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Discovery of spin in physics

This year marks the 100th anniversary of the discovery of spin and the 20th anniversary
of the proposal for spin polarization in relativistic heavy-ion collisions.

~

Wolfgang Ralph Kronig George Uhlenbeck Samuel Goudsmit Llewellyn H. Thomas Wolfgang

Pauli Pauli
two valued self-rotation of the Published the first Thomas spin in quantum
-ness not electron paper on spin procession mechanics
describable
classically
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Spin in high energy physics

Striking spin effects have been observed in high energy reactions since 1970s.

Proton spin crisis

Quark Model:

Sum spin of quark X
= spin of proton §,,

DIS exp:

X~0 (1989)

2~0.2 S,(NOW)

e+ p —2e+X

EMC, PLB (1988)

Single spin left-right asymmetry

pMD+p-m+X
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Prediction of QCD in 1970s ~ 0

Spin analyzing power in pp — pp
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\I’:ansverse polarization of A in pp — AX
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Slides copy from Zuo-tang Liang’s review talk on Spin2023

Polarization data has often
been the graveyard of
fashionable theories. If
theorists had their way they
might well ban such
measurements altogether
out of self-protection.

----- J.D. Bjorken
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Spin in high energy physics in China

One of the most important discoveries in spin physics in China.

Example 3: Global polarization effect in Relativistic Heavy lon Collisions

> Proposed by Zuo-tang Liang (21 %) and Xin-Nian Wang (E£#4F) in 2005. They found a large orbital
angular momentum of the colliding system

reaction
plane

af:

Detailed discussions in this symposium

» Three plenary talks by T. Niida,
=) . F. Becattini, J. F. Liao

e als 5 2
Speaker ! LU UL e » Talks in the parallel session:
Tsinghua University/Southern e = s = : “Spin in heavy ion collisions”

Qlkun xue / University of Science and Technology Global polarization of hyperons Global spin alignment of vector mesons
~ DAy BA A VMLVIVEY Nature 2017 Nature 2023

?’E‘ From Discovery of Spin to Quantum Anomalous Hall Effect
SPINZOZ 5 N —to celebrate 100 years of spi

=g
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Barnet and Einstein-de Hass effects

\/ \L \}\ { \]}1 J ; " Barnett effect:

U L — ‘ It“t [ Rotation = Magnetization

?‘} i{\.\r?\ “ {\tl t\: : ’T Barnett, Magnetization by rotation,
A /sn\' 'y t: : Phys Rev. (1915) 6:239-70.
Einstein-de Haas effect: SN

Magnetization = Rotation \/\\;@ T

Einstein, de Haas, Experimental proof of the fgz 1-;?:’

existence of Ampere’s molecular currents. | ,'; I

Verh Dtsch Phys Ges. (1915) 17:152.

K Figures: from paper doi: 10.3389/fphy.2015.00054
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Early Pioneer work on spin polarization in heavy ion collisions

4 N7 N

2. = Fe

AN /

Huge global orbital angular momenta (L~10°)
are produced in HIC.

Global orbital angular momentum leads to the
polarizations of A hyperons and spin alignment
of vector mesons through spin-orbital coupling.

Liang, Wang, PRL (2005); PLB (2005);
Gao, Chen, Deng, Liang, Wang, Wang, PRC (2008)

RAEE Bt EFFE HE
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Global polarization for A and A hyperons

HEVIG A BSIETT H A AL
STAR, Nature 548, 62 (2017)
— i T T T I T T T T T T T Il ]
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6~ O A PRC76 024915 (2007) |
4 - —]

AB.;
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10 10°
_ \'syn (GeV)
Liang, Wang, PRL (2005)
Betz, Gyulassy, Torrieri, PRC (2007)
Becattini, Piccinini, Rizzo, PRC (2008)

Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)

Fang, Pang, Q. Wang, X. Wang, PRC (2016)

- Estimation given by
Becattini, Karpenko, Lisa, et. al, PRC (2017)

w ,uAB
P ~
A o7 T T
w ,uAB
Py ~ -
A 2T T

« w=(9 x 1)x1021/s, greater than
previously observed in any system.
« QGP is most vortical fluid so far.

1021 102 —-1072 .
Size

Quark-gluon plasma

Galaxies

Vorticity

-1
S
10716 10~2 — 102 10° 1022 (57
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reaction plane
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Outline

24-255E T e @
L- Some updates in global polarization B }
* New type of corrections to local polarization X Z AR B 18
- Anomalous Hall effect FIREE TR ITHE

« Some recent developments on spin hydrodynamics
- Extension of Bargmann-Michel-Telegdi equation

AHER

« Summary
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24-254FE ZH| TAE (1) -
Some updates in global polarization
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Phenomenological models for global polarization

Global polarization can be well described by thermal vorticity at high and medium
collision energies.
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Shi, Li, Liao, PLB(2018) Fu, Xu, Huang, Song, PRC (2021) S. Ryu, V. Jupic, C. Shen, PRC (2021)  y_x. Wu, C. Yi, G.Y. Qin, SP, PRC (2022) Xu, Lin, Huang, Huang, PRDL (2022)
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Puzzle: Global polarization at low energies

Sun Xu et al., Acta Phys. Sin. 72(7),
072401 (2023)
HADES, Phys. Lett. B (2022) 137506

/ Puzzle: N

« Kinetic approach fails
to describe the global
polarization at low
energy collisions?

 New possible effects

mechanism in low

K energy collisions? /
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Low energy collisions: Hadron gas  High energy collisions: Quark gluon plasma
Hydrodynamics approaches

Kinetic approaches

\/ Well described
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Polarization [%)]

Revisited global polarization at low energies
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In preparation, Collaboration with Cong Yi, Long-gang, et. al

4 Puzzle:
» Kinetic approach fails to describe the global
polarization at low energy collisions?

 New possible effects or mechanism in low
\ energy collisions?

~

)

Our new work:

« Our simulations using the SMASH model
(kinetic approach) provide a very good
description of the data.

 The underlying mechanism for global
polarization in very low energy collisions
Is still driven by vorticity.

« Key: carefully extract the temperature by
equation of state (EoS) from the energy

Qensity. Probe EoS by polarization?
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24-25%

ERFTAE (2) -

New type of corrections to local polarization

X e 2 AN E R A RIEE TR ED

Is there anomalous Hall effect in HIC ?

Example 3: Global polarization effect in Relativistic Heavy lon Collisions

» Proposed by Zuo-tang Liang (321F %) and Xin-Nian Wang (£ #i4F) in 2005. They found a large orbital

: Tringhua University/South
Qikun Xue / unv:nni‘:::.rs:i::;zwr':cSIon

Suiviivy Guus A veluvivsy

= SPIN2025

aimte,

Global polarization of hyperons [ p—

angular momentum of the colliding system

Detailed discussions in this symposium

» Three plenary talks by T. Niida,
F. Becattini, J. F. Liao

SITONTE SInLs » Talks in the parallel session:

“Spin in heavy ion collisions”

"
Nature 2017 Nature 2023

|

From Discovery of Spin to Quantum Anomalous Hall Effect
-—to celebrate 100 years of spi
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Local polarization and shear induced polarization

« Local polarization cannot be explained by thermal vorticity alone. { WEIR R M B R BARA ]

0.001

=8 AU+AU |5y = 200 GeV P, /=200 GeV RHIC
= i 10%:60% 0.016 AMPT, Au+Au 200 GeV 20-50%
O 0.0005 0.012 h . A . :
< i — 0.008 0.02+ (PZ)
) 2 0004 out-of-plane 0.01F
| ; RV NN
~0.0005} ) :2:222 g :0:02 -
YA STAR Preliminary L | _oi0ie (l) r1/|2 rlr 3r;/2 2ln
R T - - T px [GeV/c] bp
¢-II!2 [rad]
STAR, PRL 123, 132301 (2019) UrQMD : Becattini, Karpenko, PRL (2018) AMPT:Xia, Li, Tang, Wang, PRC (2018)
« Many hydrodynamic effects plays a crucial role in understanding the data.
i squkeqibam | S quark equilibrium: 5E Isothermal cquiibiom | ISOthermal equilibrium:
e P 1 The spin of A hyperons is WE F e The temperature of the system

assumed to be primarily carried
by the constituent s quark. One
needs to take the s quark’s mass

at the freeze-out hyper-surface
is assumed to be constant.
Becattini, Buzzegoli, Palermo,

: ..~ 1 instead of mass of A in the _soF- ‘~._-7 1 Inghirami, Karpenko, PRL 2021
-201— Au+Au@200 GeV AMPT + CLVsi ] q " u Au+Au@200 GeV AMPT + CLVsi ]
- _uthelrlmalvomcnye - ther;alsheaflc ] SImUIatlon' _7,5:— s thermal vorticitye — thermal-shearlc .
o o5 7015 20 25 a0 Fu, Liu, Pang, Song, Yin, PRL 2021 0005 10 1520 25 30
¢P ¢
P
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(P, sin[2(6-% )] [%]

Puzzle: Local polarization in pPb systems

1 AA collisons (exp) R AA 99!'?599? (’;hgqry) """""" . gAicolllsons pPb 186 1" (.16 TeV)
= 5 . e
Zf ?TAR e mi20 Ce¥ P 2 7t 100 i 1 P - cmis Data T +ENTo- 3D+CLV|sc_
- ] 0;05$ 200 GeV_I ] 2,z | 0.8 <p_<6.0 GeV/c $A A €q. .
| 05 - i i; : T ] ;\3 0'5‘_|n|<2.4 ¢ A iso-theq. |
I ﬁ ) _ 0.0~ ¥ x i; i i + A+A squarkeq. A
S[ *&;,p = 1./'/' -1 =< B * .
| o ok gt s F—— 1w | ¢ # ]
0 200 400 B@ E* x ' 1 = ) # & _
i <Npart> [T E ; @ 0—'_____'________: ________________________ b
— B Il & 1 F isothermal 1
i . © 1 £ y
I B o, =-0..=0.732£0.014 B (a) Au+Au@200 GeV AMPT + CLVsic 1 9, - N
I . -0.5\— — - 1
L *  Ru+Ru&Zr+Zr, A+A - --- A equilibrium —— iso-thermal equilibrium ] E} -0.5+ S quark —
o Au+Au, A+A i — -~ squark equilibrium ¥ STARA+A i - .
| 0.5<p_<6GeVic, |y|<1 Pb+Pb 5 02 TeV A+A D 1 - a . " . .
R e a— o 109020 30 40 50 60 70 80 - (.IA._.O.TSIO._ (I"Olo? T ?'75?‘1 o‘.olwl :
Centrality Centrality [%] Centrality Centrality [%)] 0 50 100 150 200 250
I T offline
STAR, PRL 123, 132301 (2019) Yi, et. al., arXiv: 2509.00377 Multiplicity Ny

ALICE, PRL 128, 172005 (2022) CMS, PRL 135 (2025) 13, 132301

Prediction: Yi, Wu, Zhu, SP, Qin, PRC (2025)
P, in pA systems is closely aligned with that observed in AA systems. Weak system and collision
« Hydrodynamic simulations across three scenarios fail to describe the data. energy dependence
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Polarization and axial current

 The polarization tensor is connected to the axial current in phase space by modified
Cooper-Frye formula Karpenko, Becattini, EPJC. (2017); Fang, Pang, Wang, Wang, PRC (2016)

[ dS - it (2, p)

7
S ( ) QmAde ]partlcle(m p)

Polarization pseudo-vector ~ Spin current in phase space

 Many studies have computed the polarization pseduo-vector
Becattini’s group, Rischke’s group, Florkowski’s group, ...
Chinese groups:
Xin-Nian Wang @ CCNU, Zuo-Tang Liang @ SDU, Peng-fei Zhuang @ THU, Qun Wang, SP @ USTC, Mei
Huang, Feng Li @ CAS, Xu-Guang Huang, Li Yan @ Fudan, Yin Yi @ CUHK, Huichao Song @ PKU, Defu
Hou @CCNU, Jianhua Gao @ SDU, Shu Lin @ SYSU, Shuai Liu @ HNU, ...

* The results from quantum kinetic theory for non-interacting fermions: Interaction corrections?

u( ) M M

S P Stherma Sshear + Sacc Schemlcal + SEB
Polarization Thermal Shear viscous Fluid Gradient of Electromagnetic
induced by vorticity tensor acceleration chemical potential fields

Yi, SP, Yang, PRC (2021); Wu, Yi, Qin, SP, PRC (2022); Hidaka, SP, Yang, PRD (2018)
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Interaction corrections from 2021 to 2025

New corrections from our group

Fang, SP, Yang, Phys. Rev. D

Collisional corrections from QED type Moller scattering 106, 016002 (2022)

Spin polarization and spin alignment from quantum kinetic Fang, SP, Yang, Phys. Rev.

theory with self-energy corrections D 109 (2024) 3, 034034
Corrections from spacetime dependent electromagnetic  Yang, Gao, SP, Phys. Rev.
fields to Wigner functions and spin polarization D 111 (2025) 3, 036013

Fang, SP, Phys. Rev.

[Second order corrections by Chapman-Enskog expansion D 111 (2025) 3, 034015

Radiative corrections on vortical spin polarization in hot Fang, SP, Yang, Phys. Rev.
QCD matter D 112 (2025) 1, 014038
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Anomalous Hall effect in heavy ion collisions (l)

* Novel spin transport from interactions but does not depend on coupling constant:
Fang, SP, Phys. Rev. D 111 (2025) 3, 034015

Gauge theory in Hard-Thermal-Loop approximation

: R [ dYD-
5]r'supin (ZC, p) — E - Ep & B g2 (Ep) 6/Wpap,ouo Uualpa , Shear viscous tensor
Interaction corrections to 5 )
spin tensor in phase space B h_ d> - pﬁ (E ) wrpo | (ﬁ) Gradient of baryon
AN Jx. Ep . Pp ¥\ T ) ' chemical potential

g1 and g2 but do NOT depend on coupling constant explicitly.

Also found in NJL type interactions: Weickgenannt, Wagner, Speranza, Rischke PRD (2022)

* Our results align consistently with findings in condensed matter physics.
Valet, Raimondi, PRB Lett. (2024)

Is it universal? If so, under what conditions does it arise, and what is its origin?

Spin polarization in relativistic heavy ion collisions, Shi Pu (USTC), Seminar in Lanzhou University, 2025.12.09 1 9



Anomalous Hall effect in heavy ion collisions (ll)

 These new effects originate from additional collision terms within the spin current.

ﬁonventional Boltzmann equation:\

Interaction will only influence the
evolution of distribution function

f(t x,p)
d 1

dt TR

.

—f(t,z,p) = Clf] ~ ——(f = fo)

/

ﬁpin Boltzmann equation:

side jump

j:pin(aj7p) -

.

1

/
TR

Interaction will have extra
contribution in spin current due to

p"f+S*0,f +[/

f - fO)a

~

P’ kK

/

U P|TR

/
0 _ Amh|T y -
Gii(w.7) = ARG S50 (1) s

 Leading order in gradient expansion!

 Universal?

\ Our explanation in relaxation time approach: Wang, Fang, Yang, SP, arXiv:2507.15238

~

/
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Anomalous Hall effect in heavy ion collisions (lll)

2 .
(Sjspin@‘,p) = —f—N g déppﬁogl(Ep)ewpappuavu (%) %Espin ~—pxV (%)]

Fang, SP, Phys. Rev. D 111 (2025) 3, 034015
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Collision energy vV Swv [GeV]
Figure from 2509.00377
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24-25F 25 TAE (3) :
Some recent developments on spin hydrodynamics

- Extension of Bargmann-Michel-Telegdi equation

CHEXTE 246 2 A B )

A key question:
What is the evolution equation for spin?

How is it connected to well-known spin phenomena?

S. Fang, Kenji Fukushima, SP, D. L. Wang, arXiv:2506.20698

FAXHEE B FREE T B RRRERE, WL (hPRERD |, RS 2k BT 5 0202652 R <, 20254812 20H
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Original Bargmann-Michel-Telegdi (BMT) equation

= yA"PF,, 8" —us"u,

a = da/dt
Spin-EM fields Thomas procession
mp — P H,, P :
A — g —uu coupling The key to get the correct
relativistic correction for
hydrogen

{+ possible relaxation (dissipative) effects}

Landau-Lifshitz term (1935)

The key to make the final polarization (magnetization) along
the direction of magnetic fields.

Textbook: Jackson, classical electrodynamics

RN 0 B TR T AR, B (PRI |, 2B SRR IR 5T b 020252 REE L, 20254512 20 23



Spin evolution in relativistic heavy ion collisions

What is the BMT equation for a relativistic many-body
system in the presence of rotation (vorticity)?

Our strategy:

/ Conservation \

equations

Energy momentum
0,0M =0
Charge number
-ll/ .
0,j" =0

Total angular momentum

/ Second law of \

thermodynamics

9,8" >0

=0

\_ /

FAXHEE B FREE T B RRRERE, WL (hPRERD |, RS 2k BT 5 0202652 R <, 20254812 20H
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Some evolution equation for spin

co )
Original : V) | v - 1| + other dissipative
BMT equation K — { A'UJ’OF } — H
for EM flelds. © B pvS u _Zf B §_ }j’_l//' effects
o Spin-EM coupling Thomas procession Landau-Lifshitz term P
/ Thgrﬂa_sinfc_eisi_on Spin-vorticial fields coupling \
Extension of M — | \

for vorticity

\_

BMT equation

Killing condition

%syaqbu”ﬂ% (5 + 2@%) st (0 - u)J

Spin coupled to shear tensor, bulk pressure and
other dissipative effects

Fang, Fukushima, SP, Wang, arXiv:2506.20698

/

XS E B TRk H R RERE, ISE (PRI |, ZRBUE ERART R A 020255 RE %, 202555125 20H
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Non-relativistic Iimit

In non-relativistic limit,

Charge ] _ [—%(V > 8)] ‘ inverse spin Hall effect

current Sinova, Valenzuela, Wunderlich, Back,

<) 1 Jungwirth, Rev. Mod. Phys. 87, 1213 (2015)
+§(s X v)+ (14 &)(s X v)

_|_§( x V'T')| ) anomalous Hall effect

T Nagaosa, Sinova, Onoda, MacDonald,
g . Ong, Rev. Mod. Phys. 82, 1539 (2010).
—I_fT(S X 'U)

+0(v?)
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Summary
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Summary (I)

/ Global polarization at low energy coIIisiorh / Local polarization:
A and A Polarization (o, =0.732)

—%~ SMASH, ng=ng=0, b=9fm
-@- SMASH, ngp=0.4ng, b=7fm ]
—# - w.mean field, no=0.4ng, b=7fm _|

e A

S~
Sy
S~
~

Polarization [%]
IS o
[ [
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/’7
/
/
/
’
/
*
]
HH
*
|

anomalous Hall effect from interactiob

3 | 4 s A

- | z ﬁ ﬁ&
2 \\‘\i ; o y é@s
LSMASH: A 0.5 <pr <3 GeV [yem| < 1 % ! &

B ] . . J ‘ é\os{\zo
T A e e g EMRH ERSRIE 2 ST Uk S @f\g
Collision Energy [GeV] ) ) ) ﬁl{ﬁiﬁ}%iﬁiﬁi-[-ﬁ
Thomas procession

Spin-vorticial fields coupling

* Spin hydrodynamics:

extension of BMT
equation + ‘SMVPOSVUP]_ [25’79159“0})

e ZERREIL

%s,/8<“u’/>]% (% + 2?}721)5“(8 - u)

Spin coupled to shear tensor, bulk pressure and other
dissipative effects

\
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Spin hydrodynamics and causality problem, 3&i5##% %5, ExHIC-p workshop on polarization phenomena in nuclear collisions, Taiwan, 2024503 H 14 H - 17
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Photon-photon and photon-nuclear interactions in the utlra-peripheral heavy ion collision, Invited Talk, The 1st workshop on New Opportunities of Strong-
Field Quantum Electrodynamics, 2024.08.20

Hyperon spin polarization and phenomenology, Invited Review, Spin and quantum features of QCD plasma, ECT* (Online), 2024.09.16

Spin polarization at pA system and new spin polarization effects, Invited talk, Workshop on Advances, Innovations, and Prospects in High- Energy Nuclear
Physics 2024, F1¥: 832 605 4E-+ E ALICEE Fr&7E30/F4E R FIES), 2024.10.23

Quantum kinetic theory and spin polarization in relativistic heavy ion collisions, Plenary Talk, The 10th Asian Triangle Heavy-lon Conference (ATHIC

2025), Jan 13 -16, 2025, India

Theory of spin polarization and alignment and chiral effects in heavy-ion collisions, Plenary Talk, Invited Theortical Overview, XXXI International
Conference on Ultra-relativistic Nucleus-Nucleus Collisions (Quark Matter 2025), April 6 — 11, 2025, Frankfurt, Germany

Spin Physics in nuclear reaction, Invited Talk, Inaugural Symposium of the Central China Center for Nuclear Theory (C3NT) on Frontiers in Nuclear Theory,
2025%F05H17H - 18H, A Il K4

Nuclear deformation effects of vector mesons in UPC, Invited Talk, Nuclear structure physics across the energy spectrum 2025, 20254-20H -22H, i
HH

Relativistic (anomalous) magneto-hydrodynamics and spin hydrodynamics, Invited Talk, “fim a5 2 T8 MWE - FRIEZ G T <, B H K%
Spin polarization and extension of the Bargmann-Michel-Telegdi equation, Invited Talk, Quark-Gluon Plasma in Heavy-lon Collisions — Quantifying and
Understanding Its Near-Perfect Fluidity 2025, Beijing, 2025.09.16

Spin correlation and fluctuations in Martin-Siggia-Rose (MSR) approach of effective field theory (EFT), parallel talk, The 26th international symposium on
spin physics (SPIN2025), Qingdao, 2025.09.23

Extension of Bargmann-Michel-Telegdi equation and spin correlation, Plenary Talk, The 16th Workshop on QCD Phase Transition and Relativistic Heavy-lon
Physics (QPT 2024) (17N /EQCDMZRMMX R EE T ITL) . 4K, 20259107 24H -10H28H

Polarization in AA and pA systems, Invited Talk, & — JEssAH BAE T2, & X, 2025712 H05H
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Strong interaction and confinement

Q)
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Photo from the Nobel Foundatiol

Da\;id J. Gross

The Nobel Prize in Physics 2004 was awarded
jointly to David J. Gross, H. David Politzer and
Frank Wilczek "for the discovery of asymptotic
freedom in the theory of the strong interaction."

Photo from the Nobel Foundation Photo from the Nobel Foundation

archive. archive
H. David Politzer Frank Wilczek
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

Early Universe
l LHC Experiments

Temperature

C
170 May - Crossover

Critical Point
Hadron Gas
_~Vacuum

0 MeV—42~
0 MeV

The Phases of QCD

T.D. Lee (1974) and Collins (1975):
Heavy ion collision to create a new
form of matter!

L} AR UT L3N

0

£ s

Color/

Superconductor

Nuclear
Matter Neutron Stars
Bh bl atind
I. | |

900 MeV
Baryon Chemical Potential
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Relativistic heavy ion collisions

£ 5.4 i final detected
Relativistic HCGVY"IOH Collisions particle distributions

made by Chun Shen ] Kinetic
reeze-out

Hadronization
Initial energy
density

QGP phase ¢

collision
overlap zone

re-
egu?libr.ium : hvdrod :
ynamics VISCOUS Ny ErocyNAImICs free streaming

—

collision evolution
t~0fm/c T ~1fm/c T ~ 10 fm/c T ~ 101 fm/c
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Puzzle:

Global polarization at low energies

Summary of previous studies: \

C , L ) ¢ ydg-0.5,0. .' ,
8EF iﬁfﬁisbfeﬁ,)§|<o?903 HAziiEfqo'2'1'5] i:\:;\g):'E[OS,O 3 0.081 g"‘ .. kinematic vorticity
. = s hadronic E0S m 10-40% e 10-40% 006 ‘ .. .
= e DA O R oo uaMD e « The peak for vorticity is around
6t o PRC104 L041902 (2021), -50% p,€10.5,6.0] GeV/c i<t = 004l ¢ RN 3 GeV
- Au+Au, b=5fm, lyl<t, p g0.4,20] 4 PRC76024915 (2007) L:} : Au+Au =0 N HIJING ev.
- s AMPT model * Nature548 62 (2017) E i N
55 ° ¥ PRC98 014910 (2018) 002 s b=10 fm \\ - c
s ALICE 15-50% p.€[0.5,5.0] GeV/c lyl<0.5 ool e  The peak for global polarization
3; ¢ PRC101 044611 (2020) 5 10 50 100 5001000 5000 is around 3 - 7 Gev.
- STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1] Vs (Gev)
A== + PRC104 6, L061901 (2021)
- J[.+ | Deng, Huang PRC 2016, PRC2020 | « The amplitude for global
'E f ~ | . T polarization is much less than
O =~ """ " ’"‘"\ S — Kobserved in experiments.
_1:l_m 1 1 IIlIII| 1 1 IIIIII| 1 Il lIIIlI| 1 1 L 111 2018 ]
1 10 102 10° T / ; \
\/S_NN - 2my, [GeV] o W b=5.0 fm E Puzzle:
lisi . Hich lisi . ' V,v’ ---------------- mm b=8.0 fm .
Low energy collisions: igh energy collisions: < . Kinetic approach fails to
Hadron gas Quark g'“_°“ plasma <D describe the global polarization
Kinetic approaches Hydrodynamics approaches at low energy collisions?
0.5 )
® STAR 20%-50% i
? Puzzles v/ Well described #noesioa0x 1| o New possible effects or
B S S mechanism in low energy
5 10 15 20 25
VSw (GeV)

Sun Xu et al., Acta Phys. Sin. 72(7), 072401 (2023)
HADES, Phys. Lett. B (2022) 137506

K collisions?
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Polarization induced by different sources

2 M 2
S (p) Stherma Sshear + Sacc Schemlcal + SEB
Polarization Thermal Shear viscous Fluid Gradient of Electromagnetic
induced by vorticity tensor acceleration  chemical potential fields
Yi, SP, Yang, PRC (2021); Wu, Yi, Qin, SP, PRC (2022); Hidaka, SP, Yang, PRD (2018)
Polarization induced by
Thermal vorticity SLo(p) = / d¥Xpy (0)(1 — (0){6’“’0‘5 P,0 e
? /ﬁﬁﬁ thermal 8mAN |%4 vra T Y
Shear viscous tensor (0) 0 € Ppaugl [
%W*ﬁﬁ%‘&% Sslilear( ) = _4mAN /dz -pr (1 — fV ) (u . p)T E p (&/UJ,, + 8,/(1,0) — Du,,
Fluid acceleration (0) (0) waf
Gradient of chemical 1
_ 0 0 M
potential Schemical(P) = 7 / ds - pfP(1— ) (- )6" Vol pau
EBLREHE ma u P=
Electromagnetic fields p (0) oy(_ 1 chvap E, B*
B {17 St (P 4mAN /dZ Plv V) ((u -p)T pau{ T
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Spin correction

Entropy .
production 8“(S'u + 58“) — (h'u — /}'[V'u (a’uﬁ + 6'111#)
rate
+B(m H{mh)d(
Second law  + (" +- 25&)“” + c%ﬁu,/]) + 0(83)
of thermodynamics
i i Normal dissipative terms
New spin corrections from spin hydro
) /
Heat flow h* — HuoH |+ h/; — —O'A'LW(&/B + 51@) :
Viscous tensor Tt Ll | = |(AFY (0 - u) + no<Fu’"
Anti-symmetric gb“y T gbg“/ — ”yqu“pAya(Qﬁwpg — ng) |
part of energy
Momentum tensor — \ /
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Kinetic and thermal vorticity with different approaches
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