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GLOBAL SPIN POLARIZATION

kL participants
= Non-central heavy-ion collisions create fireballs with before collision after collision
larg'e g].Oba.]. orb]_‘tal angular momenta figure: M. Lisa, talk @ “Strangeness in Quark Matter 2016”
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0CD PHASE DIAGRAM UNDER ROTATICN

HLC, K. Fukushima, X-G. Huang, K. Mameda,
Phys. Rev. D 93, 104052 (2016), 1512.08974

= First studied by NJL model
(order parameter: quark mass)
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STAR, Nature 614 244 (2023)
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CORRELATION AND FLUCTUATION

ALICE, PLB 844 (2023) 137545

= Baryon number fluctuation

= Quantifying the nature of the phase transition

= At large density: critical endpomt (CEP)

An

P

-04

-0.2

~04 0.0

H

M. Stephanov, PRL 107 (2011) 052301

opp!/ Ty T*

K,(P - P)
p+p
N

==
[}

B T P PP T PP P T PP PP P RP PP PP o

IIIIIIII g
+ALICE 06<p< 1 SGeWC i

—— ALICE, 0.6 < p<2.0GeVic

—— HIJING, 0.6 <p < 1.5 GeV/c

—— HIJING, 0.6 <p < 2.0 GeVic -
EPOS, 06 <p<1.5GeV/ic A

—— EPOS,06<p<2.0GeVic

o
oo

Ifrl<08

T T T T
fRG (CE), freezeout: Andronic et aI
fRG (CE), freezeout: STAR Fit | ]
fRG (CE), freezeout: STAR Fit Il
DSE (GCE), freezeout: Andronic et al.
STAR BES-l (0-5%) i
STAR BES-I| (0-5%)
STAR fixed-target (0-5%) 1

From W. Fu’s HENPIC seminar

o
o ©
T T I T T T Iltl
m%
‘ m%

Centrality (%)

—~
o

+
o
S~

Ko(p - P)

[ e ALICE,06<p<15GeVic |

1.1+ —— ALICE, 0.6 < p <2.0 GeVic

- —— HIJING, 0.6 < p <1.5GeV/c -

- —— HIJING, 0.6 < p<2.0 GeVic -

- EPOS,06<p<15GeVic

B —— EPOS,06<p<20GeVic A

| TR RS ]

ooF 0 T~_—4 g -

- Pb-Pb |5, =5.02 TeV ]

L centrality 0-5% ]

0.8 __ - Local conservation Ay =5,0.6 <p <1.5GeV/c _|

- --- Local conservation Ay =506<p<20GeVic -

u ]
02 04 06 08 1 12 14 16

An

STAR Collaboratlon arX1v 2504. 00817

N w
T

—

Cumulant Ratio C,/C,

LA ‘
Au+Au Collisions at RHIC

Net-proton, |y| < 0.5
| 04< P, < 2.0 GeVie

T
Centrality: RefMult3
© BES-I: 0-5%
¢ BES-I: 70-80%
@ BES-II: 0-5%
& BES-II: 70-80%

Ll
30 100

Collision Energy Ys,,, (GeV)

-




MOTIVATION

= Almost studied separately

Spin polarization/alignment Phase transition
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NAIVE ESTIMATIONS

= Spin polarization ~()

= Spin alignment ~ ()2

= Chiral condensate does not change much at small ()

Y. Jiang and ]. Liao, Phys. Rev. Lett. 117,
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= The effect seems not large enough for measurement

= However
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Rotating spacetime metric

1-(x*+y?)Q* yQ —xQ 0

QUALITATIVE STUDY: NJL MODEL .- = 7 ° ¢

0 0 0O -1
= Nambu—Jona-Lasinio model is a low energy effective model of QCD
_ _ _ G - -

Lnon =iy V= motp + upir"$ +2[(09)? + (97°79)?

= Vierbein formulism
eh=efl=ey=¢5 =1, ey = yQ, ey = —xQ, Q

= Hamiltonian for fermion
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. Slmllar as flnlte density L. Largau and E. Lifshitz, Statistical Physics, Part 1

Rotation: F' — f' 4 (Lz + SZ)Q Rotation behaves as an

Finite density: [ —s [ — Y effective chemical potential




QUALITATIVE STUDY: NjL MODEL

= General thermodynamic potential under rotation

(m — mg)? A pdpdp, | (e Qi _ Py
Verp(r) = e — NNy ;/ﬂ (2n)? £, + TIn(1 + e PlEr=r= %)y 4 Tin(1 + e AT (T2 (pyr) + JE (per)).

= Away from the center, contribution from orbital angular momentum is dominant

= Since we are interested in spin, we first focus on the physics near the center (r=0)
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= We can get information about average spin from this expression
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QUALITATIVE STUDY: NJL MODEL

= Thermodynamic contribution (without critical fluctuation)
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QUALITATIVE STUDY: NjL MODEL

= To get correlation, further techniques are needed

= Introducing rotation and chemical potential only act on quark or antiquark
Veﬂ'(ﬂs Q‘J Q, y gy Hgs 1y T)

[m (1) — mg)?
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= Then by taking derivative, we can get correlation of quark/antiquark spin and particle
number
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SPIN CORRELATION ENHANCED BY CEP!

= First we consider r=0 | | 0.010

= Comparison with the case w/o fluctuation
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VECTOR

= Along imaginary freezeout lines
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ESON SPIN ALIGNMENT
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PHI MESON SPIN ALIGNMENT

= The CEP is shifted closer to freezeout line by orbit angular momentum contribution

R SCHEMATIC FIGURE

= The peak structure is enhanced
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ANGULAR VELOCITY DEPENDENCE

= Far from CEP the angular velocity dependence ~()?
= ¥ dependence is minor: our approximation works well

= The peak is sensitive to angular velocity: CEP is shifted close to freezeout line
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PNJL MODEL
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= Here we do not modify Polyakov potential, since we only care about quark spin

F. Sun, et al., Phys.Rev.D, 109 (2024) 11, 116017
G. Cao, Phys.Rev.D, 109 (2024) 1, 014001
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If we take into account critical behavior

dpoo(P) ~

4 (0Ng6N3)

9 N,N:
Kun Xu, Mei Huang, Phys.Rev.D 110 (2024) 9, 094034
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0THER CORRELATIONS

= Inspired by baryon number fluctuation C2/C1

(8,570 = (S)(Sg) 43,

NN, Clya
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, op dp dp
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FURTHER IMPROVEMENTS

- Contribution from spin correlation of other direction (P;*PZ) and <qu P’ >

= Momentum dependence of the correlation

= Finite size & inhomogeneity

If we assume m(r)=m, and integrate over the whole system

/ rdr(S,) — / rdr(S;) =0 and f rdr(S,Sy) = 0

Inhomogeneity might be important

= Other definitions of correlation are possible

= Gluon spin polarization

©



= Up to now, we only focus on the quark sector
= Proton spin crisis: contribution from sea quark or gluon field
= Gluon has spin one: more sensitive to rotation in principle

= It is interesting to see how rotation affects gluon field

Shi Chen, Kenji Fukushima, Yusuke Shimada, Phys.Rev.Lett. 129 (2022) 24, 242002

Victor V. Braguta, Maxim N. Chernodub, Ilya E. Kudrov, Artem A. Roenko, Dmitrii A. Sychev, Phys.Rev.D 110 (2024) 1,014511
Yin Jiang, Phys.Lett.B 853 (2024) 138655

Guojun Huang, Shile Chen,Yin Jiang, Jiaxing Zhao, Pengfei Zhuang, Phys.Lett.B 862 (2025) 139274

Kenji Fukushima, Yusuke Shimada, Phys.Lett.B 868 (2025) 139716

Sheng Wang, Jun-Xia Chen, Defu Hou, Hai-Cang Ren, arXiv: 2505.15487
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POLAR

IZED GLUON FIELD: SAVVIDY VACUUM

= QCD vacuum can have a nonzero chromomagnetic condensate G.x savvidy, Phys. Lett. B, 71:133, 1977

= Nielsen-Olesen Instability Nx Nielsen and P. Olesen., Nucl. Phys. B, 144(2-3):376-396, 1978.

= Asymptotic freedom can be understood in term by vacuum polarizability

(33 —ZNF)qzl A2

Evac,QCD = - %V‘Hz

QCD Beta function
_ (33—2N.)g’
Pel=——pr

Q:What will happen if we add rotation to the system?

4872 o8 IgH | Asymptotic freedom as a spin effect

N. K. Nielsen®
Fysisk Institut, Odense University, Odense, Denmark

(Received 25 August 1980; accepted 26 November 1980}

It is shown how both the qualitative and the quantitative features of the asymptotic
freedom of quantum chromodynamics can be understood in a rather intuitive way.
The starting point is the spin of the gluon, which because of the gluon self-coupling
makes the vacuum behave like a paramagnetic substance. Combining this result with
Lorentz invariance, we conclude that the vacuum exhibits dielectric antiscreening and

hence asymptotic freedom. The calculational techniques are with some minor

modifications those of the Landau theory on the diamagnetic properties of a free-

electron gas.
@



SU(2) YANG-MILLS THEORY UNDER ROTATION

= For simplicity, I focus on imaginary rotation here

: : 1 1
= The nonzero background gauge potential 4}, = (¢. sHYy, =5 Hz,0)

V() —H”Z Z 3D /dk — Q(sgn(gH)l — 5) + g¢)* + [gH|(2X + 1 + 25) +k2]|"’H|<I>2( X, 3lgH|r?)

n l=—XAeENs=+1

Tachyonic mode

= At the center (r=0), when =0, s=-1

11g°H? . gH (qH ~
Vi = 19,2 In( HJ(Z}) 25 [Al (nB\/gH) — —Y1 (nBy/gH))] cosn(¢p — Q)

JZ
_ (9H
or

;

Z —V2A+ 3K (nB/gH 2\ +3))coan§cosnﬁ;
)2

(9H)?

V= —
g 1

25 Z \(nB+/gH) cosn(od — Q)
n’

n—=1
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Shi Chen, Kenji Fukushima, Yusuke Shimada,
Phys.Rev.Lett. 129 (2022) 24, 242002
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= Here we first ignore the instability SN LB S O X
0O =#/2 =n 3m/2 2=m

= Minimize the real part of effective potential at high temperature
oVg  OVg — 0
d(gH)  9d(g9¢)

= For small imaginary rotation, chromomagnetic condensate increases
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FIG. 3. Chromomagnetic condensate as a function of
imaginary angular velocity at T = 10puo.
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FIG. 6. Ployakov loop at T' = 10puy.



EFFECTIVE COUPLING CONSTANT

= For small imaginary rotation, we can expand the effective potential
(where v=5yyH and Q; =50 )

11 .,BJI'.L(] 7 + 4(; 1 11

[— 57 (n — )+ — — — 2
2472 34 4 327234 967134

27 34

11 Cs

Vi = —
fi Ut 27f

C(3)Q3)b* — v — |

-]Q7b

= We can extract effective coupling constant for VR

. 1

2
Gerp(T, ) = ] ) -
e (In 52 — ) + TG — 25((3)03

= The coupling increase with imaginary rotation: Tc increases with imaginary
rotation

= Analytic continuation: Tc decreases with real rotation

In consistent with previous model studies
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FUTURE DIRECTION

= Including Quark degree of freedom 0 05 L0

'S /2

= Inhomogeneity shiChen, et al., Phys.Lett.B 859 (2024) 139107
= Two-loop contribution
_ _ might stabilize the system
= Higgs mechanism
= Whether this polarized gluon field relates to some observables?

= For example, proton spin
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SUMMARY & O0UTLOOK

= Interaction is important to when we study quark spin correlation
= Quark-antiquark spin correlation has a peak near the CEP

= Critical fluctuation near CEP can lead to non-monotonic behavior of spin alignment
& Hyperon-anti-Hyperon correlation

= Spin alignment & Hyperon-anti-Hyperon correlation can serve as signatures for
CEP

= Connection between spin and phase transition is an interesting direction
= Contribution from gluons should be considered
= Spin alignment of other vector mesons

= More realistic and detailed studies in future
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