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1. Background Introduction

STAR, Nature 548, 62 (2017)

Solar subsurface flow 10−7 𝑠−1

Superfluid nanodroplets  107 𝑠−1

𝝎 ≈ 𝟗 ± 𝟏 × 𝟏𝟎𝟐𝟏 𝒔−𝟏

QGP is the most vortical fluid
◆ Off-central HIC can produce huge global orbital angular momentum.

◆ By spin-orbital coupling, global orbital angular momentum can lead

to the polarizations of Λ hyperons and vector mesons.

Liang, Wang, PRL (2005); PLB (2005) Gao, Chen, Deng, Liang, Wang, Wang, PRC (2008)
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1. Background Introduction

The strongest E & B field is created in HIC, 1019 Gauss!

W. Deng and X. Huang, PRC85,044907 (2012) 

Pulsar: 1013 Gauss

Magnetar: 1015 Gauss
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2. Photon polarization in the vorticity

Photon polarization (dilepton helical production) in a vortical QGP

New spin-polarized observable for dilepton production
𝑑𝑁 𝑄

𝑑4𝑄
= σ𝑃+𝑃′=𝑄ሺ𝑁𝑅 𝑃, 𝑃′ − 𝑁𝐿 𝑃, 𝑃′ ) 𝑃′ − 𝑃 ⋅ ෝ𝒏

weighted difference

                                             

massless quarks and dileptons

𝑁𝑅 𝑃, 𝑃′ : right-handed lepton pairs

  𝑁𝐿 𝑃, 𝑃′ : left-handed lepton pairs

ෝ𝒏: auxiliary spacelike unit vector              

𝑃′ − 𝑃 ⋅ ෝ𝒏: weight factor
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Photon polarization (dilepton helical production) in a vortical QGP

Propagator in local equilibrium:

S< 0 𝐾 = −2𝜋 𝐾𝜇𝛾𝜇 𝛿 𝐾2 𝜖 𝑘0
ሚ𝑓 𝑘0

S> 0 𝐾 = 2𝜋 𝐾𝜇𝛾𝜇𝛿 𝐾2 𝜖 𝑘0 ሺ1 − ሚ𝑓 𝑘0 )

ሚ𝑓 𝑘0 : Fermi-Dirac distribution function

𝜖 𝑘0 : sign function

⚫ Photon self-energy

Vortical correction to propagator

           S< 1 𝐾 = S> 1 𝐾 = −2𝜋
1

2
𝐾𝜇 ෩Ω𝜇𝜈𝛾𝜈𝛾5𝛿 𝐾2 𝜖 𝑘0

ሚ𝑓′ 𝑘0

෩Ω𝜇𝜈 = 𝜔𝜇𝑢𝜈 − 𝜔𝜈𝑢𝜇 𝜔𝜇: vorticity          𝑢𝜇: fluid velocity

Lowest−order vortical correction

Anti-symmetric

𝒞1/ 𝒞2/𝒞3：the integral of k

J. Gao, J. Pang and Q. Wang, 

PRD.100.016008(2019)

R. Fang, L. Pang, Q. Wang and 

X. Wang, PRC.94.024904(2016)

Πij< 1 𝑄 = −
𝑖

2π2 𝑁𝑐 ෍

𝑢,𝑑,𝑠

𝑒𝑞
2 𝜖𝑖𝑗𝑘 ෝ𝒒 ⋅ 𝝎 ො𝑞𝑘𝒞1 + 𝜔𝑘𝒞2

Π0i< 1 𝑄 = −
𝑖

2π2 𝑁𝑐 ෍

𝑢,𝑑,𝑠

𝑒𝑞
2 𝜖𝑖𝑗𝑘 ො𝑞𝑗𝜔𝑘𝒞3
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LHC

Photon polarization (dilepton helical production) in a vortical QGP

⚫ Dilepton helical rate

𝑑𝑁

𝑑4𝑄
=

e4

𝑄2

1

16 π4
𝑁𝑐 ෍

𝑢,𝑑,𝑠

𝑒𝑞
2 𝐻𝜇𝜐 Πμν<ሺ1) Q

ℎ𝜇𝜈 = 𝑙𝑅
𝜇𝜈

− 𝑙𝐿
𝜇𝜈

= 4𝑖𝜖𝜇𝜈𝜌𝜎 𝑃𝜌𝑃𝜎
′

𝑙𝑅
𝜇𝜈

/𝑙𝐿
𝜇𝜈

:  right-handed/left-handed polarization tensor 

Weighted difference phase space integration

𝐻𝜇𝜐 = ׬
𝑑3𝑝

2𝐸ሺ2𝜋)3

𝑑3𝑝′

2𝐸′ሺ2𝜋)3 2𝜋 4𝛿 4 𝑄 − 𝑃 − 𝑃′ 𝑃′ − 𝑃 ⋅ ෝ𝒏 ℎ𝜇𝜈 = −
𝑖 𝑄2

12𝜋
𝜖𝜇𝜈𝜌𝜎𝑄𝜌 ො𝑛𝜎

Introduce a weighted factor

𝑃′ − 𝑃 ⋅ ෝ𝒏
ෝ𝒏: auxiliary spacelike unit vector

𝐻𝜇𝜐 = ׬
𝑑3𝑝

2𝐸ሺ2𝜋)3

𝑑3𝑝′

2𝐸′ሺ2𝜋)3 2𝜋 4𝛿 4 𝑄 − 𝑃 − 𝑃′ ℎ𝜇𝜈

Exchange 𝑃 𝑃′

even oddvanish
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Photon polarization (dilepton helical production) in a vortical QGP

⚫ Dilepton helical rate

𝑑𝑁

𝑑4𝑄
=

α2

𝑄2

1

12π4
𝑁𝑐 ෍

𝑢,𝑑,𝑠

𝑒𝑞
2 𝝎 ⋅ ෝ𝒏 𝑅1 + ෝ𝒒 ⋅ ෝ𝒏 ෝ𝒒 ⋅ 𝝎 𝑅2

𝑅1/ 𝑅2 : the rotational invariant function

The 𝑞0 dependence of  𝑅1 and 𝑅2 with different 𝑞
◆ 𝑅1- 𝐵: Boltzmann approximation results

◆ Large 𝑞0, 𝑅1- 𝐵 becomes accurate

◆ Small 𝑞0, 𝑅1- 𝐵 tends to overestimate

◆ 𝑅1 is positive, and 𝑅2 is negative

◆ 𝑅1 is about twenty times that of 𝑅2
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Photon polarization (dilepton helical production) in a vortical QGP

⚫ Dilepton helical rate

𝑑𝑁

𝑑4𝑄
=

α2

𝑄2

1

12π4
𝑁𝑐 ෍

𝑢,𝑑,𝑠

𝑒𝑞
2 𝝎 ⋅ ෝ𝒏 𝑅1 + ෝ𝒒 ⋅ ෝ𝒏 ෝ𝒒 ⋅ 𝝎 𝑅2

𝑅1/2: the rotational invariant function

The schematic plots of the angular distribution

ෝ𝒏 // 𝛚 ෝ𝒏 ⊥ 𝛚

ෝ𝒏 //𝝎

◆ 𝑅1 givies a spherical angular distribution.

◆ The correction 𝑅2 deforms the sphere into an

approximate oblate ellipsoid.

ෝ𝒏 ⊥ 𝝎

◆ Taking ෝ𝒏 and 𝛚 along the 𝑥 and 𝑦 axis

respectively, the resulting angular

distribution ∝ sin2 θ cos ϕ sin ϕ.
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3. Photon polarization in the magnetic field

Photon Self-energy:    Π𝜇𝜈 = Π𝐿 𝑄𝜇𝜈 + Π𝑇 𝑅𝜇𝜈  + Π𝑃 𝑃𝜇𝜈

Resummed photon propagator: 𝐷𝜇𝜈 = −
A𝜇𝜈

𝐾2−Π𝑇−Π𝑃
−

𝐵𝜇𝜈

𝐾2−Π𝑇+Π𝑃
−

𝑄𝜇𝜈

𝑘2−Π𝐿

A𝜇𝜈 = 1/2 𝑅𝜇𝜈 + 𝑃𝜇𝜈 , 𝐵𝜇𝜈 = 1/2 𝑅𝜇𝜈 − 𝑃𝜇𝜈

In a charged plasma, the photon self-energy in the LLL approximation:

Π𝑅
𝜇𝜈

=
𝐵

2𝜋2

𝑞3
2 𝑢𝜇𝑢𝜈+𝑞0

2 𝑏𝜇𝑏𝜈+𝑞0𝑞3 𝑢{𝜇𝑏𝜈}

𝑞0
2−𝑞3

2 −
𝑖 𝜇

2𝜋2 ሺ𝑞0 𝜖𝜇𝜈𝜌𝜎 + 𝑢[𝜇 𝜖𝜈]𝜆𝜌𝜎𝑞𝜆
𝑇)𝑢𝜌𝑏𝜎

𝜇: chemical potential         𝑢𝜇: fluid velocity 𝑏𝜇: the direction of the magnetic field

Photon polarization in a strong background magnetic field

J F, Nieves, and Palash B. Pal ,

Phys. Rev. D 40, 2148 (1989)

𝑃𝜇𝜈=
𝑖

𝜅
𝜖𝜇𝜈𝛼𝛽𝑘𝛼𝑢𝛽, 

𝜅 = ሺ𝜔2 − 𝐾2) , 𝜔 = 𝐾 ⋅ 𝑢

𝑄𝜇𝜈 =
෥𝑢𝜇 ෥𝑢𝜈

෥𝑢2 , 𝑅𝜇𝜈 = ෤gμν − 𝑄𝜇𝜈

෤𝑢𝜇 = ෤gμν𝑢
𝜈, ෤gμν = gμν −

𝐾𝜇𝐾𝜐

𝐾2

L. Yang, Phys. Rev. D 105(2022) 074039 (Talk for July 18th)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.40.2148
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LHC

Photon polarization in a strong background magnetic field

⚫ Resummed photon propagator 𝐷𝜇𝜈
𝑟𝑟 (in ra basis in Coulomb gauge)

𝐷μν
𝑟𝑟 = −2𝜋 i 𝜖(𝑞0) Sμν + 𝐴μν

1

2
+ 𝑓 𝑄

𝛿 𝑞0
2 − 𝑥1

2

𝑞0
2 − 𝑥2

2 +
𝛿 𝑞0

2 − 𝑥2
2

𝑞0
2 − 𝑥1

2

Sμν: symmetry tensor                     𝐴μν: anti-symmetry tensor

◆ Space-like mode:  𝛿 𝑞0
2 − 𝑥1

2

𝑥1
2 =

1

2
𝑞1

2 + 𝑞2
2 + 2𝑞3

2 + 𝜇12 − 𝑞1
2 + 𝑞2

2 + 𝜇12 2
+ 4 𝑞3

2 𝜇12

◆ Time-like mode: 𝛿 𝑞0
2 − 𝑥2

2

𝑥2
2 =

1

2
𝑞1

2 + 𝑞2
2 + 2𝑞3

2 + 𝜇12 + 𝑞1
2 + 𝑞2

2 + 𝜇12 2
+ 4 𝑞3

2 𝜇12

𝜇1=𝜇/2𝜋

◆ One mode related to 𝐵
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4.   Summary

➢ In the vorticity field, we have proposed an observable counting weighted difference 

between right-handed and left-handed lepton pairs. 

➢ The helical rate is sensitive to the vorticity. It is maximized when the ෝ𝒏 //𝝎, in 

which case, it has a nearly spherical ellipsoidal distribution.

➢ In the strong background magnetic field, considering a charged plasma, the photon 

splits into two modes due to the anti-symmetric component of the photon self-

energy. 
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Dilepton rate is maximized when the ෝ𝒏 //𝝎

𝑞 = 0， 𝑃′ − 𝑃 ⋅ ො𝑛 = 𝟐ෝ𝒑 ⋅ ෝ𝒏

For right-handed lepton, it is proportional to the spin projected onto ෝ𝒏.

For left-handed lepton, it is proportional to minus the spin projected onto ෝ𝒏. 

Since spin tends to align with vorticity.
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D𝑟𝑟 D𝑟𝑎

D𝑎𝑟 0 𝜇𝜐
=

𝐷0
𝑟𝑟 𝐷0

𝑟𝑎

𝐷0
𝑎𝑟 0

𝜇𝜈

+
𝐷0

𝑟𝑟 𝐷0
𝑟𝑎

𝐷0
𝑎𝑟 0

𝜇𝛼

0 Π𝑟𝑎

Π𝑎𝑟 Π𝑎𝑎

𝛼𝛽
D𝑟𝑟 D𝑟𝑎

D𝑎𝑟 0 𝛽𝜈

Resummed equation

𝑞𝑇
𝜇

= 𝑞𝜇 − 𝑞 · 𝑢 𝑢𝜇 + 𝑞 · 𝑏 𝑏𝜇

Πμν< 𝑄 = න
𝑑4𝐾

2𝜋 4 𝑡𝑟ሺ𝛾𝛼S< 1 𝐾 + 𝑄 𝛾𝛽S> 0 𝐾 + 𝛾𝛼S< 0 𝐾 + 𝑄 𝛾𝛽S> 1 𝐾 )

𝑅1 = 𝑞0 𝒞2 + 𝑞 𝒞3

𝑅2 = 𝑞0 𝒞1 − 𝑞 𝒞3

𝒞n: the integral of k

Lowest−order vortical correction
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