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Dynamical evolution of Heatwgn collisions

e Hydrodynamics is the workhorse in heavy ion collisions model simulations

Heinz, Snellings, Ann. Rev. Nucl. Part. Sci. 63, 123 (2013)

Original Figure: MADAI collaboration, Hannah Petersen and Jonah Bernhard
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where do we use hydrodynamics?

Hydrodynamics is an effective theory which describes the evolution of

long-wavelength modes in the dynamical system.

Aaboud, Aad, Abbott,et al, Eur. Phys.J.C78,(2018).
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Discovery of QGP is a result of agreement with fluid dynamics
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Collectivity in high energy collisions

e Nonlinear medium response to initial state geometry

dN dN

E— 1+2 (DT —
T ™ prdprdy | 2 2 npr ) o8 [(6 — Ynp)

. ’ . I . * ’ . ‘
n=2 n=3J3 n 1 n=2>5 n==~6
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Collectivity in high energy collisions

e Nonlinear medium response to initial state geometry

B o 1423 v (pr,y) cos [n(6 — Yrp)

d3>p — prdprdy
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n=2 n=3J3 n 1 n=>5 n==~6
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Universality of hydrodynamics

e Universal behaviour in strongly interacting quantum systems

Quark gluon plasma (T ~ 1012K) Ultra cold atoms (T ~ 1079K)

K M O’Hara et al. 2002 Science 298 2179 K M O’Hara et al. 2002 Science 298 2179

e Is Flow an intrinsic feature at all scales?
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Phenomenological succesishydrodynamics

e (QGP discovered in ultra relativistic heavy ion collisions.
Ruuskanen ,Voloshin, Physics Letters B 99,(2001)

Huovinen, Kolb, Heinz,

e Precise predictive power of URHIC observables.

P.Romatschke, U.Romatschke,

PRL 99,(2007)
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The ALICE Collaboration PRL 116, (2016)
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e Extraction of the detailed properties of the QGP state of matter.
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Hydrodynamics as an effective field theory

I. Macroscopic description

The state of the system is given by the fields ¢; = {u"(x),(x), pq (x), I(x), 7 (x), nf (x)}
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Hydrodynamics as an effective field theory

I. Macroscopic description

The state of the system is given by the fields ¢; = {u"(x),(x), pq (x), I(x), 7 (x), nf (x)}

fluid cell

microscopic scale
Kn = bl <05 Rl=
macroscopic scale P

An effective description at sufficiently long distance and time scales L > lppp > Tigp
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Hydrodynamics as an effective field theory

I. Macroscopic description
The state of the system is given by the fields ®i = {ut(x),e(x), pq (x),1L(x), 7" (x), nﬁ (%)}

II. Conservation laws

/

\.

D, T" =0,
DNt =0

N

S

(Energy-momentum conservation)

(Charge conservation)
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II1. Constitutive relations

/
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T = eulu” — pAFY + H’“’\

N} = pgu” +ny
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(uuu,u =—1, pr = Guv T+ Uy Uy )
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Hydrodynamics as an effective field theory

I. Macroscopic description

The state of the system is given by the fields ¥i = {u"(x),e(x), pq (%), IL(x), 7" (x), ny (%)}

II. Conservation laws

4 ™
D, T" =0,
D,NF =0

\. S

(Energy-momentum conservation)

(Charge conservation)

u, " = eu, ,

II1. Constitutive relations

/

\.

e How do we evolve the dissipative fields (IT, 7#*, n*)?
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Hydrodynamics as an effective field theory

Navier Stokes
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Hydrodynamics as an effective field theory

Navier Stokes

I1=-—¢O Ny = —kKqq Viay

" = 2not”
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The dissipative currents (7 II) are independent dynamical DoF
2nd law of thermodynamics e Relaxation type equations:

A Sl’l’ > O .
Israel, Stewart, Ann. Phys. 118 (1979 H — | P
srael, Stewart, Ann. Phys ( ) “ Il + 11 _CO Fr 0;

Tt 4+ 7Y = 20" + Fruv ;]

e Higher-order terms are suppressed by h
: o p ]
Taq' My + Mg = —Kqq' V' Qg + ]:ng ©i

powers of the cutoft [, ¢p.
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Hydrodynamics as an effective field theory

The dissipative currents (7", II) are independent dynamical DoF

Moment method (DNMR) e Relaxation type equations:
e .
PLo"f =0 I+ =—-C0+T+K+R
[Systemati(: expansion of {Kn, Renl}} T’ + 7t =2nc" + T+ K+ R

qu’hg/ _l_ ng — _qu’vuaq’ _I_ j _I_ ’C _|_ R

Denicol,Niemi, Molnar,Rischke PRD85(2012)
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Hydrodynamics as an effective field theory

The dissipative currents (7", II) are independent dynamical DoF

Moment method (DNMR) e Relaxation type equations:
we o .
Pu0"f =0 mll 4+ =—C0+T+K+R
. . . , Y puv [
[Systematlc expansion of {Kn, Renl}] Tt + o =200 + T+ K+ R
qu’hg/ _l_ ng — _qu’vuaq’ _I_ j _I_ ’C _|_ R
Denicol,Niemi, Molnar,Rischke PRD85(2012)
e conserved quantities e non-conserved quantities
L~ 7—\\\\_\ — P AV wa\\\\ //
” MNNANAASR i NS
Trel — 00 @S Ay, — 00 Trel ™~ Tmfp
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Conservation laws

Hydrosimulations: input parameters

/ initial state \

o [50 (7-0)9 ,08(7'0), Ha ﬂ-IJ»V’ n’ff]

IP-Glasma
1=0.01 fm/c

D, T* =0,

D,Nt =0

/ thermodynamics \

[ ] P()(T, [_Lq)

\B. Schenke et al, PRL 108, (2[)12)/

{arthoin, Mroczek et al, arxiv.2211.04566

uluC
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Relaxation type equations:
mll+1I=—-C0+T+K+R

({Ca 1, Tr } Transport \
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Bernhard, Moreland, Bass,
Nat. Phys. 15, (2019).
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Theoretical benchmarks

e A relativistic hydrodynamics theory must be : .

I. Causal: no signal propagates faster
than the speed of light.

II. Stable: Perturbations around the state :
of global equilibrium states must decay.
[ .

e linear statbility-causality analysis \
Hiscock, Lindblom, Annals of Physics (1983); ‘

e The two concepts are related ' (@)
L. Gavassino, M. Antonelli, and B. Haskell PRL. 128, (2022) @
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Effect of viscosity on the dynamics

HydI‘OdynamiC eVOhltiOl’l Of AU—AU at tOp RHIC el’lel‘gy Schenke, Jeon, and Gale, PRL106(2011)

e Large density gradients at initial times!

e viscosity smoothes out the initial condition faster — directly modifies flow

7=0.4 fm/c
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Dissipation effectsn modelo-data comparison

e Dissipation effects extend the agreement

with data to higher pr 2 — T T 1
P.Romatschke, U.Romatschke, PRL 99,(2007) i ._ i’]d/iil()‘()g ) 1
201 w— 1)/5=0.08 - ~ ]
oqs . = = 1/5=0.16 ’ by
e non-equilibrium effects are a source =l . STAR w i
. . 13) -
of uncertainty at high pr range 5 7 e e
~ -~ s " L |
Noronha-Hostler, Noronha, Grassi PRC90(2014) > 101 ’_‘7";}—?4/ . "
. .« . . 5+ "% . * o
e Include initial state fluctuations *
0 | | |
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e Earlier initialization time of 010,
hydrodynamics (0.6 — 1 fm/c) 0051 30-40%
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Tothe extreme: flow In small systems

e No separation of scale/ No statistical limit

. : pp
¥ ' S B - - -
e Hydro quantitatively describes small systems flow data F ¥ -
Figure from C. Shen
superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%
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System size
Weller R D and Romatschke P 2017 Phys. Lett. B774
Ulrich Heinz, J. Scott Moreland 2019 J.Phys.Conf.Ser.1271
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So far so good!!..
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So far so good!!..
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The paradigm: Hydrodynamics far from equilibrit

e Large out of equilibrium corrections near the edges and at early times!

microscopic scale TRV T
Kn = 2 <05 R = w205
macroscopic scale P

. - -1
1.50 Kngn = 01n R,

1.25

1.00

y (fm)

x (fm)

Vs =2.76 TeV Pb+Pb /5 = 5.02 TeV Pb+Pb

Noronha-Hostler,Noronha,Gyulassy PRC 93(2016) Bazow, Heinz, Strickland Comp. Phys. Comm. 225 (2018)
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Effort to extend applicability of hydro eaf-equilibrium

Great ongoing theory efforts on the hydrodynamics framework side

e Resummation of higher order terms into the transport coeflicients

e Development of Pre-equilibrium models as an intermediate stage

e Hydro-dynamization and attractors, trajectories

e Comparison to microscopic theory to quantify the limits of hydrodynamics

e Origins of flow in small systems.

Let’s go back and review the basics

Dekrayat Almaalol UIUC 25



Nonlinear causalitgonstraints

e Nonlinear constraint all 2nd order transport: t

{Tﬂa Tras 571’71'7 51_11_[7 )\ﬂ'Ha /\Hﬂ'} //

Note: linear causality analysis constraint only {(,n, 7. }. //\
e Causality implies 0 < v? < ¢?, so evolution equations must: W7
(i) be hyperbolic (v* > 0)

(ii) have no superluminal propagation (v? < ¢?) N~ T (&)n% =

e can be investigated by determining the characteristic
manifolds associated with a system of PDEs

e Inequalities which constrain the allowed dynamical configuration for the
fluid. For example:

I ww
[e + P+ T+ Aq — o—(20+ Aeull) - I— (Ag+A) >0, aitd }

w TTf

e 6 necessary and 8 sufficient can be checked for each fluid cell
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Nonlinearcausality analysis: explicit test

Plumberg, DA, Dore, Noronha,Noronha-Hostler, PRC105,(2021)
IPGlasma+MUSIC Pb+Pb 2.76 TeV

Chiu and Shen, PRC103.(2021)

T=0.40 fm/c T=0.80 fm/c T=0.80 fm/c

y (fm)

-20 -10 0 10 20 -20 -10 0 10 20
x (fm) x (fm) x (fm)

Pure Hydro (7; = 0.4 fm/c) FS + Hydro (7; = 0.8 fm/c) KgMPgST + Hydro (7; = 0.8 fm/c)

e At early times, 70% of fluid cells are acausal!

Red: Acausal
e Acausal regions on the edge persist until later times in the evolution

) i i 1 o Purple: Unknown
e Acausal regions are consistent with large { Kn, Re_ "} criteria.

el s . Blue: C I
e pre equilibrium EKT reduces the acausal regions to ~ 30% ve: Lausa



Nonlinearcausalityanalysis

IPGlasma-
MUSIC

Pb+Pb
@2.76TeV
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Nonlinearcausality analysis JRIEEEEEE
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@2.76TeV

-1

y (fm)

T=0.40 fm/c

X (fm)

T=0.80 fm/c

X (fm)

Re_ !

y (fm)

20

15

10

7=0.40 fm/c

-20 -15 -10 =5 0 5 10 15 20

r0.8

0.2

0.0

T=0.80 fm/c

X (fm)

Hydrodyanmics

y (fm)

20

15

10

7=0.80 fm/c

r0.8

r 0.6

Re;

0.4

0.2

0.0
-20 -15 -10 -5 5 15

x (fm)

FS + hydrodynamics

y (fm)

20

15

10

7=0.80 fm/c

r0.8

r 0.6

Re;

0.4

0.2

0.0
-20 -15 -10 -5 0 5 10 15 20

x (fm)

EKT KoMPgST




Quantification othe causality violations

Plumberg, DA, Dore, Noronha,Noronha-Hostler, PRC105,(2021)

e cell fraction 1.0 {7
—-=- |P-Glasma + MUSIC
081 | —— + EKT KgMPgST
_ o ———
A’T =7 —19 S | + FS KgMPgST
= R | Trento + FS + VISHNU
u— 0.6 1
O i
c
9 0.4 1 . 11
B Causal cells Indeterminate cells ‘;\ Acausal cells
LV )
M- 0.2
0.0 I---fl-"'l' . . 1 . 4 _ : = : . — : : . . . :
0.0 01 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 03 04 05 0.6 0.0 0.1 0.2 03 04 05 0.6

AT/ ATypax AT/ ATyax AT/ ATyax

e Most definite causality violations resolved in first 15% of evolution
e 50% of cells definitely causal after 20% of evolution (2 — 3 fm)

e System complete causal after 40% of evolution (4 — 5 fm)



Impact on observables

Plumberg, DA, Dore, Noronha,Noronha-Hostler, PRC105,(2021)
o 3 0.10
Signifcant potential devel(?pment T o wuee fo2
Of ﬂOW when < 50% Of ﬂUId —— + EKT KgMPgST
0.08 | —-== + FS KgMPsST - 0.10
CeHS are C&U.S&l ------ Trento + FS + VISHNU
50% cells causal L 0.08
0.06 A
B xrx €T 1/2
[Ty T y>] / oo
g (T#0)2 1 (Twv)2 0.04 -
- 0.04
- 1/2
_[@2 - @+ 2en?) 0.02- _
’ ()2 + ()2 0.02
PR e LI EEER————————— 0.00
e Where do we go from here? 1.0
Initial Final Initial Final
e, [all] | & [causal] | e « [all] |& . [causal] | , [all]| e, [causal] |, [all] |, [causal]
VISHNU 0.0396 0.0515| 0.0218 0.0347(0.00281 0.0238| 0.0277 0.0348
MUSIC (EKT pre-eq.)| 0.101 0.119| 0.406 0.141| 0.0177 0.0372| 0.0620 0.0731
MUSIC (FS pre-eq.) 0.101 0.141| 0.0461 0.161| 0.0156 0.0253| 0.0630 0.0918
MUSIC (no pre-eq.) 0.0997 0.120| 0.0335 0.156| 0.0074 0.0233| 0.0528 0.0882




Plumberg, DA,

Nonlinearcausalityin Small Systems

Noronha,Noronha-Hostler,

RC105,(2021)

e The question in small systems goes beyond

out of equilibrium corrections

e (riteria of separation of scale is no longer applicable

e Understanding the origin of flow could help us determine
the region of applicability of hydrodynamics

Chiu

and Shen, PRC103,(2021)

IPGlasma+MUSIC
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Nonlinear Causality analysis

TrENTo Pb+Pl2.76TeV
free-streaming + VISHNU

1.0

T=1.16 fm/c T=1.16 fm/c

7=1.16 fm/c

0.8

e The issue is not resolved in

0.6

E E Tw :é 0.(’3'?(1)E
other initial state models = = B =

e It worsens for small systems

e Hints for particular issues? o xtm

p+Pb5.02TeV

Conformality, ™
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Status of Prequilibrium evolution

e A pre-equilibrium needed to smooth out gradients s Anisotiopy: PP,
™ asr‘ﬁ““ N ; +1 -
§ 1\ 0 L‘ v J
l fm) 4 < o CYM [tmq;_j_ﬁ,,_,-( T~Ifin/e Time: t

KoMPoST

0.30 T T T T
0.25F
. Kurkela, Mazeliauskas, Paquet
0.20+
P auf — O . S. Schlichting, Teaney, PRL. 122 (2019)
“F 0.5}k H

0.10k Chun, Heinz, PRC92,(2015)

0.05}

0.00
0

e Late initialization time impacts flow and transport
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