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▸ Hydrodynamics describe the evolution of the thermalized QGP

▸ Numerical simulations

▸ Objectives

HYDRODYNAMICS AND JETS
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▸ Relativistic Viscous Hydrodynamic

▸ Lagrangian - SPH

▸ Significantly improved version of v-USPhydro 
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▸ Relativistic Viscous Hydrodynamic

▸ Lagrangian - SPH

▸ Significantly improved version of v-USPhydro 
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CCAKE

BSQ charges evolution

(3+1)D simulations

Performance portability 

Improved equations of motion

Hyperbolic and cartesian 
coordinates

Source terms
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SPH METHOD
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SPH METHOD
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SPH METHOD
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SPH METHOD
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▸ Define the kernel: :  , 

                                                                     

                                                              

A(r) = ∫V
A(r′￼)δ(r′￼− r)dV′￼

W(r, h) ∫V
W(r, h)dV = 1 lim

h→0
W(r, h) = δ(r)

A(r) ≈
N

∑
i=1

A(ri)W(ri − r, h)ΔVi

∇A(r) ≈
N

∑
i=1

A(ri)∇W(ri − r, h)ΔVi

CLASSICAL SPH

13
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▸  any quantity density at rest frame

▸

▸ M some conserved quantity

q

q* = qu0 −g

RELATIVISTIC SPH

14

q*a =
N

∑
b=1

mb
q*b
σ*b

W(ra − rb, h)

σ*a =
N

∑
b=1

mbW(ra − rb, h)

Mtot =
N

∑
b=1

mb
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CCAKE CENTRAL LIBRARY

▸ Exascale Computing Project (ECP) - Co-design Center for Particle Applications (COPA)

▸ ECP-COPA/Cabana used in CCAKE

▸ Performance portability

▸    - Personal Computers

▸    - Workstations

▸    - Clusters w/wo GPUs

15

https://www.exascaleproject.org/research-project/particle-based-applications/
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CCAKE: SPH
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▸ Specific density σ =
1
V

1
V*a

= σ*a =
N

∑
b=1

mbW(ra − rb, h)

▸ Particle number as conserved quantity

▸ Ideal and dissipative mb = 1
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▸ Cubic spline

KERNEL
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  W(r, h) = {
(2 − )3 − 4(1 − )3, 0 ≤ < 1

(2 − )3, 1 ≤ < 2
0, ≥ 2

‣  ,  

‣  ,  

‣ , 

C =
1
6h

D = 1

C =
15

14h2
D = 2

C =
1

4h3
D = 3

q = |r | /h

q

q

q q
q

qC

2h
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CCAKE: SPH
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▸

▸  , , , 

▸ , 

σ =
1
V

S =
s
σ

NX =
nX

σ
Π̃ =

Π
σ

π̃ =
π
σ

xμ uμ

s* =
N

∑
b=1

mbSbW(ra − ra, h)

n*X =
N

∑
b=1

mbNX,bW(ra − ra, h)Dynamical variables
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▸ Hyperbolic and cartesian coordinates
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CCAKE: EQUATIONS OF MOTION

dμTμν =

dμNμ
X =

τΠDΠ + Π = − ζΘ + 𝒥 + ℛ

τπΔμν
αβDπαβ + πμν = 2ησμν + 𝒥μν + ℛμν

ρX

jν

ℛ = φ1Π2 + φ3πμνπμν

𝒥 = − δΠΠΠΘ −λΠππμνσμν

ℛ = φ6Ππμν + φ7Δμν
αβπλαπβ

λ

𝒥μν = − δπππμνΘ −2τπΔμν
αβπα

λ ωβλ − τππΔμν
αβπλασβ

λ + λπΠΠσμν

−
τΠ

·
βΠ

2βΠ
Π

−
τΠ

·
βπ

2βπ
πμν

Source terms

Turned off

arXiv:2209.11210
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▸ Hyperbolic and cartesian coordinates
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CCAKE: EQUATIONS OF MOTION

dμTμν =

dμNμ
X =

τΠDΠ + Π = − ζΘ + 𝒥 + ℛ

τπΔμν
αβDπαβ + πμν = 2ησμν + 𝒥μν + ℛμν

ρX

jν

ℛ = φ1Π2 + φ3πμνπμν

𝒥 = − δΠΠΠΘ −λΠππμνσμν

ℛ = φ6Ππμν + φ7Δμν
αβπλαπβ

λ

𝒥μν = − δπππμνΘ −2τπΔμν
αβπα

λ ωβλ − τππΔμν
αβπλασβ

λ + λπΠΠσμν

−
τΠ

·
βΠ

2βΠ
Π

−
τΠ

·
βπ

2βπ
πμν

Source terms

Turned off

Invert equations and 
isolate variables

arXiv:2209.11210
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CCAKE: EQUATIONS OF MOTION

dNX
dt

= . . .

dS
dt

= . . .

dΠ
dt

= . . .

dπμν
dt

= . . .

Mi
j
duj

dt
= Fi→
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▸ QCD EoS based on a Taylor series expansion up to O( )

▸ Coupled to a Hadron Resonance Gas using the PDG2016+ list

▸ Lattice EOS doesn't cover all necessary regions 

μ4
X

CCAKE: EQUATION OF STATE

22
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▸ QCD EoS based on a Taylor series expansion up to O( )

▸ Coupled to a Hadron Resonance Gas using the PDG2016+ list

▸ Fallback equations

μ4
X

CCAKE: EQUATION OF STATE

23

p(T, ⃗μ) =
1
2

A0T4
0 ( T

T0 )
2

+ ∑
X ( μX

μX,0 )
2

2

LATTICE-BASED TANH-
CONFORMAL

CONFORMAL
DIAGONALCONFORMAL

p(T, ⃗μ) =
1
2

A0T4
0(1 + tanh( T − Tc

Ts )) ( T
T0 )

2

+ ∑
X ( μX

μX,0 )
2

2

p(T, ⃗μ) =
1
2

A0T4
0 ( T

T0 )
2

+ ∑
X ( μX

μX,0 )
4

arXiv:2405.09648
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CCAKE: CODE STRUCTURE
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,  , , xj, uj S, NX Π̃ π̃μν , , σ* s* n*X EOS → ε, T, P

SPATIAL 
GRADIENTSduj /dx0RK2  → t + dt

 Lab → LRF

Repeat until   SPH particlesε < εfo ∀

READ IC

ALOCATE 
PARTICLES

DERIVATIVES OF
 , , S, NX Π̃ π̃μν

SPH
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ANALYTICAL CHECKS
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▸  longitudinal analytical

▸  transversal analytical

(1 + 1)D

(2 + 1)D
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(1+1)D ANALYTICAL
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▸  longitudinal expansion check

▸ Conformal EOS ( )

▸ Ideal

(1 + 1)D

μX = 0

uη(η, τ) =
1
2τ

t0eη0−η + τa
t0eη−η0 + τ

a

−
t0eη−η0 + τ

a

t0eη0−η + τa

ϵ(η, τ) = ϵ0( t0
τ0

+
aτ
τ0

eη−η0)
(1 − c4

s )
4c2

s

1
a2 − (1 + c2

s )2

4c2
s

( t0
τ0

+
τ

aτ0
eη0−η)

(1 − c4
s )

4c2
s

a2− (1 + c2
s )2

4c2
s

a = 1
η0 = 0

PRC 105, L021902
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(1+1)D ANALYTICAL
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▸  transversal - Gubser

▸  Conformal EOS

▸ Shear viscosity

(2 + 1)D

(2+1)D ANALYTICAL
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(2+1)D ANALYTICAL
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PERFORMANCE

31

1h30min

25 min

6 min
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arXiv:1911.10272 
PRC 105 (2022) 034908
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(2+1)D EBE SIMULATIONS

▸  with shear viscosity 

▸  Full EOS

(2 + 1)D

 TRENTo

CCAKE V1 FINAL SPECTRA 

ICCING

arXiv:2405.09648

PRC 92 (2015) 011901
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SOURCE TERMS

▸ Di-jet in the transverse plane

▸ Moving at the speed of light 
⃗rjet = ⃗rjet,0 + (τ − τ0)

⃗v

jν(τ, ⃗r) =
dE
dl

δ3( ⃗r − ⃗rjet)
uν

γ

PRC 90 (2014) 2, 024914
PRL 97 (2006) 062301
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Normalization ∫
W
τ

τdxdydη = Δη

▸ Di-jet in the transverse plane

▸ Moving at the speed of light 

34

SOURCE TERMS

⃗rjet = ⃗rjet,0 + (τ − τ0)
⃗v

jν(τ, ⃗r) =
dE
dl

δ3( ⃗r − ⃗rjet)
uν

γ

W( ⃗r − ⃗rjet, h)
1
τ

dE
dl

=
s( ⃗rjet)

s0

dE
dl

|0

PRC 90 (2014) 2, 024914
PRL 97 (2006) 062301
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▸ 300 ICCING events averaged

▸ PbPb  , 0-5%

▸ Toy model to explore effects in hydro

▸ Di-jet forming at (0,0) at  

▸ Moving in  direction

sNN = 5.02TeV

τ0

±x

35

SOURCE TERMS



HOT JETS JANUARY/2025KEVIN POSSENDORO PALA 36

SOURCE OFF SOURCE ON
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SOURCE OFF SOURCE ON

πμνπμν /P
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SOURCE OFF SOURCE ON

τπ σμνσμν
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CONCLUSIONS AND OUTLOOK
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▸ Performance portability (GPU/CPU) 

▸ Excellent results for the (2+1)D and (1+1)D checks

▸ Reproduce data

▸ Hydrodynamics with sources terms

▸ Check causality near the jet

▸ Simulate with more physical parameters

▸ Couple with jet simulator 
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BACKUP
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COORDINATE SYSTEM
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▸

▸

▸

▸

c = ℏ = kb = 1

xμ = = {τ, x, y, ηs}

τ = t2 − z2

ηs =
1
2

ln( t + z
t − z )
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DERIVATIVES

42

▸ Partial derivatives

∂kq* =
N

∑
b=1

mb[q*b
(σ*a )−1

(σ*b )
− q*a

(σ*a )−1

(σ*b ) ]∂kWab

‣  usual 

‣  antisymmetric  

‣  symmetric

n = 0

n = 1

n = − 1

nn
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DERIVATIVES
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▸ Partial time derivatives depends on total derivatives 

d0Aμ =
dAμ

dx0
− vi ∂i Aμ + Γμ

0σAσ,
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 AND Tμν Nμ
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Tμν = (ε + P + Π)uμuν − gμν(P + Π) + πμν

Nμ = nuμ + qμ

▸ Full

uμdμ = D,

Δμν = gμν − uμuν

∇μ = Δαμdα
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CCAKE: FREEZE-OUT SURFACE
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▸ Surface εfo = ε(x = (x0, x1, x2, x3))

nμ =
Nμ

|NμNμ |
= −

∂μεfo(x)

|∂μεfo(x)∂μεfo(x) |



HOT JETS JANUARY/2025KEVIN POSSENDORO PALA

EXAFLOP

▸  operations / second1018

46
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JET SIMULATION PARAMETERS
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s0 = 200fm−3

dE
dl

|0 = 30GeV

hjet = 0.3fm

η
s

= 0.2

τ0 = 0.6fm/c

τπ =
η

5w

Δη = 0.1

ΔE ∼ 500 GeV


