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New developments In relativistic hydrodynamics

Nora Weickgenannt

Quark Matter 22, Krakow, Poland | April 9, 2022

GOETHE
<oE= DFG

UNIVERSITAT CRC-TR 2n

Strong-interaction matter
FRANKFURT AM MAIN under extreme conditions




What is relativistic hydrodynamia®ally? CR’I%

Hydrodynamics

Chiral
Yy a\\t:

breaking

short quantum

Microscopic theory

Hydrodynamics successful even in regimes where not expected ¢oapplicable,
In particular far from local equilibrium

Nora Weickgenannt Relativistic hydrodynamics
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Talk by Eduardo Grossi
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QGP with chiral symmetry
(qq) =0

1, ~ 160 MeV

Broken chiral symmetry

(qq) # 0
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Evolution of Non-Gaussian Hydrodynamic Fluctuatior

Xin An

based onPRL 127, 072301 and work in progress
with G. Bagar, M. Stephanov and H.-U. Yee
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Non-Gaussian & non-equilibrium fSuctuations

¥ Gaussiandistribution : normality manifested by central limit theane.

I"#$$%"&

g ——

$ %

¥ Fluctuations in general deviate from normal distribution (i.@on-Gaussian)
and/or evolve towards equilibration (i.enon-equilibrium).

Gaussian
non-Gaussian

P(x)

non-equilibrium

evolution

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Stochastic description

¥ Langevin equation for a set of variables ; :

"1, =F+#, (NewtonOs 2nd law)
# (X% (X2)" =2Q; $Y (x1 # x2), (FDT)
whereF; $ drift force; # $ random force (noise) Q; $ Onsager matrix .

¥ It sul ers from the problem oinbnite noise and multiplicative noise .
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> S > e
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regularize the inPnite noise in stochastic samplingsingh et al., 2019

Landau et al., 1959; Kapusta et al., 2012; Young et al., 2015; Sakaidaet al., 2017; Nahrgang et al., 2018; etc. See also Posters by De and Pihan

Evolution of Non-Gaussian Hydrodynamic Fluctuations

Xin An (UNC)



Deterministic description

¥ The Langevin equation is complementary Eokker-Planck equation for
probability distributionP[t;! ]:
b probalp,i#y Bux §
/U
“WP= LFRP+(Q;P), (1toOs prescription

where(...); = #(...)/#!; and

entropy S = log Peq O

Poisson/Onsager matrix{ Mj = 1! + Qj —/\—

drift force Fi= MjS; + Mj; D = _A_O'I' t

¥ Evolution equation fom-th cumulant (n-point connected function)

cCn .
Gn # I 1= I n% . see Anet al., PRL, 2021 for details

WP =% "Gy =F [{Gy}].

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Small parameters

¥ Small parameters in, e.g., hydrodynamicS:nasu et a. 2017 an et al. 2019

parameter expression| meaning role
! " mic " Knudsen number controls gradient expansion
# ("mic /") | inverse of uncorrelated DOH controls loop expansion
hydro-cell micro-scale
A —
v =y
y —/
NN -
|~ Q!
\? 3 | /
-4 “ 7

Ructuation scalé

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Truncated equations

¥ E! ective power counting :

st 1t My 11" 2, LIS
— E/\ [ [ )
E
G2 ~! Gs~!17? Gs~12 Gi~13

¥ Perturbed in small parameters, the evolution equations for clants can be
systematically truncated and iteratively solved (e.g., indngdynamics) :

# Gy = Ftree,[iGﬁ}%+ higher orders

O(!n! 1"2)

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Multi-point Wigner function

¥ We introduced theI noveh -point Wigner function (cumulant in g-space)

! # $ &
c e qi & 1 (3) 1 c
W, (X,01,...,0n) = d’y;e 7' - Vi Gp(X+ Vy1,...,X+ Yn),
=1 =1
¥ = X1+ X2+ ... + X G+%b+...+9,=0
o} U
_ - ce
X-space %o g-spa o

being traditional Wigner funcltion when = 2 :
| o (
Wa(x,q,! @)= d’ye %G, x+ %,x! % .

¥ Evolution equation folW < :
LWy = F {Wil.

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Cumulant evolution equations for disive charge

¥ Evolution equations foW,=, 3 . of dil usive charge:

| " |
L Wao(on, ) = ! "0fWa(th, ) + #op & -, (Hydro+ equation)

#
1 1,
ItW3(q11q21q3): ! én q%W3(q1’q2’q3)+ énq%WZ(l q21q2)W2(| q3’q3)
$
+ # o apWa(! o, &) NN (non-Gaussian Hydro+)

addahere" = #$' " di! usion coé® cient.

¥ Equilibrium solutions match thermodynamics:

1 %" g 3%!'2
€q — eq — c,eq _ L 7z ¢
¥ In C”“Cal reg|me q-" 1 # O/G/:rl' q" 1): Hohenberget al., 1977; Stephanov, 2009
! | n , | ' | ||%’ # l n' 1, #| | o %’ Wr(]: | 0 5n2! 6’ $tWr(]3 I q2" 5n2! 8

For conlRuentized equations see Aret al., to appear; for the EFT approach, see Poster by Sogabe

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Evolution near critical point

¥ System evolution in the crossover region near CP:

evolution trajectory

T"ti#
mapping Ising critical region

'aco = lising (F(K, T), h(p, T))

For more realistic EoS,
see e.g., Contributions by Kapusta and Ratti

¥ Fluctuations are closer to equilibrium on smaller scale (largerand
retain longer memory on larger scale (smaltpr.
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Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations



Freeze-out

¥ W§ (! kurtosis) in and out of equilibrium along thfeeze-out curve:
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¥ EXpeCteann-mOnOtOnIC behaVIOI‘ : Stephanov, 2011; STAR, 2021; Pradeepet al., 2022 (also Poster)
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STAR, Phys.Re\C 98 (2018) 014910

3__ Nature548.62 (2017) : !"#$%&'(#)*+"&-'I+%’$&$%'O$)'*+a10*23’#&$1'&+'
- oA OA
: PRC76024915(2007) i!#/$*+41&(4O|2051*)1!67819:!1O$O'/3;111111111111111111111111111
- + DA
2_ § § STAR Collaboration, Nature 548, 62 (2017)
i this analysis
: o t <*)*,504-'#(05,(0,)10,4))#4)#-,-*+- +*)#&S,
T 5() Zg :T;
j N =35'€53%*>#-4;
+
0_'0}5&&51\}9[&5'"]\ """""""""""""""""""""""" - |. Karpenko, F. Becattini, Eur.Phys.J.C 77 (2017) 4, 213
- primary o primary+feed-down BF, K. Xu, X-G, Huang, H. Sond’hys.Rev.C 103 (2021) 2, 024903
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L I1|o E— ';(')2 if — H. Li, L. Pang, Q. Wang, X. XiPhys.Rev. C96 (2017) 054908

V’SNN [GeV] D. Wei, W. Deng, X. Huang?hys.Rev. C99 (2019) 014905 A
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|" 0 Shear-Induced Polarization: Phys.Rev.Lett. 127 14, 142301(2021)
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Talk by Matteo Buzzegol
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Talk by Masaru Hongo



Relativistic spin hydrodynamics
with torsion and linear response
theory for spin relaxation

Masaru Hongo (Niigata University)
"I SR $Y&' () +&,)--.*&!"I!

MH-Huang-Kaminski-Stephanov-Yee,
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Extending hydrodynamics to include spin

' +

MH-Huang-Kaminski-Stephanov-Yee, JHER021150 (2021) [arXiv:2107.1

Three main messages from our paper:

(1) Spin hydrodynamic equations in & geometry
(2) between shear and spin modes

(3) for a rotational viscosity
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