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New developments in relativistic hydrodynamics
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What is relativistic hydrodynamics really?

Hydrodynamics

Chiral
symmetry

breaking

short quantum

Microscopic theory

Hydrodynamics successful even in regimes where not expected to be applicable,
in particular far from local equilibrium

Nora Weickgenannt

Relativistic hydrodynamics
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| Soft pions near the QCD chiral |
 critical point: transport and |
dynamlcs
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Motivation

QGP with chiral symmetry
(qq) =0

1, ~ 160 MeV

Broken chiral symmetry

(qq) # 0

We are neglecting any hydro-dynamics of the chiral condensate !
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Setup: the O(4) phase transition

The (approximated) conserved quantities of 2 flavour QCD are

T Ty T
Stress Iso-vector (isospin) Iso-axial
(T, u") puv pA

7 t1q 77 5t14
The approximate flavour symmetry SU(2);, x SU(2)g ~ O(4)

The order parameter is the chiral condensate

(qq) ~ ¢o = (0,04) = (sigma, pions)

We need the hydrodynamic theory of the charge and the order

parameter

Rajagopal Wilczek (93)
Son and Stephanov (02)



Equation of motion (Model G)

Rajagopal Wilczek (93)

Chiral condensate ¢, + Axial and Vector charge n_, = Yol

atha =+ go /Lab¢b — F0v2¢a — FO(frn(z) T )‘¢2)¢a + FOI_[a + Ha 9
Oinab + 9o V - (Vorady)) + Hiadp) = DoVnap + 0iZ, .

|

ldeal part Dissipative part Gaussian Noise

* The ideal part is charge conservation and Josephson constraint
» Two dissipative coefficient 1 \; and D, and noise

* The simulation of the stochastic process is done with an
ideal step and metropolis update.

Diffusion at high temperature, pion propagation at low

temperature as the vev develops
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High temperature
Goo(t k) = %@(t, K)o (0, —K)).

Gon(t, k) = 31/ S (£, K) (0, —K)).

S

We focus on the statistical
correlator at k = (

Gan(tk) = =0 S (A (1) (0, ~K)e

S \ \
o0 .

40 |-

30 -

G(w) /X

20 -
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0
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The axial charge is almost conserved the O(4) field are simply
dissipate with a broad width

v



Gaalt) / Xo
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Propagation of axial charge across the

transition
Quark diff
I 450 I I
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Lljsion T>>Tc

I

-0_03/0@5 -0.01

Quasiparticle Pions T<<Tc

0

0.01

0.02 0.03

Around Tpc the axial charge start changing form a diffusive form

to a quasiparticle one
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Gaa(t) / Xo

Dynamical scaling on the critical line

On the Critical line z=0 we should have scaling with a dynamical
critical exponent {

H=0.002 | TR H=0.002 ~
H=0.003 i 0.8 H=0.003 i
H=0.004 H=0.004
H=0.006 - 0.6 H=0.006 7
= 2 H=0.01
H=0.01 | £< 0.4 |
I Y :
KT ° *
] -0.2 .
Hef = 0.002
-04 - | | | - 04 - | | Iref O O|0 )
0 500 1000 1500 2000 0 300 600 900 1200
t t'(Href / H) 1.47 - v,
Gaat, H) _ . (Hve) Mesure: (¢ = 1.47£0.01
— 1A 9
X0 Expected: ( =d/2=1.5

Rajagopal Wilczek (93)



Effective Boltzmann equation

E.G., A.Soloviey, D. Teaney, F. Yan PRD (2020)

From the linear propagator we can define (using the Wigner
transform) an effective kinetic description of the soft pions
distribution function

0, + 22 0fn _ OPp O] f

— interaction terms!

0q Ox ox 0q f’

Well below the phase transition the pions propagate like
qguasipartilce with a modified energy dispersion from the medium

IS v?(p° + m”)

/ \

Depends on 6
10



Soft pion enhancement

E.G., A. Solovievy, D. Teaney, F. Yan PRD (2021)

The dispersion curve get modified form the phase transition

1
Ep = v*(p)(p* + m?) MEp) = CEm

-
-
-"
-

1.8 | " critical

16 A Nmodiﬁed/NvaC |
1.4

ratio

ART=0.8 " . A/mT=1.2

1.2
Guessed dispersion curve | vacuum\ _____ \
O | | | | | | | ' I I |
0 0.1 02 0.3 04 05 06 0.7 0.8 0 0.2 0.4 0.6 0.8
p (GeV) p (GeV)

Pion enhanced p < 0.5 GeV
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Evolution of Non-Gaussian Hydrodynamic Fluctuations

Xin An

based on PRL 127, 072301 and work in progress
with G. Basar, M. Stephanov and H.-U. Yee
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Non-Gaussian & non-equilibrium fluctuations

® Gaussian distribution : normality manifested by central limit theorem .

Gaussian

_(X—/t)2

P(X)=Ujﬂe

p—o o

® Fluctuations in general deviate from normal distribution (i.e., non-Gaussian)
and/or evolve towards equilibration (i.e., non-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); :
op; = F; + &, (Newton's 2nd law)

(&i(21)€5(22)) = 2Qi;0 (zy — x2), (FDT)

where F; = drift force; & = random force (noise); @Q;; = Onsager matrix.

® |t suffers from the problem of infinite noise and multiplicative noise.

10 1000 10 10
. Sk ! 500 _ 5 ! S
o T RN « b
'»-"1' %, o § B M §
g : , ] i E
<=0 : 10 2 =0 o 03
= S 3 =
— Tup
5 ~500 -5 -
T S— s ~1000 -1015— =5 5 10 10

X (Pm) X (Pm)

regularize the infinite noise in stochastic sampling singh et 2/, 2019

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

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



Deterministic description

® The Langevin equation is complementary to Fokker-Planck equation for
probability distribution P|t; ;] :
probability flux

N\
' N\

O P = (—FiP + (QijP)J.) n (Ito's prescription)
where (...); = d(...)/d; and

entropy S = log Peq O

Poisson/Onsager matrix |  M;; = Q;; + Qi —\—

drift force Fy = M;; S ; + M;j D = ———0 + t

* Evolution equation for n-th cumulant (n-point connected function)
G,,C,L — <¢]_ .« o o ¢R>C . see An et al., PRL, 2021 for details

P = 8,G° = F[{G°)].

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



Small parameters

® Small parameters in, e.g., hydrodynamics: Awmate et a1, 2017 An et a1, 2019

parameter | expression meaning role
0 Cmic /¥l Knudsen number controls gradient expansion
£ (bmic/0)* | inverse of uncorrelated DOF [  controls loop expansion
hydro-cell micro-scale

system scale fluctuation scale

L~k
mic< b < < L
T »A>g>»k

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



Truncated equations

® Effective power counting :

S~et M;; ~ &6°, GE ~ et

— /\ [ [ )
G2 ~¢ G3 ~ €2 G4 ~ €2

C
Gsi~ €’

® Perturbed in small parameters, the evolution equations for cumulants can be
systematically truncated and iteratively solved (e.g., in hydrodynamics):

G, = Firee|{G5, }] + higher orders.

O(en—152)

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



Multi-point Wigner function

® We introduced the novel n-point Wigner function (cumulant in g-space)

P _ 1
C 3 —1q9;Y; 3 C
Wn(x7q177Qn): de’be Y 5() <Ezyz> Gn(aj_l_yl)?x_l_yn)a
| i=1 i i=1
x = 2 rete e G +%++9,=0
qi 4
X-Space x2 g-Space qz )

being traditional Wigner function when n = 2:

Wa(z,q,—q) = /d3y e (w T %»x - %) '

® Evolution equation for W :

OWy, = FRWL L]

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



Cumulant evolution equations for diffusive charge

® Evolution equations for W,,—2 3 . of diffusive charge:

O:Wa(q1, q2) = — [vaiWalq1, a2) + Aq1 - @2]p,,.. » (Hydro+ equation)

1 1

_/YQ%W3 (Q17 q2, Q3) T 9

0:Ws(q1,q2,q93) = — 5

—~' s Wa(—q2, g2) Wa(—q3, q3)

+ Ng1 - g2 Wa(—gs, q3)} ,  (non-Gaussian Hydro+)

Perm.

- where v = Ao/ = diffusion coefficient.

® Equilibrium solutions match thermodynamics:

1 Qf// Oé,,, 304,,2

eq eq Ceq
Wyt = — Wt =—— W, | :

o' ? a/3 ) /4 04’5

® In Cl’ltlca| reg|me (T_l << € << q_l) Hohenberg et al., 1977; Stephanov, 2009

A€, N €2, gyl 4 s, = BWE ~ gP¢

5n—8

For confluentized equations see An et 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()
mapping lIsing critical region

SQCD — gIsing (T(Mv T)7 h(:uv T))

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

® Fluctuations are closer to equilibrium on smaller scale (larger ¢), and
retain longer memory on larger scale (smaller q):

---------

----- equilibrium ~ ,**T*
4

—— q=0.3

— q=0.1 ','

- "
-

- "

[

.........

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



Freeze-out

°* Wg (~ kurtosis) in and out of equilibrium along the freeze-out curve:

Wy Wy (g=0.3) W§ (g=0.1)

T(t)-Tc /Tc
o
T(t)_Tc /Tc
o

~

~

&0 o LTI
|

~

-. : : ; : ] -1t : ;
-0.4 -0.2 0 -0.4 -0.2 0 -0.4 -0.2 0

KM=t | fe H=He | e H=te | He

® Expected non-monotonic behavior: Stephanov, 2011; STAR, 2021; Pradeep et al., 2022 (also Poster)

3F + 2 .
- K G Gdata = Ogtat"-ogys
. = = . Poisson baseline

2 = poly4 (x?/ndf =1.3) ]

J Sw (GeV) ]

P D TR N S SR
osF " T U T r T ]
[ o PSSP

0 - i s o -9 ® Y -
-0.5F T, _ Non-monotonic: 3.10 o

40 20 30 40 50 60

Xin An (UNC) Evolution of Non-Gaussian Hydrodynamic Fluctuations
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Talk by Baochi Fu



Shear-Induced Polarization
&
Spin Hall Effects in heavy-ion collisions..
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Baochi Fu .
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Peking University = Yvﬁ e Z :
v;—{ L L LT
Tl e
with S. Liu, L.-G. Pang, H. Song and Y. Yin e |

Shear-Induced Polarization: Phys.Rev.Lett. 127 14, 142301(2021)

Spin Hall Effects: arXiv: 2201.12970
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Global polarization

P [%]

STAR, Phys.Rev.C 98 (2018) 014910

3l N o ) . .
] Naturesas.62 @oi7) | © OPIN orbital coupling in non-central heavy ion collisions
oA OA
PRC76.024915 (2007) | o Sjgnals observed at STAR BES energy:
+A TA
STAR Collaboration, Nature 548, 62 (2017)
®?  this analysis
g e Data described be the statistic calculation
SE(p) « @y, (x)
*ﬂg} Hydrodynamics:
""""""""""""""""""""""""""""""""""""" - I. Karpenko, F. Becattini, Eur.Phys.J.C 77 (2017) 4, 213
— primary - - - primary+feed-down BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 2, 024903
- AMPT, A
= primary primary+feed-down Transport model:
= "'1'0 B (')2 if — H. Li, L. Pang, Q. Wang, X. Xia, Phys.Rev. C96 (2017) 054908

\‘"’ Sun [GeV] D. Wei, W. Deng, X. Huang, Phys.Rev. C99 (2019) 014905 )



local polarization: ‘Sign puzzle’

* Different trend/sign in B, (¢) and P,(¢) results

* Long exist in hydrodynamic and transport calculations

= A, STAR preliminay y |
0.6 A, AMPT + MUSIC P (¢)
0.4 «} s A
o\o [ O‘—"\vj ;';-plane
T 02} } - -
o
0.0 % 1[ ]
Au+Au, 20-50%
-0.2

0
¢ [rad]

/2

0.001

(cos(6, )"

-0.001 |

See also:

Karpenko, Becattini, EPJC 77 (2017) 4, 213
D. Wei, et al., PRC 99 (2019) 014905

X. Xia, et al., PRC 98 (2018) 024905
Becattini, Karpenko, PRL 120 (2018) 012302

Au+Au, éOO GeV, [50-609 P'Z (q'))

A, STAR
A, STAR
P,(A), AMPT + MUSIC‘(SCaIed)

/2 T
¢ [rad]

BF, K. Xu, X-G, Huang, H. Song, Phys.Rev.C 103 (2021) 3, 024903



. . BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Shear Induced POIarlzatlon (SI P) Phys.Rev.Lett. 127 14, 142301(2021)

Axial Wigner function from CKT (Chen, Son. Stephanov, PRL 115 (2015) 2, 021601)

1 0P, 110 D
A= (Ap“fx+§€ - pfA)
A p-u

Expand A to 1%t order gradient of the fields:

1 _ P
A 255710(1 —ng) {ewaApuﬁ&Lu,\ +26"*Mu,po [B7H(ONB)] |- 2§€'uuapuz/Qa>\0-P>\ }
Vorticity T gradient Shear-Induced Polarization
(spin Nernst effect)
uv. :
o™": shear stress tensor (symmetric) QW = — p"pY/p? + AHV /3

1 1
No free parameter oV = E(afuv + oVuk) — §A“"al U

Identical form by linear response theory

with arbitrary mass (S. Liuand Y. Yin, JHEP 07 (2021) 188)



Shear Induced Polarization (SIP)

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

Axial Wigner fu

To one-loop order (in charge neutral fluid)

G'LWOMpV 804 (5“) A

Thermal vorticity

Expand A" to

pd Z

1
‘ Wy = E (av(ﬁuu) - a,u(ﬁuv))

1 2
AP I—,Bn()(l = ’n,()) {E,uuo&\pyﬁi_u)\ o QEMVaAqua [6—1(8A5)] — 2p_J_€#Vapul/QaAo-P)\ }

2

€0

Vorticity

T gradient Shear-Induced Polarization

(spin Nernst effect)

Total P* = [Vorticity] + [T gradient] + [Shear]




Shear Induced Polarization (SIP)

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

Axial Wigner fu

To one-loop order (in charge neutral fluid)

G'LWOMpV 804 (5“) A

Thermal vorticity

Expand A" to

< Z

1
‘ Wy = E (av(lguu) - a,u(ﬁuv))

. 2
AP =—Bnp(1 — ng) {e“”()‘)‘p,ﬂéu)\ +(26"*Muypa [B71(028)]|- QIJ—LE”VQPUVQQAUPA }

2

€0

Vorticity

T gradient Shear-Induced Polarization

(spin Nernst effect)

Total P* = [Vorticity] + [T gradient] + [Shear]

See also: Kumar@Tues. & Buzzegoli@Tues.

> Total P* = [Thermal vorticity] +|[Shear]

The only new effect




‘A equilibrium’ vs. ‘S-quark memory’

Spin Cooper-Frye:

- ~— s e -

[ ——

QGP

hadronization

Pt(p) =

2m/d20‘pan(550)

Pﬂ

A
i: A equilibrium
o e—

S-quark memory

Hadron resonance gas

T

Hydro evolution

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

/ A5 po A" (2, p: )

‘A equilibrium’
Tspin,A - 0
Polarization of A-hyperon
P (p)

F. Becattini (2013)
and later hydrodynamic(transport) calculations

‘S-quark memory’
Tspin,A — 00
Polarization of S-quark
Py'(p) = P (p)

Z.-T. Liang, X.-N. Wang, PRL 94 (2005) 102301
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Competition of P,: Grad T vs. SIP

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin, PRL 127 14, 142301(2021)

0.6

0.4

P, [%]
o

[SIP]: "

* Total polarization: a competition between [SIP] and [Grad T]

- = = T gradient

vorticity e S|P

--O

‘ [T grad]
A Scenario

my = 1.116 GeV

-Au+Aul, 200 GeV, AMPT+MUSIC, 20 - 60%

1 2 3

¢ [rad]

Total PH =

[vorticity] + [T grad] + [SIP]

- = = T gradient

— e mw mm e em  y Gmm ) S O i S @ Ol

's-quark Scenario

vorticity e S|P

+ sin(2¢)" structure for P, (same as exp.)

me = 0.3 GeV |
Au+Au, 200 GIeV, AM I?T+MUSIIC, 20-60%
0 1 2 3

¢ [rad]

Competition between:

T-grad: €V u, po [B710) 5]

)l
Shear: e#VePy pp( )a(aul)




P (¢) Wlth SI P BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Z

Phys.Rev.Lett. 127 14, 142301(2021)

Total P = [vorticity] + [T grad] + [SIP]
= [thermal vorticity] + [SIP]

0.001 0.6 - . - . - . 2 : . - . - .
Q0 - — _
2 P STAR - AurAU 8y, =290 GeV | A Scenario cmm ith SIP s-quark Scenario e ith SIP
* — 20%-60% oal. -==-wlo SIP | - -==wlo SIP ]
o 0.0005- $ % 7| Particle rest frame Particle rest frame
§ i $ -

—0.0005

I|l|ll|ll||

fit: p +2p sin(20-2¥_) RN e
0 1 2 021+ \ P 4
*A p =0.016+0.003 [%] : . L’
0001 %A P,=0.015:0.003 [%] ' 0T -
] 04 my=1116GeV 1 | mg = 0.3 GeV |
CP_\PZ [rad] —0.60 Au+Au, 20(1 GeV, AIMPT+IVIéUSIC, 20 - 60%; _20 Au+Au, 200,'1 GeV, AIMPT+MéUSIC, 20 - 60%:;’
STAR, PRL 123 (2019) 132301
¢ [rad] ¢ [rad]

* |nthe scenario of ‘S-quark memory’, the total P#* with SIP qualitatively agrees with data
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P, (¢) with SIP

STAR, NPA, 982 (2019) 511-514

<) I T
&\:’: 06— STAR preliminary Au+Au 200GeV
o i 20-50%

04 A and A combined
<Pr> [ bl o .

02—

)
-in-plane
_0.20 1 pl 1

- P [%]

0.4

BF, S. Liu, L. -G. Pang, H. Song, Y. Yin,
Phys.Rev.Lett. 127 14, 142301(2021)

Total P = [vorticity] + [T grad] + [SIP]

= [thermal vorticity] + [SIP]

. A Scenario e ith SIP
) - == w/o SIP
_ Particle rest frame i
’/%\‘_
my = 1.116 GeV |
Au+Au, 200l GeV, A.M PT+MIUSIC, 20 - 50%I
0 1 2 3

¢ [rad]

0.4 ; : : , : .
| s-quark Scenario e yith SIP |
=== w/o SIP
0.3 Particle rest frame i
— 0.2F PR RN ]
§ ,l \‘
&> ’I' \\\
" 01F e’ ‘e 4
oo e
mg = 0.3 GeV
0.1 Au+Au, 200 GeV, AMPT+MUSIC, 20 - 50%
0 1 2 3
¢ [rad]

* |nthe scenario of ‘S-quark memory’, the total P#* with SIP qualitatively agrees with data

12



From RHIC to LHC

0.7

0.6

0.5

04

0.3

® Pb+Pb @ 5.02 TeV, ALICE
* Aut+tAu @ 200 GeV, STAR
AMPT + MUSIC:
= = = A-hyperon

s—quark

(P, sin(2¢))

Centrality [%]

0.8

0.6

04

0.2

Same hydrodynamic model: AMPT + MUSIC
(LHC parameter from EPJC 77 (2017) 9, 645)

® Pb+Pb @ 5.02 TeV, 30-50%, ALICE
* AutAu @ 200 GeV, 20-60%, STAR

AMPT + MUSIC:
- = = A-hyperon

s—quark

(P, sin(2¢))

-
-~
-

L _J
- -

T e s aonem- - -

* “Strange Memory” scenario qualitatively describes the centrality & p; dependence

 More precise model needed to quantitative description

13

BF & H. Song, 1n preparation



Shear-Induced Polarization: Phys.Rev.Lett. 127 14, 142301(2021)
S umma ry Spin Hall Effects: arXiv: 2201.12970

Total P# = [vorticity] + [Grad T] + [SIP] + [SHE]

Shear-Induced Polarization Spin Hall Effects
“Strange memory” + Shear-Induced Polarization N L = i
| . PyoctpXVug o) 3 o3
Describes P, (¢) and P, (¢) qualitatively at top RHIC and LHC i ol s G
N —— — 15 — S -=o- - W/o SHE - -=- - w/o SHE
4rpP,(1/1000 1 [P, (1/1000 i . N
5] 3 )Ahyperon/ o T S 1or 2 ; squark _ - ~_ | * Particle — %&N’ 0.5+ g ]
| ’ N S 4 N . .
6 S S [ R Anti-particle e = =S ]
.’ - || SR === separation o
2r M. _ .- « Sign puzzle sl - Total: " + sin(2¢) " P 05.@ ]
“4r Total - = -W/O shear 1 =il Total - - -W/O shear | ' ‘(0/) = - —
L L 1 = 1 1 L ° | (] A - S—S8
0 1 g 2 3 0 1 : T 2 3 Relevant for ; 4! o WithSHE —=— with SHE
’ ’ RHIC-BES and i -~ Wlo SHE - - - w/o SHE
5 ] 5 : : = {
-P, (1/1000 -P,(1/1000 o L =
L I a[h Total: "+ cos(2¢) RHIC/LHC oz _
. ] O forward rapidity |
gl sy 5 | . 0 !
1 s oy A - = ~ et 1 - . ‘
ol | oL e ; * Scenario 5 2!(b)
Total - = -W/O shear ~ Total ;s shear - V.2 : ‘
) 1 1 21 [ . : 1 - 10 100
1; 1 5 = 15 : 5 > independent
o, [rad] o, [rad] V s\ [GeV] .
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Spin-thermal shear
coupling in relativistic
nuclear collisions

@.4 QUARK MATTER
*  KRAKOW

"0 20272
Quark Matter 2022 , April 5 2022 Matteo Buzzegol,

and F. Becattini, A. Palermo, G. Inghirami, |. Karpenko



Polarization from Wigner function

The covariant Wigner function of the free Dirac field:

(271T)4 /d4y e_ik'y<: Welr+y/2)Palz—y/2):)

W(QZ’, k)AB —
where:
(X) = tr (,/0\)/(\')

It allows to calculate the mean spin vector:

1 [dX - ptry (v“w5W+(x,p))
2 dy i (v, p)

S*(p)



Spin polarization induced
oy thermal shear

Using linear response theory we eventually obtain:

1 EWUTprp fz i pnp(l— nF)tAl/fap
4m 3 JsdX-pnp

Se (p) =

Same (not precisely the same) formula o‘btained by Liu and Yin with a different method:

Dependence on a specific vector is not
surprising as this term arises from the correlator

QMW (x, k)

But Q is not a tensor and, unlike |, it
does depend on the hypersurface




Application to relativistic
heavy ion collisions

K QM M
S = St + 8
S (p) = _ieumﬁp Jsd%-pnp(l — np)@,,
o 8m . [« dE - pnp
S,UJ(p) e _LEILLVO'Tprp fz dz P nF(l B nF)-El/fO'p
s 4m c fod>vne &

Modulus of thermal-vorticity and thermal-shear at the freeze-out hypersurface
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® |lsothermal local equilibrium

The most appropriate setting for relativistic heavy ion collisions
at very high energy!

At high energy, X
expected to be T= constant!

1 = 0 1 -~
s = oo |~ [ DB, = g | [ an T,
Only NOW u can be expanded!
uu(y) = UV(ZE’) i a)\uy(x)(y o ,CU)A -+ - .

1

,/O\LE = E exXp [51/(33)

1

T(a ul/( )_ayuu( ))J;;W i —(6’ ’LL,/( )—F({?Vu’u(x))@/ggy 2E ]

g0 2L
12



Spin mean vector at leading order
with isothermal local equilibrium (ILE)

Readily found by replacing the gradients of B with those of u

.
fZ dX-p nF(l - TLF) [wpa L th?:)\g}

SN = . HBoE
e (P) Dr 8mTro [LdY pnr
Woor = 5 (c%up = 8pug) Kinematic vorticity
e .
= : (@Jup -+ (’}’pug) Kinematic shear

13



|lsothermal local equilibrium:

Apply the new formula (for primary hadrons):

SiuLE (p) = €7 p

| m— Thec=150 MeV ' AN ,//
== Thee=165 MeV _ RN\Y=7/
— Tdec:]-73 MeV A /_\7 STAR -_—

Sensitive to the decoupling temperature i

Quantitative agreement with the data for realistic T, =150 MeV
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Relativistic spin hydrodynamics
and
for spin relaxation

Masaru Hongo ( University)
2022/04/04, Quark Matter 2022

MH-Huang-Kaminski-Stephanov-Yee, JHEP 2021, 150 (2021) [arXiv:2107.14231]}



Extending hydrodynamics to include spin

oy
JRE
7z

MH-Huang-Kaminski-Stephanov-Yee, JHEP 2021, 150 (2021) [arXiv:2107.14231]
Three main messages from our paper:

(1) Spin hydrodynamic equations in a torsionful geometry

(2) Mode mixing between shear and spin modes

(3) Green-Kubo formula for a rotational viscosity



of our result

lw(k)| = frequency scale

fast modes

Non-hydro regime [
- (Usound(k)l
— wshear(k)l
— wspin,J_(k)l
----- Wspin,|| ()]

))
CC

Relaxation|rate

Spin hydro regim PR

Pure hYdI'O regime O k = wave number
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