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Where does this gas expansion come from?

The answer is provided by stars



Aquí el rompecabezas L⊙ ∼ 3.8 × 1026 W

1024

r ∼ 1010 cm
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Aquí el rompecabezas 

Key idea:  
The mass of the star



The initial mass of the star determines its evolution



Our interest



The incredible star’s dead!

LSN ∼ 1043 erg s−1 ∼ 1010L⊙





Ancient records of Supernovae

Kashmir, India

Henri III, Tivoli, Italy

New Mexico



The remnants





Collapsing stars

• Accretion disk


• Launching of relativistic jets





Neutron Star

r ∼ 10 Km
ρ ∼ 1014 gr cm−3

MNS < 2.17 M⊙
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The power of the accretion
·E ∼ η ·Mc2

300 grams



The power of the accretion

·E ∼ η ·Mc2

Eextracted due to pierogi ∼ 1016 J

Eatomic bomb ∼ 1013 J

If I launched a pierogi I could obtain


100-1000 times the energy of AB 



Gamma-Ray Bursts, The most powerful explosions in the universe!



The origin and evolution of Gamma-Ray Bursts



The case of the mergers



Credit: Alejandro Vigna-Gomez







Gravitational waves

Chanel: Animations for physics and astronomy
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h ∼
G
c4

EGW

d
∼ 10−21

□ h̄μν = − 16π Tμν



Gravitational waves

Chanel: Animations for physics and astronomy
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GWplotter.com30



Observations from August 2017

Motley et al. 2018

Credit: Stefano Ascenzi



Observations from August 2017

Breschi et al. 2021Radiation from Kilonova

Credit: Stefano Ascenzi



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)



Ok, lets modeling



Bomb explosions are similar to astronomical explosions



Modeling Cosmic Explosions

Density

Pressure

Velocity

ρ

p

v

Gas parcel

e ≡ Γ2ρhc2 − p − Γρc2

Γ ≡ (1 − (v/c)2)−1/2

Density of energy 

Lorentz Factor

h = 1 +
γ

γ − 1
p

ρc2Enthalpy



Special relativistic gas dynamics

∂
∂t

[Γρ] + ∇ ⋅ [Γρ ⃗v] = 0

∂
∂t

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

∂
∂t

[e] + ∇ ⋅ [e ⃗v + p ⃗v] = 0

Mass

Momentum

Energy



∂U
∂t

+
∂Fi

∂xi
= 0U = (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



2D example

https://github.com/geursan/beagle_code



Computational costs associated to space/time resolution 

Lazzati, Ciolffi & Perna 2020

-Simulation last slide, 5 minutes

-Fiducial model Urrutia et al. 
2025, 120 000 h, 1~year

-3D simulation, Urrutia et al. 2023, 
1 million h ~ 100 years 

-Note: Models including different physical 
components and 3 spacial directions 10 - 
100 million (e.g., Shibata et al. 2025, 
Mezzacapa 2022)



Resources



Computational resources



Spatial mesh can be dynamically adapted 



Codes: We separate by parts the entire problem

HARM_COOL (EOS): 
A.Janiuk  

-> https://github.com/
agnieszkajaniuk/
HARM_COOL

MEZCAL (AMR):  

De Colle, Granot, Ramirez-
Ruiz, Lopez-Camara (2012)

BHAC (AMR):  

Port, Olivares, Mizuno et al  

-> https://bhac.science/ 

https://bhac.science/


Simulation of a blast wave explosion
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Urrutia in prep



Simulation post neutron star merger explosion
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Jet + Supernova crossing a massive star

49e.g., Urrutia, De Colle & Lopez Camara 2022

Gaussian jet + Supernova



Simulation of a relativistic jet crossing a massive star

50



51



GWplotter.com52



GWplotter.com53

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




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



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



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



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

• Numerical simulations are our virtual laboratories to solve extreme 
phenomena. 


• The computational time increases, due to the spacial scales and physical 
process involved.


• We can extract information about electromagnetic and gravitational radiation.


• Several techniques are applied on this research field.

https://ra.cft.edu.pl/



 Dziękuję bardzo - ¡Gracias! - Thank you!
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gurrutia@cft.edu.pl


