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▪ Non-central heavy-ion collisions create fireballs with 
large global orbital angular momenta

▪ Quark can be polarized under such a large L

▪ Coalescence picture :  𝑃Λ = 𝑃s

▪ Estimation given by

▪ angular momenta             rotation (local/global)
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Liang, Wang, PRL (2005) 

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

F. Becattini, F. Piccinini, J. Rizzo, PRC 77 (2008) 024906

▪ Rotation related effects attract many attentions



▪ First studied by NJL model
(order parameter: quark mass)

▪ Rotation behaves like chemical
potential

▪ However, lattice studies give
opposite result!
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HLC, K. Fukushima, X-G. Huang, K. Mameda,

Phys. Rev. D 93, 104052 (2016), 1512.08974

Y. Jiang and J. Liao, Phys. Rev. Lett. 117, 

192302 (2016), 1606.03808

P. Zhuang’s talk @PHD2024



▪ Hyperon polarization only relates to single quark

▪ Vector meson spin alignment relates to quark pair:
correlation between quarks will be important 

▪ Coalescence picture :

▪ Naïve estimation gives

▪ Further theoretical studies are needed
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Liang, Wang, PRL (2005) 

Spin density matrix element

too small

STAR, Nature 614 244 (2023)

ALICE, PRL 131 042303 (2023)

ALICE, arXiv: 2504.00714 

Correlation and fluctuation are indeed crucial!

ρ00 ≠ 1/3 indicates spin alignment



▪ Baryon number fluctuation

▪ Quantifying the nature of the phase transition

▪ At large density: critical endpoint (CEP)
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ALICE, PLB 844 (2023) 137545

From W. Fu’s HENPIC seminar

STAR Collaboration, arXiv:2504.00817

M. Stephanov, PRL 107 (2011) 052301



▪ Almost studied separately
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Phase transition

Q: Are these two aspects related?
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Spin polarization/alignment

Minghua Wei , Mei Huang, Chin.Phys.C 47 (2023) 10, 104105
Fei Sun, Jingdong Shao, Rui Wen, Kun Xu, Mei Huang, PhysRevD.109.116017 
Sushant K. Singh, Jan-e Alam, Eur. Phys. J. C 83, 585 (2023)

?



▪ Spin polarization

▪ Spin alignment

▪ Chiral condensate does not change much at small

▪ The effect seems not large enough for measurement

▪ However….
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~Ω

~Ω2

Ω

Y. Jiang and J. Liao, Phys. Rev. Lett. 117, 

192302 (2016),

!!

Spin fluctuation?

Just like baryon 

number?



▪ Nambu–Jona-Lasinio model is a low energy effective model of QCD

▪ Vierbein formulism

▪ Hamiltonian for fermion

▪ Similar as finite density
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L. Landau and E. Lifshitz, Statistical Physics, Part 1

Rotation behaves as an 

effective chemical potential

Rotation:

Finite density:
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▪ General thermodynamic potential under rotation

▪ 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)

▪ We can get information about average spin from this expression
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𝑞, ↑ 𝑞, ↓

ത𝑞, ↑ ത𝑞, ↓



▪ Thermodynamic contribution (without critical fluctuation)
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𝑞, ↑ 𝑞, ↓

ത𝑞, ↑ ത𝑞, ↓
0 (Gap Eq)

However, what we want to see is the fluctuation related 

to phase transition



▪ To get correlation, further techniques are needed

▪ Introducing rotation and chemical potential only act on quark or antiquark

▪ Then by taking derivative, we can get correlation of quark/antiquark spin and particle 
number

▪ Then we can define the spin correlation of quark-antiquark as
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▪ First we consider r=0 

▪ Comparison with the case w/o fluctuation
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▪ Along imaginary freezeout lines
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Contribution from 

critical fluctuation

Orbit angular momentum 

contribution to Freezeout – 2 At r=0
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▪ The CEP is shifted closer to freezeout line by orbit angular momentum contribution

▪ The peak structure is enhanced

T

μ

G. Wilks’ talk@SQM2024

X.-L. Sheng, et al, Phys. Rev. Lett. 131, 042304 (2023)

As additional contribution (to 

strong force field contribution)



▪ Far from CEP the angular velocity dependence ~Ω2

▪ r 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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▪ Quantitatively agree with NJL model results

▪ 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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Kun Xu, Mei Huang, Phys.Rev.D 110 (2024) 9, 094034

If we take into account critical behavior

The volume dependence is annoying 

R=2fm
R=2fm

Ji-peng Lv, et al., Phys.Rev.D 109 (2024) 11, 114003  

Non-connected correlation

The 

same?



▪ Inspired by baryon number fluctuation C2/C1
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Kurtosis of quark spin fluctuation
more sensitive to CEP

More reasonable than our original 

definition?



▪ Contribution from spin correlation of other direction 𝑃𝑞
𝑥𝑃ത𝑞

𝑥 and 𝑃𝑞
𝑦
𝑃ത𝑞
𝑦

▪ Momentum dependence of the correlation

▪ Finite size & inhomogeneity

▪ Other definitions of correlation are possible

▪ Gluon spin polarization
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If we assume m(r)=m, and integrate over the whole system 

and

Inhomogeneity might be important



▪ 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
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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 



▪ QCD vacuum can have a nonzero chromomagnetic condensate

▪ Nielsen-Olesen Instability

▪ Asymptotic freedom can be understood in term by vacuum polarizability
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QCD Beta function

G.K. Savvidy, Phys. Lett. B, 71:133, 1977

N.K Nielsen and P. Olesen., Nucl. Phys. B, 144(2-3):376–396, 1978.

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



▪ For simplicity, I focus on imaginary rotation here

▪ The nonzero background gauge potential

▪ At the center (r=0), 
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Tachyonic mode 

when 



▪ Here we first ignore the instability

▪ Minimize the real part of effective potential at high temperature

▪ For small imaginary rotation, chromomagnetic condensate increases

24

confined

Shi Chen, Kenji Fukushima, Yusuke Shimada,

Phys.Rev.Lett. 129 (2022) 24, 242002 



▪ For small imaginary rotation, we can expand the effective potential
(where                  and                 )

▪ We can extract effective coupling constant for VR

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

▪ Analytic continuation: Tc decreases with real rotation
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In consistent with previous model studies



▪ Including Quark degree of freedom

▪ Inhomogeneity 

▪ Two-loop contribution

▪ Higgs mechanism

▪ Whether this polarized gluon field relates to some observables?

▪ For example, proton spin
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Shi Chen, et al., Phys.Lett.B 859 (2024) 139107

might stabilize the system



▪ 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

27



28


