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% Angular momentum (AM) to vorticity :
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Spin polarization of A hyperons can be measured through the weak decay.
Global polarization of A hyperons :

3_
i Nature548.62 (2017)
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I PRC76.024915 (2007)
o 1 o o SUBTONTE SWIRLS
[ this analysis e | ik | Killing condition
i *A YA A
_ < In global equilibrium : [ 9,5, + 9,5, = 0]
T P}L(p) _ iﬁ,uvpap fdz ) pwPUfe(l(l - feq)
B - v b
i 8m f d>. 'pfeq
L ~ N 5 1 ) ) ) )
- g [ww = 5(0;1.,51/ - dv_-"%)-} thermal vorticity (3" = u"/T)
0_ ..................................................................... =
| liol:)/lr?n:;:”_l:i-i-/;;rimar SSaa F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338, 32 (2013)
- AMPT. A d d R. Fang, L.-G. Pang, Q. Wang, X.-N. Wang, PRC 94, 024904 (2016)
p - RSN may eecidou % Indication of strong (kinetic) vorticity :
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017) F. Becattini et al., PRC95, 054902 (2017)



m Local vorticity from transverse expansion

=> longitudinal vorticity & polarization

)/

Spin harmonics :

dP~

2rd =
= f20+ 2/ 25in(29)
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<+ A “sign problem” for longitudinal polarization

F. Becattini, |. Karpenko, PRL 120, 012302 (2018).
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Go beyond global equilibrium

m The assumption for global equilibrium may be too naive

Killing cond. needs not be satisfied : "0, (u,/T) + 0,(u, /T) # 0”

m A more general form for the spin polarization spectrum?
. .

Relativistic angular momentum (canonical pseudogauge)

NIV Apv ApLv Spin-orbit int.

MY = MG + M, , .
: . spin orbit

M = — P nst = —o VP T, [

= h
2 —EEAMUpa)\JLgp + ZTXI} = (
M Sw — 3'*5"".’} (:“-# dv —a" 0 #) W = at 'Téy — :.1?‘”'1'}?‘.*1“E

Experimental observables are spectra :

IN e.g., from Wigner functions
particle number spectrum : E,—— = /dZANA(p, ) (with ambiguity)

DY, PRD 98, 076019 (2018)
extension to phase space : JE = T p, X), T — T (p.

X).
1
Pauli-Lubanski pseudovector : W (p) = %e”mﬁpy/dz)\]\/f)‘aﬁ(p,x)

,u, . i ‘
==) polarization spectrum : P*(p) = W CEN) Jd¥-pJL (p, x)
Eygy,  2m [dE-N(p,x)
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Spin polarization near local equilibrium

m Dynamical spin polarization from spin transport theories
m  Simplified strategy : studying “near equilibrium” spin polarization spectra
» Polarization : (from chiral kinetic theory for massless fermions)

L75M :[ thermal + shear + -M + h

ecT chemical T jé*B,] (+ nonequilibrium corrections, int. dep.)

_ _ _ Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)
local equilibrium, indep. of int. S. Fang, S. Pu, DY, PRD 106, 016002 (2022)

- 1

‘7thermdl = CLEEﬂynﬁpuW(.}:,B7 = Jg = O.wa,u see the talks by S.LIn&S. Fang
1
/ Siear - (U. . P)T e :”pﬂu ip T, \ Tpy = aﬂfu'/ T ayulL T uIL (u ) a)uV:
K — 1 praf B 1 T x praf U g _ ijk £
m accT _a’ﬁE Dvtig (u nOug — f 6 ): € PaUupQu € DPjSk
(typical structure from magnetization currents
\ C'L}Llemical — a(’U, p) ,uucxﬁpa p’ay or the sSpin Hall eﬁ:eCt)

/

y BH 1 vaf (“naive” extension to massive
Jep = A + a(u _ p)T‘f'u pausby, = JI = o5 B*  fermions: 8(p?) - 8(p? — m?))

C.Yi, S. Pu, DY, PRC 104, 064901(2021)

0= fuaL= fu)/4. gobaipol.: P' ~ [ d'pPr(p) ~ I
Vp



Local polarization from shear corrections

m Generalization to the massive case was also derived from the linear
response theory and statistical field theory. u# < t# s tiuandy. vin PrD 104, 054043 (2021)

o _ S. Liu, Y. Yin, JHEP 07, 188 (2021)
(The same and similar results are found for arbitrary mass) F. Becattini, et al., PLB 820,136519 (2021)

m Shear corrections on the longitudinal polarization :

%1073

F. Becattini et al., PRL. 127, 272302 (2021)

B. Fu et al., PRL 127, 142301 (2021)

m Sensitive to the adopted approximations and numerical parameters

C.Yi, S. Pu, DY, PRC 104, 064901 (2021)
W. Florkowski et al., PRC 105, 064901 (2022)

S. Alzharani, S. Ryu, C. Shen, PRC 106, 014905 (2022)
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Spin Hall effect

= Spin Hall effect on local polarization : P*(p) o e"*“*pyuzd, (1u/T)
m prominent at low energy collisions but sensitive to initial conditions.

6;‘AMPT IC + CLVisc@7.7 GeV Ahyperon 6;_SMASH IC + CLVisc@7.7 GeV ~ Ahyperon | y v Wu, C. Yi, G.-Y. Qin, S. Pu,
o . - . | PRC 105, 064909 (2022)
r L 7 L ” ~, 4
I s ~. i L ya N
2 ’ N 2 : N
2 S, NERRS / X
0L ___== o TTTTTT = % Ope=E====——— // “““““ 1
(8 N /./ 1% 2:7'\’ Vi 7 seealso
C N S ot 1 N P 1 S.Ryu, V. Jupic, C. Shen, PRC 104, 054908 (2021)
4l shear N 4 et shear B i
B —-—=- accT 1 r —== accT 1 B.Fuetal, arXiv:2201.12970
o —— chem . s —— chem E
00 05 10 15 20 25 30 00 05 10 15 20 25 30
ép dp
m Tension with experimental observations : Q. Hu (STAR), SQM2024
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Helicity polarization

m A better observable to probe the strength of local vorticity?

. . . . o~ F.B ttini et al., PLB 822 (2021) 136706
m Helicity polarization : S" = P-S(P) 1 cas vroion oreate

C.Yi, S. Pu, J.-H. Gao, DY, PRC 105, 044911 (2022)

Local €q . Shydro(p) — Si?hermdl(p) + S%hefn( ) + S‘ICCT( ) +SChCIIIlC&1(p)7

o 17k ~ Uk
Sthermal(P) = / 457 Fypoc 7 5i0; () = Sk (p) + SL(p),

= SL.(p) = /dE"F 2P p-(uxVT), Egﬁ(p) = /dZ"F @ﬁ w, w=VXxu,

T
Sthear(P) = /dZ" E;j#(paﬂgjuk), kinetic vorticity
u-p)T
Owkﬁp U o, T
accT(p) - /dZJF T . [(U ' B)Uk =+ T] ’
Oij k> y _

Po€ = Pig (H P" fea(1 = feq)
S = -2 | d¥X°F,—0; (—) , no_ q a
chemlcal(p) / (’pr) j T Up F Smfdz -pfeq

m  When the fluid velocity is small, kinetic-vorticity contribution becomes dominant.
10



Hydrodynamic helicity polarization

m Hydro simulations : AMPT IC+ CLVisc at the top RHIC energy
2fymax ay me.axp de Shydlofdz pfeq}

o . - . . . . min PTmin
< Weighted helicity polarization : Pu(¢,) =
f max dY PTmax ppoT f dz 'pf
vain PTmin eq
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C.Yi, S. Pu, J.-H. Gao, DY, PRC 105, 044911 (2022)



Helicity polarization from fluid vorticity

>

Decomposition of the polarization from thermal vorticity:

o POo~ - 5 ~
She(p) = [dE 5B (ux VD), Shy(p) = [ @R

[T RARERRERS: [T RARREREES: T RAAREEERE [T RRREEREES: RERRREEES [ T
0.6 (b) AMPT IC + CLVisc: 200GeV Au+Au T-157MeV nis =1/(4rm) 1 0.6~ (d) AMPTIC + CLVlsc 200GeV Au+Au T=157MeV nis =1/(4m)
s equilibrium scenario -1 3 s equilibrium scenario -1
0.4 0.4
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- 0.0 . rd \- 4 o
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T 02k N e "~
o -0. .\.__./
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[FRTEETTET] IRETTRTTT FVRRETENT] FETTERTET] FTRRTTRET] FITTRETI Lis [ITTETITET [ FETTTETTTE ATTETITT] FRITITY TN ITETTTITTE ITTRRTIN L
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Onset of the dominant contribution from kinetic vorticity

Collision energy (fluid velocity) is still not low enough.
Probing the strongest local fluid vorticity from helicity polarization with the
beam energy scan (BES)?

12
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RHIC-BES energies

m Hydro simulations at BES energies : SMASH IC+ CLVisc
== Helicity polarization from kinetic vorticity becomes more dominant

m Helicity polarization :
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** Fourier sine coefficient :

(with pT dep.)

ARELEE RN LR RN RN LR
30 20-50% Au+Au @19.6 GeV =
F SMASHIC Cg=0.0 3
20~ |¥]<1 0.5¢pr<3 GeV -
. 10_— ‘/.-"" —""-.\. =
T - N
e STEmm s =
o, N ‘ 7
-10= N"--—..—f'/ -
—20F =—— W.0. W 3
- == @only I
_30(b) 3
S NI N NS NN .
1 2 3 4 5 6
o
5_r||I|||||||||||||1||||1||r|||_
Of === = L 3
SN 3
= E N :
AR S :
= ..E ~. -== W.0.W 73
& -15F Ny 3
g °F o == wonly 3
% —20F ~. =
a E [Y]<1 ""‘-...\ -
-25F SMASHIC Cg=0 S =
E 20-50% Au+Au @7.7 GeV ~.
30 =
_SB_\ ce e b b v b v bvv o byag |3_0

Pr

Py(1073)

N O O N O R ARARE |
20-50% Au+Au @7.7 GeV
SMASH IC Cg = 0.0 .

v ./

Y] <1 O.5<pr<3Gef N,

N

JEaul TNETI ENERE I

W.0. W
== only

RN RRERE RER= RERAN RARRI RRRRE R
1
1
I
|
|
|
I
|
1
1
1

~
I
1
1
]
|
|
|
|
1
I
|
|

.___.-/.

=6

N ENENE FREEE FEEE

I A N NS NS T |
0 2 3 4 5 6

¢p

Yi, X.-Y.Wu, DY, J.-H. Gao, S. Pu,

C.
G.-Y. Qin, PRC 109, L011901 (2024)

13



}
<
g
k3
;E kg

%p S
Hysics PCT

Model dependence

m Different initial conditions : SMASH v.s. AMPT

L= I -
E 20-50% Au+Au @7.7 GeV 3 C 20-50% Au+Au @7.7 GeV 3
6C SMASHIC Cg=0.0 E ®F AMPTIC Cg=0.0 E
aF [Y|<1 0.5¢<pr<3 GeV 3 4F [Y]<1 0.5<pr<3 GeV 3
e, - = 3 C 3
& 2: ...... . el P 1 & 22 -
T oK %4 3 2 of -
S A P B E
“E - ] r ]
e chemical I _af v chemical 4
- =——— shear —-—- VT ] - — shear -== VT 3
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-(a - - 1
—8—')"I""I""I”"I""I""I_ g b Lo b b b 1
0 1 2 3 4 5 6 0 2 3 4
o &
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H : . C 20-50% Au+Au @7.7 GeV 7
= Nonzero baryon diffusion @ & (el =
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E e . — E
(T,_"‘ 2: ., //‘- \ 7
S ok » s Overall features
= F S -3 T .
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e chemical J 1
: Shem ——— vt 3 Dominance of w
-6 accT —= wx0.1 4
-(c) ]
-8 T T T T T T T I I I I O |
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Summary & concluding remarks

m Local spin polarization spectra contain different contributions from vorticity,
shear corrections, spin Hall effect, and potentially non-equilibrium corrections
depending on interactions.

m For helicity polarization at low collisional energies, the kinetic-vorticity

contribution dominates over other interaction-independent corrections in local
equilibrium.

m A useful baseline to understand spin transport in HIC:
comparison with the future experimental analysis

—

match : probing strong local (kinetic) vorticity

mismatch : probing non-equilibrium corrections sensitive to

the details of interactions
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Thank you!
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