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Causality and stability in hydrodynamics

Based on:
Lorenzo Gavassino (parallel 12, Tue)
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What is causality?

Alice

Bob

Alice cannot use the fluid to send 
informa3on to Bob faster than light 

1. Alice perturbs the fluid at 
her loca4on

2. The induced changes travel 
inside an “acous4c cone”

3. This cone should be contained 
inside the light cone

𝑤 ≤ 𝑐 (= 1)
𝑤: characteris/c velocity (local velocity of informa/on)
𝑐: speed of light 6
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𝒘 in rela7vis7c hydrodynamics

Ideal fluid

𝑤! = 𝑐"!

Ideal fluid + Bulk pressure (near equilibrium) 

Problem

Ideal fluid + Bulk pressure (far from equilibrium) 

𝑤! = 𝑐"! +
𝜁

𝜏# 𝑒 + 𝑃

𝑤! = 𝑐"! +
𝜁

𝜏# 𝑒 + 𝑃 + Π

𝑤 = speed of sound + diffusion

𝑐!: sound velocity

𝜁: bulk viscosity

𝜏": relaxa/on /me

Π: bulk pressure

In Navier-Stokes limit,

Π = −𝜁𝜃, 𝜃 ≈
1
𝜏

𝜃: expansion scalar
𝜏: proper /me

Π can approach to
− 𝑒 + 𝑃 in early time

𝑤 → ∞ (acausality)!

Hiscock-Lindblom (1983)

Bemfica-Disconzi-Noronha (2019) 7
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Causality viola7on in hydrodynamic model

Red: acausal
Purple: unknown
Blue: causal

Causality viola8ons
are not rare…

Plumberg et al. (2022)

What happens?
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What happens?
𝑣: fluid velocity

① Acausal (𝑤 > 1) but small 𝑣 ② Acausal (𝑤 > 1) and large 𝑣
Specifically, 𝑤𝑣 < 1 Specifically, 𝑤𝑣 ≥ 1
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Acausal propaga/on (𝑤)

What happens?

𝑥

𝑡

Light cone

𝑥

𝑡 𝑡'

𝑥'

Lorentz boost (𝑣)

𝑡'

𝑥'

Instability

Excessive acausality (𝑤𝑣 ≥ 1) induces instability!!
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A simple example
Assume Israel-Stewart eq. with bulk pressure

𝜏!𝐷 + 1 Π = −𝜁𝜃 𝐷 = 𝑢#𝜕# 𝜃 = 𝜕#𝑢#

Fl
ow

 v
el

oc
ity

 𝑣

⁄𝜏 𝜏!

𝑣 = 1 (speed of light)

𝑤𝑣 = 1 (stability ends)

𝑤 = 1 (causality ends)

𝑣 = (velocity at equilibrium)
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The simula7on does not see the instability 
Fl

ow
 v

el
oc

ity
 𝑣

Fl
ow

 v
el

oc
ity

 𝑣

⁄𝜏 𝜏! ⁄𝜏 𝜏!

Start Good or Bad Start Ugly

!?

Numerical “stabilizaVon” due to an inconsistent treatment of the 
derivaVves in the dissipaVve equaVons 12
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Example with MUSIC
Fl

ow
 v

el
oc

ity
 𝑣

⁄𝜏 𝜏!

Numerical soluVon with correct iniValizaVon
Causality violaVons 
originate instabiliVes 
in the fluid descripVon

The codes do not see 
these instabiliVes

We are solving 
hydrodynamics beyond 
its applicable regime!
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3D Bayesian analysis

Based on:
Andi Mankolli (parallel 6, Thu)
Thigao Siqueira Domingues (poster 2, Tue)
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Constraints from large and small, symmetric and asymmetric 
systems (Au+Au and d+Au)

New constraints on model parameters

Constraints from wide range of measurements at 
forward/backward rapidiVes (global energy conservaVon)

Constraints from causality in hydrodynamic simulaVons
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Constraints from large and small, symmetric and asymmetric 
systems (Au+Au and d+Au)

New constraints on model parameters

Constraints from wide range of measurements at 
forward/backward rapidiVes (global energy conservaVon)

Constraints from causality in hydrodynamic simulaVons
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3D Ini7al State and Hydrodynamics

17
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Calibrated model parameters

11 parameters for 
initial state

8 parameters for 
viscosiVes

1 parameter for 
parVclizaVon
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Experimental data
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Observables from calibrated model
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Observables from calibrated model

Calibrated model explains the experimental data well
21
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Constraints from forward/backward
Initial State

Significant rapidity loss 
constraints provided by 
midrapidity data

Rapidity loss becomes less 
sensiVve to 𝑦$%$& when 
forward/backward data is used

The strongest constraint in 
the beam rapidity region,
𝑦-./0 𝑠11 = 200 GeV = 5.36
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Constraints from forward/backward
Viscosity

Viscosity posteriors shi`ed to larger values
Preference for finite bulk viscosity at low T
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Constraints from different system
Viscosity

Somewhat consistent individual system posteriors
Stronger indication of finite viscosity from Au+Au
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Constraints from large and small, symmetric and asymmetric 
systems (Au+Au and d+Au)

New constraints on model parameters

Constraints from wide range of measurements at 
forward/backward rapidiVes (global energy conservaVon)

Constraints from causality in hydrodynamic simulaVons

25



3D dynamical model with causality

T. S. Domingues et al., Phys. Rev. C 110, 064904 (2024) F. S. Bemfica et al., Phys. Rev. LeU. 126, 222301 (2021)

3D dynamical model
Necessary condiDons

for causality

26

T. S. Domingues



Impose causality constraint

Acausality fraction  %!"!#$!%
%&'&!%

𝐸$%$&': Ini/al total energy

𝐸&(&)*&': energy in acausal region

Constraints on prior  
from the causality

Impose cutoffs for
acausality fracVon

27
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Posterior distribu7ons of parameters

Visible effects from 
causality constraint!

Ini=al Stage

Transport Coefficient

Par=cliza=on

𝑇34: switching temperature
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Posterior distribu7ons of viscosi7es

Visible effects on viscosities from causality analysis
Preference for small shear and bulk viscosiVes at low T
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Observable posterior

Even a`er imposing causality cutoff, there is no discrepancy 
with unconstrained posterior
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Nuclear structure in high-energy collisions

Based on:
Chun Shen (parallel 22, Tue)
Govert Nijs (plenary 6, Thu)
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Nuclear deforma7on
The ground state configura4ons of heavy nuclei can be described by 
generalized Woods-Saxon profile with intrinsic deforma4ons:

𝜌 𝑟, 𝜃, 𝜙 =
𝜌5

1 + exp ⁄𝑟 − 𝑅 𝜃, 𝜙 𝑎5

𝑅 𝜃, 𝜙 = 𝑅" 1 + 𝛽# cos 𝛾 𝑌#," 𝜃, 𝜙 + sin 𝛾 𝑌#,# 𝜃, 𝜙 + 𝛽%𝑌%," 𝜃, 𝜙 + 𝛽&𝑌&," 𝜃, 𝜙

Intrinsic shapes encode mul4-par4cle correla4ons that are probed by 
heavy-ion observables

Observable ratios 𝒪()*
𝒪+)+

cancel effects from QGP evolution
32

C. Shen



Nuclear deformaVon

Imaging nuclear shapes 

Nuclear structure of light nuclei '(O

𝒪67867
𝒪9:89:

𝒪;8;
𝒪<78<7

𝒪=.8=.
𝒪>-8>-

𝒪?8?
𝒪>-8>-

𝒪?8? 𝒪?8?

RHIC LHC

(backup)

The nuclear bowling pin !)Ne
𝒪1.81.
𝒪?8?

𝒪1.8>-
𝒪?8>-

Predic7ons only(backup)
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Constraining nuclear deforma7on
678U vs. 9:;Au

𝑟<7,;A 2 =
𝑣A; 2 A

𝑣A<7 2 A

The ratio of elliptic flow in
central U+U and Au+Au
favors

𝛽!,+ = 0.247
𝑎+ = 0.6 fm

ABCUDEFAu

W. Ryssens, G. Giacalone, B. Schenke and C. Shen, Phys. Rev. LeU. 130, 212302 (2023) 34
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Nuclear deformation of !"#Xe
96:Xe vs. 6<8Pb

No sensiVvity to hydrodynamic evoluVon (viscosiVes)
Strong sensiVvity to the 𝛽! deformaVon

H. Mantysaari, B. Schenke, C. Shen and W. Zhao, Phys. Rev. C110, 054913 (2024)

35
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Nuclear deforma7on of !"#Xe
96:Xe vs. 6<8Pb

Dynamical model explains the experimental data well
36
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Nuclear deformaVon

Imaging nuclear shapes 

Nuclear structure of light nuclei '(O

𝒪67867
𝒪9:89:

𝒪;8;
𝒪<78<7

𝒪=.8=.
𝒪>-8>-

𝒪?8?
𝒪>-8>-

𝒪?8? 𝒪?8?

RHIC LHC

(backup)

The nuclear bowling pin !)Ne
𝒪1.81.
𝒪?8?

𝒪1.8>-
𝒪?8>-

Predic7ons only(backup)
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Predic7ons for !$O + !$O at the LHC 

PredicVons using the parameters obtained by Bayesian analysis
Different nuclear structure models give slightly different but 
consistent answers 38

G. Nijs



Predic7ons for !$O + !$O at the LHC 
9=O vs. 6<8Pb

Licle sensiVvity to hydrodynamic evoluVon
Sizeable sensiVvity to the sub-nucleonic fluctuaVons and structure

H. Mantysaari, B. Schenke, C. Shen and W. Zhao, Phys. Rev. C110, 054913 (2024)

39

C. Shen



Nuclear deformaVon

Imaging nuclear shapes 

Nuclear structure of light nuclei '(O

𝒪67867
𝒪9:89:

𝒪;8;
𝒪<78<7

𝒪=.8=.
𝒪>-8>-

𝒪?8?
𝒪>-8>-

𝒪?8? 𝒪?8?

RHIC LHC

(backup)

The nuclear bowling pin !)Ne
𝒪1.81.
𝒪?8?

𝒪1.8>-
𝒪?8>-

Predic7ons only(backup)
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The nuclear bowling pin "%Ne
6<Ne9=O

Ne looks like O, but with an extra 𝛼-cluster on top
Central NeNe/OO 𝑣! ratio should have a large signal 

Giacalone, Bally, Nijs, Shen et al., 2402.05995
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Central NeNe/OO 𝒗𝟐 ra7o 

Central NeNe/OO 𝑣! raVo has a large enhancement 
Geometric uncertainVes indeed largely cancel

42

G. Nijs

Giacalone, Bally, Nijs, Shen et al., 2402.05995



Opportunity at LHCb SMOG experiment
Pb + X collisions (fixed-target)

Strong impact of the shape of Ne (~20% enhancement)
The signal survives up to large centraliVes

Pb+Ne

Pb+O

43
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Rapidity scan with DCCI at LHC energy

Based on:
Shin-ei Fujii (poster 2, Tue)
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Rapidity Scan
Expected high baryon number density in 
forward rapidity in high-energy collisions

QCD phase diagram and experiments

Access high baryon chemical poten=al 
region in the QCD phase diagram Rapidity Scan

Beam Energy Scan
@ low energy

Rapidity Scan
@ high energy

Rapidity Scan

Complementary study of QCD phase diagram 
by BES and Rapidity Scan!

M. Li and J. I. Kapusta,Phys. Rev. C 99, 014906 (2019)

S. Fujii
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How large baryon chemical poten7al is achieved 
as equilibrated maRer in forward rapidity? 

A fundamental ques7on

To answer the quesVon, models must describe…

Equilibrium and non-equilibrium components separately

FluidizaVon (equilibraVon) of baryon number

Hydrodynamic evoluVon of baryon number density

DCCI + finite 𝒏' extension

S. Fujii
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Dynamical Core-Corona Ini7aliza7on model

IniLal partons Dynamical iniLalizaLon Core-corona picture

𝑗G

Energy-momentum
deposition

by PYTHIA8/PYTHIA8 Angantyr
T. Sjöstrand et al., Comput. Phys. Commun. 191, 159 (2015)
C. Bierlich et al., JHEP 1610, 139 (2016) 

𝑗G

Hydrodynamic 
evolu<on

Partonic 
evolu<on

Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)

through the energy-momentum
source term 𝑗+

CORE

Equilibrium

Non-equilibrium

CORONA𝑇IJ7KL
MG = 0

𝑇N/:OPQ
MG ≠ 0

𝜕M𝑇IJ7KL
MG = 𝑗G

𝜕M𝑇N/:OPQ
MG = −𝑗G

S. Fujii
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Source terms

𝜕M𝑇IJ7KL
MG = 𝑗G

𝑗G = − F
R

S!"#$%&
𝑑𝑝RG 𝑡
𝑑𝑡

𝐺 𝒙 − 𝒙R 𝑡

Conserved charge source termEnergy-momentum source term

When 𝑖th parton
deposits all energy

= dead parton

𝑝,+: Four-momentum of 𝑖th parton 
𝐺: Gaussian func/on

New!!

𝒙,: Posi/on of 𝑖th parton

Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)

Low 𝒑𝐓 / Dense

CORE

High 𝒑𝐓 / Dilute

CORONA

Phenomenological fluidizaLon rate per parLcle
in core-corona picture

DeposiLon of conserved charges 
into the fluid

Equilibrated baryon number
in CORE

𝜕M𝑁IJ7KL, Y
M = 𝜌Y I: B, Q, S

𝑁-,/: Charge I of 𝑗th dead parton 

𝜌Y = − F
\

S'("' 𝑑𝑁\,Y
𝑑𝑡

𝐺 𝒙 − 𝒙\ 𝑡

S. Fujii
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Profiles of CORE S. Fujii
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Profiles of CORE S. Fujii
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Freezeout hypersurface S. Fujii
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Averaged freezeout hypersurface S. Fujii



Backups
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Other interes7ng topics of hydrodynamics

Stochastic hydrodynamics (N. Mullins, D. Teaney)

Spin hydrodynamics (D. Wagner)

Hydrodynamics of heavy quarks (F. Capellino)

Magneto hydrodynamics (A. Dash)

Hydrodynamic descripVon of iniVal stage (A. Kirchner)
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Numerical stabiliza7on L. Gavassino
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Nuclear structure from isobar collisions

56
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Dependence on nuclear structure of !$O

(NLEFT)

Xin-Li Zhao(poster1, Tue)

The square configuraVon 
shows the largest 𝑣!
The W-S configuration shows 
the smallest 𝑣!
OveresVmate the STAR data

57
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Changing signatures of 𝜶-clustering

𝜌 𝑣]A, 𝑝^ =
R𝛿𝑣]A R𝛿 𝑝^

R𝛿𝑣]A
A R𝛿 𝑝^

A

The raVos of 𝑣! - 𝑝,
correlaVon show sensiVvity to 
nuclear configuraVons from 
different low-energy nuclear 
theory calculaVons
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NLEFT and PGCM

6<Ne9=O

Nuclei from both models look quite similar
59

Nuclear LaTce EffecLve Field Theory
ab ini&o

Projected Generator Coordinate Method

Giacalone, Bally, Nijs, Shen et al., 2402.05995

6<Ne9=O


