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The fastest rotation:𝝎𝝎~𝟏𝟏𝟏𝟏𝟐𝟐𝟐𝟐𝒔𝒔−𝟏𝟏
The strongest magnetic field:𝒆𝒆𝒆𝒆~𝟏𝟏𝟏𝟏𝟖𝟖𝑮𝑮

Non-central collision

 Spin polarization of quarks

Nature 548, 62–65 (2017). 

Spin polarization of Hyperon

Rotation &Magnetic field

STAR. 
Nature 614 (2023) 7947, 244-248

Spin alignment of vector mesons

Rotation 𝜌𝜌00 < 1
3
, Magnetic field  𝜌𝜌00 > 1

3

Why spin alignment? 2/14



From Prof. Qun Wang’s Talk Lots of theoretical explanations
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No splitting of 𝑃𝑃Λ and 𝑃𝑃�Λ → No magnetic field

STAR. Phys.Rev.C 108 (2023) 1, 014910 [2305.08705]   

Puzzle?

Magnetic field  𝜌𝜌00 > 1
3

Magnetic field is not enough to induce such large 𝜌𝜌00 
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STAR. Nature 614 (2023) 
7947, 244-248

No obvious centrality-dependence Most-central high energy collision: 
No Rotation, No Magnetic field, No 
net baryon number,…

Can we obtain spin alignment without any rotation, magnetic field ……?

Puzzle?
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In a local region ,the possibilities to find 𝜙𝜙 of 𝑠𝑠𝑧𝑧 = 1,0, −1:

Assume the small imbalance between spin-up and spin-down:

Similarly, spin alignment of 𝐾𝐾∗0:

Spin alignment of 𝜙𝜙:

Average over all events or thermal states:

Spin alignment of vector meson Local spin polarization of quarks

is the number difference between spin-up and spin-down

is the total number

Spin correlation
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Spin density fluctuation

Global polarization ×
Local polarization    √

• the sign of  𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 doesn’t change by the local spin fluctuation, 
thus 𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 survives after average.

Spin alignment of vector meson does not depend on 
the spin polarization direction of quark.

more spin-up than spin-down

𝛿𝛿𝑁𝑁𝑠𝑠 > 0, 𝛿𝛿𝑁𝑁 ̅𝑠𝑠 > 0 ⇒ 𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 > 0

𝛿𝛿𝑁𝑁𝑠𝑠 < 0, 𝛿𝛿𝑁𝑁 ̅𝑠𝑠 < 0 ⇒ 𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 > 0

or more spin-down than spin-up
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≪ �
𝑥𝑥

 
𝑠̅𝑠𝛾𝛾3𝛾𝛾5𝑠𝑠 �

𝑥𝑥

 
𝑠̅𝑠𝛾𝛾3𝛾𝛾5𝑠𝑠 ≫=≪ 𝛿𝛿𝐽𝐽𝑠𝑠 + 𝛿𝛿𝐽𝐽 ̅𝑠𝑠 𝛿𝛿𝐽𝐽𝑠𝑠 + 𝛿𝛿𝐽𝐽 ̅𝑠𝑠 ≫= 𝑐𝑐2(≪ 𝛿𝛿𝑁𝑁𝑠𝑠2 ≫+≪ 𝛿𝛿𝑁𝑁 ̅𝑠𝑠

2 ≫ +2 ≪ 𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 ≫)

≪ �
𝑥𝑥

 
𝑠̅𝑠𝑖𝑖𝛾𝛾1𝛾𝛾2𝑠𝑠 �

𝑥𝑥

 
𝑠̅𝑠𝑖𝑖𝛾𝛾1𝛾𝛾2𝑠𝑠 ≫=≪ 𝛿𝛿𝑀𝑀𝑠𝑠 − 𝛿𝛿𝑀𝑀 ̅𝑠𝑠 𝛿𝛿𝑀𝑀𝑠𝑠 − 𝛿𝛿𝑀𝑀 ̅𝑠𝑠 ≫= 𝑑𝑑2(≪ 𝛿𝛿𝑁𝑁𝑠𝑠2 ≫+≪ 𝛿𝛿𝑁𝑁 ̅𝑠𝑠

2 ≫ −2 ≪ 𝛿𝛿𝑁𝑁𝑠𝑠𝛿𝛿𝑁𝑁 ̅𝑠𝑠 ≫)

Axial-Vector operator Tensor operator

�𝝍𝝍𝜸𝜸𝝁𝝁𝜸𝜸𝟓𝟓𝝍𝝍 �𝝍𝝍𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝝍𝝍

�𝑑𝑑3𝑥𝑥 �𝜓𝜓(𝑥𝑥)𝛾𝛾𝜇𝜇𝛾𝛾5𝜓𝜓(𝑥𝑥)

~𝐽𝐽+↑ − 𝐽𝐽+↓ + 𝐽𝐽−↑ − 𝐽𝐽−↓~𝛿𝛿𝐽𝐽𝑠𝑠 + 𝛿𝛿𝐽𝐽 ̅𝑠𝑠

�𝑑𝑑3𝑥𝑥 �𝜓𝜓 𝑥𝑥 𝑖𝑖𝛾𝛾1𝛾𝛾2𝜓𝜓(𝑥𝑥)

~𝑀𝑀+
↑ − 𝑀𝑀+

↓ − 𝑀𝑀−
↑ − 𝑀𝑀−

↓ ~𝛿𝛿𝑀𝑀𝑠𝑠 − 𝛿𝛿𝑀𝑀 ̅𝑠𝑠

𝐽𝐽+↑ = �
𝑑𝑑3𝑝𝑝

(2𝜋𝜋)3
𝐸𝐸𝑝𝑝𝑧𝑧2 + 𝑚𝑚𝑝𝑝⊥2

𝐸𝐸𝑝⃑𝑝2
𝑎𝑎𝑝𝑝
↑†𝑎𝑎𝑝𝑝↑ = c𝑁𝑁+↑ 𝑀𝑀+

↑ = �
𝑑𝑑3𝑝𝑝

(2𝜋𝜋)3
𝐸𝐸𝑝𝑝⊥2 + 𝑚𝑚𝑝𝑝𝑧𝑧2

𝐸𝐸𝑝⃑𝑝2
𝑎𝑎𝑝𝑝
↑†𝑎𝑎𝑝𝑝↑ = 𝑑𝑑𝑑𝑑+↑

Spin Polarization(SP) Magnetic Moment Polarization(MMP)
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The grand potential:

Lagrangian of NJL model with quark spin potential 𝑎𝑎  and axial-vector interaction

Consider second derivative:

=0 for a→0

Local spin fluctuation induced by interactions

ℒ = �𝜓𝜓 𝑖𝑖𝜕𝜕 −𝑚𝑚 + 𝑎𝑎𝛾𝛾3𝛾𝛾5 𝜓𝜓 + 𝐺𝐺𝐴𝐴( �𝜓𝜓𝛾𝛾3𝛾𝛾5𝜓𝜓)2

≠0 for a→0
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The grand potential, first-order expansion 
over 𝐺𝐺𝐴𝐴:

Quark propagator:

where

ℒ = �𝜓𝜓 𝑖𝑖𝜕𝜕 − 𝑚𝑚 + 𝑎𝑎𝛾𝛾3𝛾𝛾5 𝜓𝜓 + 𝐺𝐺𝐴𝐴( �𝜓𝜓𝛾𝛾3𝛾𝛾5𝜓𝜓)2

With similar process we can obtain
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(1) Axial-vector interaction:

(2) Tensor interaction:

≪ �
𝒙𝒙

 
�𝒔𝒔𝜸𝜸𝟑𝟑𝜸𝜸𝟓𝟓𝒔𝒔 �

𝒙𝒙

 
�𝒔𝒔𝜸𝜸𝟑𝟑𝜸𝜸𝟓𝟓𝒔𝒔 ≫≠ 𝟎𝟎 ≪ �

𝒙𝒙

 
�𝒔𝒔𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝒔𝒔 �

𝒙𝒙

 
�𝒔𝒔𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝒔𝒔 ≫= 𝟎𝟎

≪ �
𝒙𝒙

 
�𝒔𝒔𝜸𝜸𝟑𝟑𝜸𝜸𝟓𝟓𝒔𝒔 �

𝒙𝒙

 
�𝒔𝒔𝜸𝜸𝟑𝟑𝜸𝜸𝟓𝟓𝒔𝒔 ≫= 𝟎𝟎 ≪ �

𝒙𝒙

 
�𝒔𝒔𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝒔𝒔 �

𝒙𝒙

 
�𝒔𝒔𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝒔𝒔 ≫≠ 𝟎𝟎

𝐺𝐺𝐴𝐴( �𝜓𝜓𝛾𝛾3𝛾𝛾5𝜓𝜓)2

𝐺𝐺𝑇𝑇( �𝜓𝜓𝑖𝑖𝛾𝛾1𝛾𝛾2𝜓𝜓)2

The spin correlation can be obtained:

Axial-vector interaction induce 𝜌𝜌00 < 1
3

while tensor interaction induces 𝜌𝜌00 > 1
3
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= −
1

9𝑐𝑐2
≪ ∫𝒙𝒙

 �𝒔𝒔𝜸𝜸𝟑𝟑𝜸𝜸𝟓𝟓𝒔𝒔
2
≫

𝑁𝑁𝑠𝑠𝑁𝑁 ̅𝑠𝑠
< 0

=
1

9𝑑𝑑2
≪ ∫𝒙𝒙

 �𝒔𝒔𝒊𝒊𝜸𝜸𝟏𝟏𝜸𝜸𝟐𝟐𝒔𝒔
2
≫

𝑁𝑁𝑠𝑠𝑁𝑁 ̅𝑠𝑠
> 0



Spin alignment of 𝐾𝐾∗0:

Need flavor-mixing interaction:

Spin potential matrix:

𝑑𝑑

𝑠𝑠

Interaction induces spin alignment of 𝐾𝐾∗0meson

where
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where is the interaction? 
1. One-Gluon-Exchange(OGE)

Fierz transformation

Axial-vector interaction appears!

Gluon propagator with large gluon mass to an effective four-fermion contact interaction

2. Instanton-induced interaction Phys.Rev.D 51 (1995) 1267-1281

Tensor interaction

Axial-vector interaction

Low temperature: Non-interacting 𝐼𝐼 ̅𝐼𝐼- Gas

High temperature𝑇𝑇 ≳ 𝑇𝑇𝑐𝑐:  𝐼𝐼 ̅𝐼𝐼-Molecule

Flavor-mixed interaction:

Contributes to the spin alignment of 𝐾𝐾∗0 13/14



Thank you

• Spin density fluctuation of quark can induce spin alignment of vector meson

• Axial-vector interaction induces 𝜌𝜌00 < 1/3, tensor interaction induces 𝜌𝜌00 >

1/3

• Instanton-induced interactions could be the source! 

Summary
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BACKUP
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Numerical example

𝐺𝐺𝐴𝐴 =
1
2
𝐺𝐺𝑠𝑠 − 8𝜇𝜇𝐵𝐵

𝑟𝑟 = 2𝑓𝑓𝑓𝑓

Coupling constant as a function of chemical potential

radius

𝜇𝜇𝐵𝐵 =
1.477

1 + 0.343 𝑠𝑠

𝑇𝑇 = 0.158 − 0.14𝜇𝜇𝐵𝐵2 − 0.04𝜇𝜇𝐵𝐵4

Freeze-out line:

𝐺𝐺𝑇𝑇 = 40𝜇𝜇𝐵𝐵
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