEs, 
the cross-section is linear in 
rp.


• For massive (MBH> 108 M☉ 
this is the “typical case”. 

Ryu, Krolik, Piran, 2023



Extreme TDEs:  rp ~ 4-6 rg

• Extreme TDE 
evolution is 
very different 
from the 
regular one.


• For massive 
(MBH> 108 
M☉ this is the 
“typical 
case”. 

Some like it even more relativistic

Ryu, Krolik, Piran, 2023



Extreme TDEs:  rp ~ 4-6 rg
Some like it even more relativistic

• Extreme TDE 
evolution is very 
different from the 
regular one.


• For massive (MBH> 
108 M☉ this is the 
“typical case”. 

Ryu, Krolik, Piran, 2023



Extreme TDEs:  rp ~ 4-6 rg
Extrme TDE around Kerr black hole 

• Extreme TDes 
around Kerr are 
even more extreme 
as rmb can be 
smaller. 

Aharoni et al., 2026



Some TDEs harbor relativistic jet
SW-1644 was initially identified as GRB but it was a TDE

• SW-1644 was a TDE 
that revealed a very 
powerful (> 1051 erg) jet.


• An intersting 
interpretation is that the 
jet was viewed off-axis 
(Matsumoto and Piran 
2022)  

Beniamini, Piran, Matsumoto 2023



Some TDEs harbor relativistic jet
Jet formation in TDEs is an open puzzle

• A TDE stream hitting a realistic magnetized disk. Will this lead to a jet? 

Tripo, Jiang, … 2026 in preparation



from Misao Sasaki: 


