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Collapsars are multi-messenger 
sources
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Accretion + Magnetic field

ΦBH =
1
2 ∬ |Br | −gdθdϕ

P. Plonka & A. Janiuk 2026



Chen, Woosley, Whalen 2020

Aloy & Obergaulinger 2021-22



Magneto-rotational Core Collapse: Philip Moesta
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Gravitational waves in collapsars



VARTANYAN, BURROWS, WANG, COLEMAN, and WHITE 2023
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Choi, Burrows and Vartayan 2024

Equation of memory 



Electromagnetic counterparts



Jet, Cocoon and supernova from collapsars

Izzo et al 2019
25

De Colle et al 2022
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Fermi

Swift

Gehrels, Ramirez-Ruiz & Fox (2009)

Compact 


mergers

Collapsars



Jet Variability

GRB060614, from Gracía-Cifuentes, Becerra & De Colle  (2023)

Observational data
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Lazzati 2015

Lopez-Camara 2013

Simulations
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Motivation

Environment with high opacity 

Jet dynamics ? 

h(t)

t

10−22

10−24

tcollapse tgrb

GW Signals?



Merging GW signals and EM signals



Main question
Can central-engine variability and energy injection in collapsar jets produce detectable GW signals?
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Central engine activity

38

·M = − ∬ ρc2ur −gdθdϕ ΦBH =
1
2 ∬ |Br | −gdθdϕ

Urrutia, Janiuk & Olivares 2026



S
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·M = − ∬ ρc2ur −gdθdϕ ΦBH =
1
2 ∬ |Br | −gdθdϕ

Urrutia, Janiuk & Olivares 2026

Pj ∼
c
r2
h

Φ2f(a)

Conecting Central engine with Light curves

- Total energy  
- Duration  
- Rising  
- Flares 



GW from ultra-relativistic sources
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□ h̄μν = − 16π Tμν

Tμν = ∫ m uμ(τ)uν(τ) δ(4)[x − x(τ)]dτ
u(τ)

m

h̄μν = − 4m
uμ(τ)uν(τ)

−uα ⋅ [x − x(τ)]α

Braginskii & Thorne 1987, Segalis & Ori 2001, Sago 2004, Akiba et al. 2013, Birnholtz & Piran (2018), Leiderschneider & Piran 2021




GW from ultra-relativistic sources

41

□ h̄μν = − 16π Tμν

Tμν = ∫ m uμ(τ)uν(τ) δ(4)[x − x(τ)]dτ
u(τ)

m

h̄μν = − 4m
uμ(τ)uν(τ)

−uα ⋅ [x − x(τ)]α

Braginskii & Thorne 1987, Segalis & Ori 2001, Sago 2004, Akiba et al. 2013, Birnholtz & Piran (2018), Leiderschneider & Piran 2021




GW memory from ultra-relativistic sources
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(e.g., Urrutia et al. 2023)


Fluid Parcel

h+ ≡ hTT
xx = − hTT

yy =
2G
c4

E
D

β2 sin2 θv

1−β2 cos θv
cos 2Φ

h× ≡ hTT
xy = hTT

yx =
2G
c4

E
D

β2 sin2 θv

1−β2 cos θv
sin 2Φ



Previous estimations of GW signals from GRBs

Urrutia, De Colle et al. 2023

Peak of frequency is expected at 
lower frequency, since

fGW ∼
1

tGRB
≲ 1 Hz

It is expected the emission of GW 
memory, that depends of jet 
luminosity and geometric factors 

h ∝
1
D ∫ dV Lj(t) ϕ(β, θobs)



Connection with jet evolution

44



Connection with jet evolution

44

Injection time



Connection with jet evolution

44

Injection time Breakout



Connection with jet evolution

44

Injection time Breakout

Acceleration phase



Previous estimations of GW signals from GRBs

- High frequency 

- High luminosity

- Are those GW really given some 
physical interpretation ?

Gottlieb et al. 2023



Previous estimations of GW signals from GRBs
Soker et al. 2023

h
f

≈ 10−22 ( D
10 kpc ) (

Ej

1053erg ) (
fJj

15Hz ) Hz−1/2



Intermediate summary 
Elements to generarate our hypothesis

• Can GW from jets generate high frequency GW? 


• Which elements generate that: Turbulence, central engine activity ?


• Jittering jets or variability from the central engine?


• We would like to have an interpretation or direct observations of the physical 
properties of the jet



Methods



Progenitor 

Environment

va

ρa

pa

Modeling Cosmic Explosions

θj

Jet

ISM ρa = 10−5mp

1011 cm

108 cm

vj

ρj

pj

∂
∂t

[Γρ] + ∇ ⋅ [Γρ ⃗v] = 0

∂
∂t

[Γ2ρh ⃗v] + ∇ ⋅ [Γ2ρh ⃗v ⃗v + p I] = 0

∂
∂t

[e] + ∇ ⋅ [e ⃗v + p ⃗v] = 0

Mass

Momentum

Energy

e ≡ Γ2ρhc2 − p − Γρc2

Γ ≡ (1 − β2)−1/2



Progenitor 

Environment

va

ρa

pa

θj

Jet

ISM ρa = 10−5mp

1011 cm

108 cm

∂U
∂t

+
∂Fi

∂xi
= 0

vj

ρj

pj

U = (D, mj, τ)
Fi = (Dvi, mjvi+pδi

j , τvi+pvi)
D = Γρ

mj = DhΓvj

τ = DhΓc2−p−Dc2

We rewrite the equations to express a general rule



The solution of such global expression

• Supersonic fluids 

• Strong shocks 

51

Numerical simulations are our virtual laboratory to reproduce extreme conditions

Un+1
i = Un

i −
Δt
Δxi

(Fn+1/2
i+1/2 − Fn+1/2

i−1/2 )

Un
i =

1
Δxi ∫

xi+1/2

xi−1/2
ui (tn, x) dx

Fn+1/2
i±1/2 =

1
Δt ∫

n+1

tn

f (t, xi±1/2) dt
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Numerical simulations are our virtual laboratory to reproduce extreme conditions

Un+1
i = Un

i −
Δt
Δxi

(Fn+1/2
i+1/2 − Fn+1/2

i−1/2 )

Un
i =

1
Δxi ∫

xi+1/2

xi−1/2
ui (tn, x) dx

Fn+1/2
i±1/2 =

1
Δt ∫

n+1

tn

f (t, xi±1/2) dt



Shock capture scheme

52

Mezcal Code (De Colle et al. 2012)

-Eulerian Special Relativistic Hydrodynamics

-Harten-Lax-van Leer-Contact; methods

-Fortran 90

-MPI 

Numerical simulations are our virtual laboratory to reproduce extreme conditions



The initial conditions of the jet
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Jet stream Progenitor (in rest)

Shock front 

(ρj, pj, vj) (ρ⋆, p⋆, v⋆ = 0)

Lj ≈
dEj

dt
= ·Mc2 = c2 d

dt ∫ ΓjρjvjdS

ρjhjΓ2
j Γ2

h(βj − βh)2c2 + pj = ρaΓ2
hβ2

hc2



Jet models
Three numerical experiments

- Constan luminosity: 
to study the 
progenitor efects 


- Smooth increasing: to 
study the rising 
effects


- Luminosity imported 
from GRMHD 
simulations 




Our previous methodology
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Jet dynamics

(simulations)

Post-processing

(GW signals) Detectability

Time
Δt Δt Δt



Our previous methodology

u(τ)

m

Nout = 600

h(t) ≈ h(ti)

Δt = tfin/Nout

{ti} Equaled spaced time bins

ν ≈ 2 Hz

tfin = 300 s

However

Δrmin ≈ 3.7 × 106 cm



New methodology: module coupled with simulation 

u(τ)

m

Δrmin ≈ 3.7 × 106 cm

Un+1
i = Un

i −
Δtsim

Δxi
(Fn+1/2

i+1/2 − Fn+1/2
i−1/2 )

Δtsim ≲ NcΔr/c ∼ 10−4 s

{ti}lab {ti}obs

ti,obs = ti − (R/c)cos ϕ sin θobs − (z/c)cos θobs



New methodology 

u(τ)

m

{h+(ti)}obs {h×(ti)}obs

We define arrays

Nt = 5 × 105

tfin = 20

Δtobs = 4 × 10−5 s

νNyquist ≃ 1.25 × 104 Hz

We capture signals at



Results

• Effects of observing angle


• Frequency regions of EM counterparts, jet activity, central engine and GW


• Effects of progenitor


• Effects from luminosity evolution


• Detectability



Regions of emission 
𝒢+ ≡

β2 sin2 θv

1 − β cos θv
cos 2Φ



Measuring luminosity from different regions



Frequencies involved



The effects off progenitor star

Progenitor Star

ρjhjΓ2
j (βj − βh)2 = ρ⋆β2

h βh =
βj

1 + (ρjhjΓ2
j /ρ⋆)−1/2



The effects of the energy injection

L(t) = L0

1 if t ≤ t0 ,
(t/t0)−5/3 if t0 < t < tj ,
0 if t > tj ,

L(t) = L0

(t/t0) if t ≤ t0 ,
(t/t0)−2 if t0 < t < tj ,
0 if t > tj ,



The luminosity is self-consistent with GRMHD simulations



From the strain evolution, we estimate the ASD

hc

ν1/2
≃ 10−22 (

Ejet

1053erg ) ( D
36Mpc )

−1

( ν
102 Hz )

−1/2





Conclusions

• We developed a module that captures gravitational wave signals from SRHD 
simulations.


• GWs can reveal hidden jet activity, central-engine variability, viewing 
geometry, and choked/off-axis explosions even when EM counterparts are 
weak or absent.


• Jets that presents high peaks in luminoisity at high frequencies could be 
candidates to observe with a new generation of ground based 
interferometers. (~100Mpc)



 ¡Gracias! - Thank you!
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