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Aquí el rompecabezas L⊙ ∼ 3.8 × 1033 erg s−1

1024

R⋆ ∼ 1010 cm

10

L⊙ ∼ 3.8 × 1026 W



Gamma Ray Bursts (prompt emission)
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LGRB ∼ 1050 − 1053 erg s−1

LGRB ∼ 1020 L⊙



The power of the accretion

·E ∼ η ·Mc2

300 grams



The power of the accretion

·E ∼ η ·Mc2

Eextracted ∼ 1016 J

Eatomic bomb ∼ 1013 J

100-1000 times the energy of AB 



Variability due to shock front collision 

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

Jet’s propagation

The shock region zoom

Observational data
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Fermi

Swift

Gehrels, Ramirez-Ruiz & Fox (2009)



Afterglow emission
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The complete GRB emission (on-axis)

GRB 130427, Perley et al. 2013

Prompt 
Variability 

Afterglow

Credit: Sophia Dagnello
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TheProgenitors of Gamma Ray Bursts
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Credits: NatureLevan et al. 2014

a) b)

Eichler et al. (1989) and Paczynski (1991)



GRB jet evolution is a multi-scale problem
Accretion process

Central Engine

Jet Propagation within 
progenitor environment

r ≲ 1010 cm

Shell propagation in External ISM 

r ∼ 1016 cm

Afterglow Emission

Off-axis observer

θobs
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- Connection between them 
- Emission



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 
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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
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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

De Colle et al. 2012



Jets from mergers





Observations from August 2017

Motley et al. 2018



Post-merger evolution of the jet

Cartoon of GRB evolution (Stefano Ascenzi)
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 Nouri, Janiuk  (2023)

Small Scales r ≲ 108 cm
GRMHD simulations



Kilonova
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Figures by Joseph SahiJaniuk, Sahi & Urrutia 2025 



- The disc wind outflow was performed by 
Nouri et al. 2023 by GRMHD simulation. 

- We constrain the jet parameters from  
GRMHD simulation. 

- We import outflow data as an initial 
condition for a large-scale simulation.

Our Connection between small and large scales

Methods:

Importing data(ρuμ);ν = 0

Tμ
ν;μ = 0

Tμν = Tμν
m + Tμν

em

Tμ
ν;μ = 0

Tμν = Tμν
m

General Relativistic MHD simulation Special Relativistic HD simulation

-HARM CODE (Gammie 2003)

-HLL solver 

-Kerr-schild metric - Mezcal Code (De Colle 2012)


- Adaptive Mesh Refinement

- HLLC solver 

- GR effects not considered 

Neutrino treatment (Janiuk et al. 2013) 
The neutrino optical depth 

Species:

Small scales Large scalesr < 3 × 108 cm 108 cm < r < 1011 cm

(ρuμ);ν = 0
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Disk wind outflows
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MBH = 2.65M⊙

Mdisc = 0.10276 M⊙

·Mout = 3.27 × 10−2 M⊙ s−1

Post NSNS merger configuration 

MBH = 5.0M⊙

Mdisc = 0.3120 M⊙

·Mout = 1.49 × 10−1 M⊙ s−1

Post BHNS merger configuration 
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tj ∝ Mdisk /⟨ ·M⟩ ∼ 1.57 s

θj = 15∘

Lj ≈ 1.7 × 1050 erg/s

Γj = 7.2
Jet Characteristics 

tj ∝ Mdisk /⟨ ·M⟩ ∼ 1.07 s

θj = 15∘

Lj ≈ 2.2 × 1050 erg/s

Γj = 12
Jet Characteristics 

Jet

Jet

Disk outflow

Jet

Jet

Disk outflow



Wind distributions at rinj ∼ 2 × 108 [cm]

Processing

SkyNet nuclear reaction network

(Lippuner & Roberts 2017)


Inversion of Helmholtz equation 
(Timmes & Arnet 1999)

Note: Abundances of these 
models are discussed in Nouri 
et al., 2023
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Ye =
np

nn + np

Neutron-rich material



Results of jet interaction

z[
3

×
10

10
cm

]

x [3 × 1010 cm]

ρ [gr cm−3]Γβ

Jet from NSNS merger Jet from BHNS merger
z[

3
×

10
10

cm
]

x [3 × 1010 cm]

ρ [gr cm−3]Γβ
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Post-merger evolution of the jet

Cartoon of GRB evolution (Stefano Ascenzi)
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Intermediate 
Scales 108 ≲ r ≲ 1011 cm

RMHD or RHD simulations

Urrutia, Janiuk and Nouri. 2024



Observations from August 2017

Breschi et al. 2021Radiation from Kilonova

Credit: Stefano Ascenzi



Disk wind 

Homologous wind
Disk wind 

BHNS1 ρ [gr cm−3]

Jet from NSNS merger
z[

3
×

10
10

cm
]

x [3 × 1010 cm]

New implementation 

θ [deg]

dE
/d

Ω
[e

rg
]

dE
/d

Ω
[e

rg
]

θ [deg]

Homologous wind

Usual technique 



Observations from August 2017

Credit: Stefano Ascenzi

GRB 170817 A θobs = 32.5∘

n0 = 1.5 × 10−3 cm−3

n0 = 5.6 × 10−3 cm−3

n0 = 1.7 × 10−3 cm−3
E0 = 2.9 × 1050 erg

E0 = 3.6 × 1050 erg

E0 = 4.2 × 1050 erg

Urrutia, De Colle, Murguia-Berthier & Ramirez-Ruiz (2021)



Jets from collapsing stars



Collapsars are studied at two different scales
Small scales, e.g, Obergaulinger & Aloy 2020 e.g., beyond the star surface Urrutia + 2023

31

Also see, McFadyen & Woosley 1999 , Shibata + 2025 Also see, Aloy + 2000, Harrison + 2019, Gottlieb + 2020, …



Jets beyond the iron core: jets initially structured
Gaussian jet + Supernova

Urrutia, De Colle & Lopez-Camara 2023

Jet+SN

Kinetic DominatedPressure dominated
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• Fast spinning BH (e.g., MacFadyen & Woosley 1999) 

• Angular moment distribution 

• Dynamical time 

• Accretion rate  

• Magnetic Field 

• Flux  

•

Jet launching from the center 

• (e.g., Burrows 2007, Mösta 2014; 2015; 
Obergaulinger & Aloy 2020; Gottlieb 2022)

tdyn ∼ 10 s
·M ∼ 0.1 M⊙s−1

B0 ∼ 1014 − 1015 G
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Progenitor Star

BH

·Mc2

Lj ∝ (ΦBHa)2

Lj

l ∝ l0 sin2(θ)

Φ ≈ 1027 G m−2



Aϕ =
B0r3

c

r3 + r3
0

sin θ

uϕ = C sin2 θ (−gtϕϵisco + gϕϕlisco)

lisco = uϕ,isco =
r1/2
isco − 2a/risco + a2/r3/2

isco

1 − 3/risco + 2a/r3/2
isco

ϵisco = − ut,isco =
1 − 2/risco + a/r3/2

isco

1 − 3/risco + 2a/r3/2
isco

Rotation

Magnetic Field Potential
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We are remapping the stelar profile in AMR- BHAC code (Porth + 2017; Olivares +2019)

Initial conditions

Magnetic Field  Strength

Progenitor Star

B0 = 1012 − 1014 GMBH = 3M⊙ , 5M⊙
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Jet propagation
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High magnetized Weakly magnetized Non magnetized Shock front



Observational insignes
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θobs = 30∘



Gravitational Waves from Jets
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GWplotter.com39



GWplotter.com40

Gamma-Ray Bursts?



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
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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 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



Jet dynamics
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tj = 10

Ej = 1051

tj = 10

Ej = 1051

tj = 10

Ej = 1051

ESN = 1052

ESN = 1052
θj = 0.1 θj = 0.2



Where is the GW emission produced?
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z



Succesful jet - GW signal t = tobs
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Injection time Breakout

Acceleration phase
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Detectability
h ∝

E
Dc4

D = 1 Mpc

E = 1052 erg

θobs ∈ [0∘,10∘] ⟶ Rate [yr−1] = 10 LGRB

θobs ∈ [10∘,40∘] ⟶ Rate [yr−1] = 3 LGRB
θobs ∈ [40∘,90∘] ⟶ Rate [yr−1] = 0.1 LGRB

Ligo

LISA

ALIA

eLISABBOASD = 2 f1/2 | h̃( f ) |

Sensitivity curves from Moore et al. 2014



High frequency?
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Gottlieb et al. 2023

Δt ∝ 10−4 s (Temporal resolution)

Ecocoon = 1052 − 1053 erg

h ≈ 10−22 40 Mpc
D

E
1053 erg

Storage ~ Petabytes



Our Currently methodology
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Jet dynamics

(simulations)

Post-processing

(GW signals) Detectability

Jet dynamics

(simulations)

+ GW signals

Detectability

New implementation

New methodology
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Estimation of GW signals during the jet propagation (not post-processing)
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Δt ∝ 10−4 s (Temporal resolution)

Ram memory ~ GB

Storage ~ GB

Urrutia  (in Prep)

ASD = 2 f1/2 | h̃( f ) |

LIGO 04

VIRGO 04

CE
KAGRA

ETLISA

ALIA

BBO
DECIGO

Ej = 1051 erg

tj = 10 s

R⋆ = 1011 cm

Jet θobs = 5∘

Cocoon θobs = 30∘

hjet ∝ E(Γ ≥ 10)
hcocoon ∝ E(Γ < 10)

Dobs = 1 Mpc



Conclusions
• Short GRB simulations: 

• We include self-consistent disk winds to large scale simulations 

• After the jet interaction, the energy structure, cocoon expansion presents substantial 
changes with respect to usual homologous models 

• The collimation of the jet is modified by the pressure balance (self-consistent with r-process) 

• Long GRB simulations: 

• The structure of the progenitor affects, magnetization and properties of the central engine 
such as disc formation 

• Luminosities and accretion rates were affected by the magnetic field strength 

• Both: 

• The interaction of the jet with the progenitor environment determines whether the structure 
is conserved from small to large scales. Therefore, simulations are necessary at least at the 
scales of progenitor environments
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¡Gracias! - Thank you!

53

gurrutia@cft.edu.pl

gerardourrutia.com

http://gerardourrutia.com
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