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HYDRODYNAMICS AND CAUSALITY

HYDRODYNAMIC VALIDITY

e Hydrodynamics central to simulations

e Validity of fluid description not always clear

e Typically derived as expansion around
equilibrium

e Sometimes system is far from equilibrium
(early times, near jets)

e Not definitive: hydro can be valid far from
equilibrium
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e Typically derived as expansion around
equilibrium

e Sometimes system is far from equilibrium
(early times, near jets)

e Not definitive: hydro can be valid far from
equilibrium X (fm)

o Relativistic causality: definitive test

Y (fm)

Blue: causal
Red: acausal
Purple: unknown
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HYDRODYNAMICS AND CAUSALITY

HYDRODYNAMIC VALIDITY

e Hydrodynamics central to simulations

e Validity of fluid description not always clear

e Typically derived as expansion around
equilibrium

e Sometimes system is far from equilibrium
(early times, near jets)

e Not definitive: hydro can be valid far from 0
equilibrium X (fm)

o Relativistic causality: definitive test

Y (fm)

e How important is this issue? Quantify with F?éf:aizlassaall
Bayesian analysis ) purp|é; unknown
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BAYESIAN ANALYSES

e Bayesian inference: used to extract physical properties from

data with systematic treatment of uncertainty

o JETSCAPE performed large-scale analysis of soft sector

Phys.Rev.C 103 (2021) 5, 054904

Norm. Pb-Pb 2.76 TeV
Norm. Au-Au 200 GeV
generalized mean

nucleon width

min. dist. btw. nucleons
multiplicity fluctuation
free-streaming time scale
free-streaming energy dep.
particlization temperature
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BAYESIAN ANALYSES

Ervmts 200000
e Bayesian inference: used to extract physical properties from SN e 4
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Norm. Pb-Pb 2.76 TeV N[2.76 TeV] [10, 20] temperature of (7 /s) kink Tn [0.13, 0.3] GeV
Norm. Au-Au 200 GeV N[0.2 TeV] 3, 10] (n/s) atkink (1/8)kink [0.01,0.2]
generalized mean P [-0.7,0.7] low temp. slope of (1 /s) Alow [-2,1] Gev—1!
nucleon width w [0.5,1.5] fm high temp. slope of (n/s) 3high [-1,2] GeV— 1
min. dist. btw. nucleons dg"n [0, 1.73] fm3 shear relaxation time factor b [2, 8]
multiplicity fluctuation ok [0.3,2.0] maximum of (¢ /s) (¢/s)max [0.01, 0.25]
free-streaming time scale TR [0.3, 2.0] fm/c temperature of (¢ /s) peak Tg [0.12, 0.3] GeV
free-streaming energy dep. o [-0.3,0.3] width of (¢ /s) peak we [0.025, 0.15] GeV
particlization temperature Tsw [0.135, 0.165] GeV asymmetry of (¢ /) peak A ¢ [-0.8,0.8]

W LuzuM (USP) AUS!/ ND BAYESIAN £ Hot JETS 01/09/2025 3/13



BAYESIAN ANALYSES

Specific shear viscosity posterior

0.35F( =~ Prior 60% C.I. ,/'
= Without causality analysis 60% C.I. na
e Bayesian inference: used to extract physical properties from (N
. . . 0.25F "~ e
data with systematic treatment of uncertainty ool
o JETSCAPE performed large-scale analysis of soft sector “o1s
Phys.Rev.C 103 (2021) 5, 054904 010
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Norm. Pb-Pb 2.76 TeV N[2.76 TeV] [10, 20] temperature of (7 /s) kink Tn [0.13, 0.3] GeV
Norm. Au-Au 200 GeV N[0.2 TeV] [3,10] (n/s) atkink (1/8)kink [0.01,0.2]
generalized mean P [-0.7,0.7] low temp. slope of (1 /s) Alow [-2,1] Gev—1
nucleon width w [0.5,1.5] fm high temp. slope of (n/s) 3high [-1,2] Gev—1
min. dist. btw. nucleons d%in [0, 1.73] fm3 shear relaxation time factor b [2,8]
multiplicity fluctuation ok [0.3,2.0] maximum of (¢ /s) (¢/s)max [0.01, 0.25]
free-streaming time scale TR [0.3, 2.0] fm/c temperature of (¢ /s) peak TC [0.12, 0.3] GeV
free-streaming energy dep. o [-0.3,0.3] width of (¢ /s) peak we [0.025, 0.15] GeV
particlization temperature Tsw [0.135, 0.165] GeV asymmetry of (¢ /s) peak AC [-0.8,0.8]
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BAYESIAN ANALYSES

Specific bulk viscosity posterior

e Bayesian inference: used to extract physical properties from
data with systematic treatment of uncertainty

o JETSCAPE performed large-scale analysis of soft sector
Phys.Rev.C 103 (2021) 5, 054904
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Norm. Au-Au 200 GeV N[0.2 TeV] [3,10] (n/s) atkink (1/S)kink [0.01,0.2]
generalized mean P [-0.7,0.7] low temp. slope of (1 /s) Alow [-2,1] Gev—1
nucleon width w [0.5,1.5] fm high temp. slope of (n/s) 3high [-1,2] GeV— 1
min. dist. btw. nucleons dg"n [0, 1.73] fm3 shear relaxation time factor b [2, 8]
multiplicity fluctuation ok [0.3,2.0] maximum of (¢ /s) (¢/s)max [0.01, 0.25]
free-streaming time scale TR [0.3, 2.0] fm/c temperature of (¢ /s) peak Tg [0.12, 0.3] GeV
free-streaming energy dep. o [-0.3,0.3] width of (¢ /s) peak we [0.025, 0.15] GeV
particlization temperature Tsw [0.135, 0.165] GeV asymmetry of (¢ /) peak A ¢ [-0.8,0.8]
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BAYESIAN ANALYSES

e Bayesian inference: used to extract physical properties from

data with systematic treatment of uncertainty

o JETSCAPE performed large-scale analysis of soft sector

Phys.Rev.C 103 (2021) 5, 054904

e How are these results affected if we don’t allow hydro to be used | o

in acausal regime?

Specific bulk viscosity posterior

o
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Norm. Au-Au 200 GeV

generalized mean P
nucleon width w
min. dist. btw. nucleons dr3n|n
multiplicity fluctuation ok
free-streaming time scale TR
free-streaming energy dep. o
particlization temperature Tsw
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ISRAEL-STEWART HYDRODYNAMICS

e Modern hydrodynamic theory used in simulations:
T =eutu” — (P 4+ M)A* 4 7t
0, TH =0,
7—I'Il;I + M= —(0—pnMo + /\nﬂﬂ“l’o'#u

Tt ) o = 2not’ — SpamhVO + <p77r(<1“7r”>a — Tmﬂé“o”m + AnMo™?

e Common parameterizations:
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LINEAR CAUSALITY

e Simplest situation: infinitessimal
perturbation around static global equilibrium

e Linearize equations of motion. Demanding 0.30
signal propagation v < ¢ gives condition

Bayesian Prior parameter range

o
N
&

4 ¢
=02 L + <
Mstatic = Cs 37:(e+P) m(e+P) !

©
N}
o

Causal region (linear)

bulk relaxation time factor bp

n x
T = b.— 0.15
T TTsT \
C 0.10
m = br| » 5 >
(é_cs) (e+p) 0.05
e Prior (and posterior) allows violation of linear . Acausal region (linear) _
itv! 2 4 6 8 10 12
Causallty' shear relaxation time factor b,
e Small dependence of observables on 7, and Trajectum 1: Phys. Rev. C 103, 054909 (2021)

7n gives flat posterior and no strong effect
on conclusions about other parameters
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LINEAR CAUSALITY

e Simplest situation: infinitessimal
perturbation around static global equilibrium

e Linearize equations of motion. Demanding 0.30
signal propagation v < ¢ gives condition

Bayesian Prior parameter range
B JETSCAPE Grad MAP
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LINEAR C ALITY

e Simplest situation: infinitessimal

perturbation around static global equilibrium _ _
0.30 Bayesian Prior parameter range

° L!nearlze equat!ons of motl_on. Demgpdmg - B |ETSCAPE Grad MAP
signal propagation v < ¢ gives condition c JETSCAPE Prior range
L0.25¢ = Trajectum 1 MAP
4 C *8 e Trajectum 2 Posterior
_ 2 n &
Nstatic = C5 + = + <A1 o 0-20r
37r(e+P)  mn(e+P) £ Causal region (linear)
—p §0.15¢
7r = bn sT g .
©
= bn < goi0f
(1_02) (6+p) =] - ecs= < === =3 e o
3 s < 0.05
e Prior (and posterior) allows violation of linear _ Acausal region (linear) ,
iyl 2 4 6 8 10 12
Causallty' shear relaxation time factor b,
e Small dependence of observables on 7, and Trajectum 1: Phys. Rev. C 103, 054909 (2021)
n gives flat posterior and no strong effect JETSCAPE: Phys. Rev. C 103, 054904 (2021)

) Trajectum 2: Phys. Rev. C 106, 044903 (2022)
on conclusions about other parameters
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NONLINEAR CAUSALITY

e Recently-derived (necessary) conditions for general, nonlinear case:
Phys. Rev. Lett. 126, 222301 (2021)

2 /\7rl'l I'I Trm ‘/\1|
b e e+P 21, e+ P
1 Axn n Ter N3
n=1—- — 11— — - — >0,
2 br ( 27—7,>8+P 41, e+ P -
1 Aen N Trr N3
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n[=—+_— - — >0,
= b, T2r c4P 4r,ciP =
1 A n A A
m=1— — (1— ”) +<1——T’”’) a_ ITxn Td >0,
br 27 ) e+ P 41 ) e+ P 41 e+ P
41 1 2 2\ o) n 30rn + T A A
2 2 7l nn 2 g T N 2 1
ns=¢+-z—+bn|lz—-6¢) +|zg—+—+¢ ) —F5|—F—+— +¢ >0,
=" 7T 3b, ”(3 S) (3 T S>E+P( 37 P S>€+P =

4 1 1 2 2 Axn onn 2 n ) + T An A%)
e=1—-(f+-—+bn(=-¢ 11— - — ) —— QP . S L AL s >0.
¢ <S+3bﬂ+”<3 s>>+< 37  m s>s+P+< 37 m ) etP =

e In practice, ng is the most stringent condition
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QUANTIFYING ALITY

_Pb Pb Grad posterior

98.8% of posterior Ecausal/Etotar < 80%
98.2% of posterior Excausai/Etota < 60%
97.4% of posterior EacausailEtotar < 40%

0.30

e JETSCAPE model: Trento — Free
Streaming — Hydrodynamics —
85.4% of posterior EacausailEtotar < 20%

Cooper-Frye :
. . ——- 70.9% of posterior E;causailEtotas < 10%
e We perform a b = 0 simulation f| ==mmr 27.9% of posterior EacausailEtota < 1%

and quantify the fraction of system 0.15 6.48% of posterior EacausalEtotal < 0.0001% |]
(defined by totel energy) that is in
an acausal regime at onset of
hydrodynamics

0.00 20 40 60 80 100
Eacausal/Etotal(%)
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_Pb Pb Grad posterior

0.30

98.8% of posterior Ecausal/Etotar < 80%
98.2% of posterior Eacausai/Etotal < 60%
97.4% of posterior EacausailEtotar < 40%

e JETSCAPE model: Trento — Free
Streaming — Hydrodynamics —
85.4% of posterior EacausailEtotar < 20%

Cooper-Frye ,
) . ——- 70.9% of posterior E;causailEtotas < 10%
e We perform a b = 0 simulation f| ==mmr 27.9% of posterior EacausailEtota < 1%

and quantify the fraction of system 0.15} 6.48% of posterior EacausalEtotal < 0.0001% |]
(defined by totel energy) that is in
an acausal regime at onset of
hydrodynamics

e What happens if we make cuts on
the posterior?

0.00

0 20 20 60 80 100
Eacausal/Etotal( %)
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OBSERVABLES (MAP WITH AND WITHOUT ACAUSALITY CUTS)
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OBSERVABLES (MAP WITH AND WITHOUT ACAUSALITY CUTS)
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OBSERVABLES

e Ability to fit data not destroyed by stringent causality demands

e Maximum probability (Maximum a Posteriori, MAP) of original posterior is ~ 3 times as likely
as best-fit after the strongest cut

MATTHEW LUuzUM (USP) CAUSALITY AND BAYESIAN ANALYSES Hort JETS 01/09/2025 9/13



1D PARAMETER POSTERIORS

e 1D marginalized posterior
distributions

e Demanding causality alters
posteriors

2 4 6 8
shear relaxation time factor b,
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1D PARAMETER POSTERIORS

' '  — 'Without causality'analysis
r —— EacausallEtota < 1 % '
e 1D marginalized posterior | ]
distributions Fa
- ; \ -
e Demanding causality alters / \
posteriors - / ‘0 1

shear relaxation time factor b,
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1D PARAMETER POSTERIORS

' ' A  — 'Without causality'analysis
[ A —— EacausallEtota < 1 % o
f Y |- EacawsalEtorar< 0.1%
e 1D marginalized posterior I oA |
distributions /M
L Y ‘\‘ J
e Demanding causality alters H VN
posteriors - - \, ]

shear relaxation time factor b,
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1D PARAMETER POSTERIORS

l l N = I\Nithout causality lanalysis
[ A —— EacausallEtotar < 1 % B
P o= EacousalErora < 0.1%
r P EacausallErotst < 0.0001 % |4
1 1
- P ]
e 1D marginalized posterior |
distributions . LN ]
R . LA ‘\\
e Demanding causality alters . AN ]
/ \ ‘\\

posteriors
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1D PARAMETER POSTERIORS

) " " — V;Iithout causali;y analysis
—= EacausallEtotas < 1 % i
10 e ElEa < 0.1%
EacausallEtotal < 0.0001 %
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S gt ]
e 1D marginalized posterior 3
distributions B 6l |
0 q (a]
e Demanding causality alters =
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VISCOSITY POSTERIORS

Specific shear viscosity posterior

0.35r| == Prior 60% C.1. Re
[ Without causality analysis 60% C.I. e
0.30t EacausailEtota < 0.0001 % cutoff 60% C.I. | 7
7’
7’
0.25F S ol
. . . . ~ 7’
e Shear viscosity not signifantly RN -7
affected 0 0207 N S~ - ---
. . . c
e Large bulk viscosity disfavored by 0.15¢
causality cuts
0.10t
0.05f ~ T TTTTTTTTTT I T ==
0.00t_, \ .
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VISCOSITY POSTERIORS

Specific bulk viscosity posterior

T
== = Prior 60% C.I.
0.12r - === _|== Without causality analysis 60% C.I.

V4 EacausatlEtotar < 0.0001 % cutoff 60% C.I.
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// y \\
0.10f , .
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I/ \\

e Shear viscosity not signifantly 0.08r 7« \

affected K AN

o "F 0.06f \
e Large bulk viscosity disfavored by N
1 N
causality cuts 0.04k ..
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CONCLUSIONS

e Hydodynamic simulations typically enter acausal regimes, at least sometimes
e Demanding limits on acauasality has nonnegligible effects on existing Bayesian analyses

e In the era of precision heavy-ion physics, it is an issue that should be addressed

e Improve pre-hydrodynamic description
e Further developments in hydrodynamic theory
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BONUS: JET/MEDIUM INTERACTION

e Early times: system is far from equilibrium and must thermalize/hydrodynamize
e Same considerations near jets: energy lost by the jet must thermalize/hydrodynamize
e May have observable affects?
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