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I.  INTRODUCTION

Recently, novel chiral and spin effects have attracted
significant  attention  in  relativistic  heavy-ion  collisions,
such as the chiral magnetic effect [1–3], chiral vortical ef-
fect  [4–7],  global  polarization  [8–14],  spin  alignment
[15–17], and so on. These various chiral and spin effects
have greatly stimulated theoretical research, especially in
the  context  of  quantum  kinetic  theory.  In  recent  years,
quantum  kinetic  theory  has  been  developed  in  various
directions, including extensions from massless [18–32] to
massive  fermions  [33–41],  from Abelian  to  non-Abelian
frameworks [26, 42–45],  from first-  to second-order for-
mulations [29, 46–51], from flat to curved spacetime [48,
52–54],  from  collisionless  to  collisional  dynamics  [24,
55–65], and from fermions to gauge bosons [54, 66–70].
Recent  reviews  on  quantum kinetic  theory  can  be  found
in Refs. [71–76].

In  quantum kinetic  theory,  distribution  functions  can
exhibit nontrivial dependence on the frame in which they
are  defined.  For  instance,  in  chiral  kinetic  theory  (CKT)
for  massless  fermions,  the  chiral  distribution  functions
depend on the choice of frame [23, 24]. When transform-
ing the distribution function from one frame to another, a
nontrivial  side-jump  term  must  be  included  to  preserve
Lorentz invariance. In our previous work [41], a general-
ized chiral  kinetic  theory  (GCKT)  for  fermions  of   arbit-
rary mass  was  derived.  This  framework  provides  a   con-
venient formalism for describing the quantum transport of

arbitrary-mass  fermions  and  ensures  a  smooth  transition
between  massive  and  massless  cases.  However,  in  [41],
the  transformation  rules  for  distribution  functions  across
different frames were not examined. Moreover, the glob-
al-equilibrium  solutions  were  not  uniquely  determined,
leading to differing results in [41] and [33]. In the present
work,  we  devote  special  attention  to  the  frame-depend-
ence transformation rules for distribution functions with-
in the GCKT. Based on the derived transformation rules,
we  analytically  obtain  the  global-equilibrium solution  in
the presence of vorticity and electromagnetic (EM) fields.
Our  results  demonstrate  that,  under  the  assumption  of
varying  EM  fields,  these  equilibrium  solutions  can  be
uniquely determined.

In Section II, we provide a brief review of the Wign-
er function  formalism  for  massive  Dirac  fermions.   Sec-
tion III  presents  the  main  results  of  the  GCKT.  In   Sec-
tion IV, we derive the transformation rules governing the
frame dependence of the distribution functions. Section V
is devoted to determining the Wigner functions in global
equilibrium  under  the  influence  of  vorticity  and  EM
fields. In Section VI, we demonstrate that these equilibri-
um  Wigner  functions  can  be  uniquely  determined  under
varying EM fields. Finally, a summary of our findings is
given in Section VII.

gµν = diag(1,−1,−1,−1)
ϵ0123 = 1

h̄ = c = 1

Throughout  this  work,  we  employ  the  Minkowski
metric  convention    and  Levi-Civ-
ita  tensor  convention  .  We  adopt  natural  units
with   unless otherwise stated. 
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II.  WIGNER FUNCTIONS AND EQUATIONS

W(x, p)
In the Wigner function framework [77–80], the Wign-

er  function    for  Dirac  fermions  in  a  background
EM field is defined as the ensemble average of the gauge-
invariant Wigner operator: 

W(x, p) =
∫

d4y
(2π)4

e−ip·y⟨ψ̄(x+)U(x+, x−)ψ(x−)⟩,

x± ≡ x± y/2where   and U denotes the Wilson line. 

U(x+, x−) ≡ e−iyµ
∫ 1

0
dsAµ(x− 1

2 y+sy)

Aµ

which  ensures  gauge  invariance.  The  electric  charge  has
been  absorbed  into  the  gauge  potential  .  The  Wigner
function is  a  matrix  in  spinor  space  and  can  be   decom-
posed as 

W =
1
4

(F + iγ5P +γµVµ+γ
5γµAµ+

1
2
σµνSµν).

In chiral kinetic theory (CKT), or its generalized version
GCKT, chiral Wigner functions are introduced as 

J µ
s =

1
2

(V µ+ sA µ) ,

s = ±where    denotes  right-/left-handed  chirality.  With
these  functions,  the  Wigner  equations  can  be  organized
into two groups. Group 1 reads 

ΠµJ
µ
s =

1
2

mF , (1)

 

− h̄∇µJ µ
s = msP , (2)

 

h̄
(
∇µJ ν

s −∇νJ µ
s

)
−2sϵµνρσΠρJsσ = mS µν, (3)

and Group 2 reads 

ΠµF +
1
2

h̄∇νS µν = m
∑

s

J µ
s , (4)

 

ΠµP +
1
2

h̄∇νS̃
µν
= 0, (5)

 

h̄∇µP −2ΠνS̃µν = 2m
∑

s

sJ µ
s , (6)

 

h̄∇µF −2ΠνSµν = 0, (7)

S̃ µν = ϵµναβSαβ/2
∇µ Πµ

where  . In the background-field approx-
imation, the operators   and   are given by
 

∇µ ≡∂µx − j0

Å
1
2

h̄∂p ·∂x

ã
Fµν∂p

ν ,

Πµ ≡pµ− 1
2

h̄ j1

Å
1
2

h̄∂p ·∂x

ã
Fµν∂p

ν ,

j0(z) j1(z)
∂x

h̄

where   and   are  spherical  Bessel  functions,  and
 acts only on the field strength tensor, not on the Wign-

er function. To prepare for the semiclassical expansion in
the next  section,  we  have  restored  the  explicit   depend-
ence  on    in the  Wigner  equations  and  operator   defini-
tions. In the chiral limit, Group 1 decouples from Group 2
and gives rise to the chiral kinetic equation [29].
 

III.  GENERALIZED CHIRAL KINETIC THEORY

h̄

h̄

This  section  reviews  the  derivation  of  the  GCKT  to
first  order in   and presents the derivation in greater de-
tail  and  in  a  more  stepwise  manner  than  Ref.[41].  The
Wigner functions can be expanded in powers of   as
 

J µ
s =J (0)µ

s + h̄J (1)µ
s + h̄2J (2)µ

s + · · · ,

F P Sµν ∇µ
Πµ

with analogous  expansions  for  the  other  Wigner   func-
tions,  ,  ,  and  .  To  first  order,  the  operators 
and   reduce to
 

∇µ = ∂µx −Fµν∂p
ν , Π

µ = pµ.

nµ n2 = 1
nµ

nµ

nµ

Xµ Xµ = Xnnµ+ X̄µ,

Xn = X ·n X̄µ = ∆µνXν ∆µν = gµν−nµnν

Fµν S µν

K µ

M µ

To  disentangle  the  Wigner  equations,  we  introduce  a
timelike 4-vector   normalized as  . For simplicity,
 is taken to be constant and independent of x and p. In

Section VI, we will show that the GCKT formulated with
a general   can be recovered through the frame-depend-
ent transformation of the distribution functions. Using  ,
any  4-vector    can  be  decomposed  as 
where    and    with  .
Similarly, the antisymmetric tensors   and   can be
expressed in terms of the electric and magnetic fields, and
in terms of the electric-moment distribution function 
and  the  magnetic-moment  distribution  function  ,  re-
spectively:
 

Fµν =Eµnν−Eνnµ− ϵ̄µνσBσ,

S µν =K µnν−K νnµ− ϵ̄µνσMσ, (8)

ϵ̄µαβ = ϵµναβnν
where  we  have  defined  the  purely  spatial  antisymmetric
tensor  . The inverse relations are given by
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Eµ =Fµνnν, Bµ = F̃µνnν,

K µ =S µνnν, M µ = S̃ µνnν,

F̃µν = ϵµναβFαβ/2where  .  By substituting these  expansions
into  the  Wigner  equation  and  extracting  the  terms  order
by order, we can derive the Wigner equations at each or-
der. Note that,  to obtain the GCKT to first  order,  we re-
quire the Wigner equations up to second order. 

A.    Wigner equations at zeroth order

nµ
At zeroth order,  using the decomposition in terms of
, Group 1 can be rewritten as 

pnJ
(0)
sn + p̄µJ̄ (0)µ

s =
1
2

mF (0), (9)

 

0 = msP (0), (10)

 

2s
(

p̄µJ (0)
ns − pnJ̄

(0)µ
s

)
= mM (0)µ, (11)

 

2s
(

p̄µJ̄ (0)ν
s − p̄νJ̄ (0)µ

s

)
= mϵ̄µνβK (0)

β , (12)

nµ

where the  last  two equations  correspond to  the  timelike-
spacelike  and  spacelike-spacelike  components  of  the
tensor equation (3) along the direction  , respectively. In
Group 2, all equations are vector equations and can be de-
composed into timelike and spacelike components as 

pnF
(0) = m

∑
s

J (0)
sn , (13)

 

p̄µF (0) = m
∑

s

J̄ (0)µ
s , (14)

 

pnP
(0) = 0, (15)

 

p̄µP (0) = 0, (16)

 

p̄νM (0)
ν = m

∑
s

sJ (0)
sn , (17)

 

− pnM
(0)
µ − p̄νϵ̄µνβK (0)β = m

∑
s

sJ̄ (0)
sµ , (18)

 

p̄νK (0)
ν = 0, (19)

 

− pnK
(0)
µ + p̄νϵ̄µνβM (0)β = 0. (20)

From Eqs.  (11),  (13),  (15),  and  (20),  we  obtain,   re-
spectively, 

J̄ (0)µ
s =

1
pn

p̄µJ (0)
sn −

sm
2pn

M (0)µ, (21)

 

F (0) =
m
pn

∑
s

J (0)
sn , (22)

 

P (0) = 0, (23)

 

K (0)
µ =

1
pn
ϵ̄µαβpαM (0)β. (24)

J (0)
sn

It  is  straightforward  to  verify  that,  with  these  equations,
Eqs.  (10),  (12),  (14),  (16),  and (19) are all  automatically
satisfied. Substituting Eqs. (21) and (22) into Eq. (9), to-
gether with Eq. (17), we obtain the on-shell condition for
 

p2−m2

pn
J (0)

sn = 0.

Thus, the general solution can be written as 

J (0)
sn = pnJ (0)

sn δ
(

p2−m2
)
, (25)

J (0)
sn p2 = m2

M (0)
µ

where    is  an  arbitrary  function  regular  at  .
Substituting  Eqs.  (21)  and  (24)  into  Eq.  (18),  together
with Eq. (17), we obtain the on-shell condition for 
 

p2−m2

pn
M (0)

µ = 0.

Thus, the general solution can be written as 

M (0)
µ = pnM(0)

µ δ
(

p2−m2
)
, (26)

M(0)
µ p2 = m2

S (0)µν

S̃ (0)µν

where    is  an  arbitrary  function  regular  at  .
Using  the  relation  (8),  the  antisymmetric  tensor 
and its dual tensor   can be expressed, respectively,
as 

S (0)µν =
1
pn
ϵµναβpαMβ,

S̃ (0)µν =
1
pn

(
M (0)µpν−M (0)νpµ

)
. (27)

J (0)
sn

M (0)
µ

All the equations above indicate that we can choose 
and   as the basic distribution functions, since all oth-
er  Wigner  functions  can  be  expressed  in  terms  of  these
functions.
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M (0)
µ

p̄µ
M µ

p̄µ

The  only  remaining  equation,  Eq.(17),  implies  that
the longitudinal  component  of  the spacelike vector 
in the direction of    is  not independent.  Hence,  we can
decompose the magnetic moments   into parts parallel
to and orthogonal to the spacelike momentum  . 

M (0)µ =M (0)µ
∥ +M (0)µ

⊥ , (28)

 

M (0)µ
∥ = pnM(0)µ

∥ δ(p2−m2), (29)

 

M (0)µ
⊥ = pnM(0)µ

⊥ δ(p2−m2), (30)

with the relations 

M(0)µ
∥ =

m
p̄2

p̄µ
∑

s

sJ (0)
sn , (31)

 

p̄µM(0)µ
⊥ δ(p2−m2) = 0. (32)

J (0)
sn M(0)µ

⊥
J (0)

sn

M(0)µ
⊥ J (0)

sn M(0)µ

Therefore, we can identify   and   as the final set
of basic distribution functions.  Whether we use   and

 or   and   as the basic variables is a matter
of convenience, depending on the specific form of the ex-
pressions. 

B.    Wigner equations at first order

nµ
At first order, using the decomposition with respect to
, Group 1 can be rewritten as 

pnJ
(1)
sn + p̄µJ̄ (1)µ

s =
1
2

mF (1), (33)

 

−∇µJ (0)µ
s = msP (1), (34)

 

2s( p̄µJ (1)
ns − pnJ̄

(1)µ
s )+ ϵ̄µρσ∇ρJ (0)

sσ = mM (1)µ, (35)

 

2s( p̄µJ̄ (1)ν
s − p̄νJ̄ (1)µ

s )+ ϵ̄µνρnσ(∇ρJ (0)
sσ −∇σJ (0)

sρ )

= mϵ̄µνβK (1)
β ,

(36)

and Group 2 can be decomposed into timelike and space-
like components as 

pnF
(1)+

1
2

nµ∇νS (0)µν = m
∑

s

J (1)
sn , (37)

 

p̄µF (1)+
1
2
∆µλ∇νS (0)λν = m

∑
s

J̄ (1)µ
s , (38)

 

pnP
(1)+

1
2

nµ∇νS̃ (0)µν = 0, (39)

 

p̄µP (1)+
1
2
∆µλ∇νS̃ (0)λν = 0, (40)

 

nµ∇µP (0)+2 p̄νM (1)
ν = 2m

∑
s

sJ (1)
sn , (41)

 

∇̄µP (0)−2pnM
(1)
µ −2ϵ̄µνβ p̄νK (1)β = 2m

∑
s

sJ̄ (1)
sµ ,

(42)

 

nµ∇µF (0)+2p̄νK (1)
ν = 0, (43)

 

∇̄µF (0)−2pnK
(1)
µ +2ϵ̄µνβ p̄νM (1)β = 0. (44)

From Eqs.  (35),  (37),  (39),  and (44),  we obtain,   respect-
ively,
 

J̄ (1)µ
s =

p̄µ

pn
J (1)

sn −
sm
2pn

M (1)µ+
s

2pn
ϵ̄µρσ∇ρJ (0)

sσ ,

(45)

 

F (1) =
m
pn

∑
s

J (1)
sn −

1
2pn

nµ∇νS (0)µν, (46)

 

P (1) = − 1
2pn

nµ∇νS̃ (0)µν, (47)

 

K (1)
µ =

1
pn
ϵ̄µαβpαM (1)β+

1
2pn
∆µ

λ∇λF (0). (48)

From Eq.(41), we obtain
 

p̄νM (1)
ν = m

∑
s

sJ (1)
sn , (49)

where  we have  used  Eq.  (23).  Substituting  Eq.  (47)  into
Eq. (34) and using Eqs. (21) and (27) yields
 

pµ∇µ
Å

J (0)
sn

pn

ã
=

ms
2p2

n
EµM

(0)µ, (50)

J (0)
sn

M (0)µ

which is  the  generalized chiral  kinetic  equation (GCKE)
for  . Similarly, by substituting Eq. (47) into Eq. (40)
and using Eq. (24) or Eq. (27), one obtains the GCKE for

.
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pν∇ν
Å

M (0)µ

pn

ã
=

Å
p̄µ

pn
Eν− ϵ̄µναBα

ã
M (0)

ν

pn
. (51)

Inserting Eqs. (45) and (46) into Eq. (33) and using Eqs.
(49), (21), and (27), we obtain 

p2−m2

pn
J (1)

sn =
s

2pn
ϵ̄µρσFρσJ̄

(0)
sµ . (52)

J (1)
sn

From Eqs. (25) and (26), we obtain the following general
expression for  : 

J (1)
sn = pnJ (1)

sn δ(p2−m2)

− s
2
ϵ̄µρσFρσ

(
p̄µJ (0)

sn −
sm
2
M(0)

µ

)
δ′(p2−m2). (53)

Substituting  Eqs.  (45)  and  (48)  into  Eq.  (42)  and  using
Eqs. (49), (21), and (22), we obtain 

p2−m2

pn
M (1)

µ =
m

2pn
ϵ̄µρσFρσ

∑
s

Å
1
pn

J (0)
sn

ã
. (54)

From Eq. (25), we obtain the general expression 

M (1)
µ = pnM(1)

µ δ
(

p2−m2
)

− m
2
ϵ̄µρσFρσ

∑
s

J (0)
sn δ

′(p2−m2).
(55)

S µν

S̄ µν

From the relations (8), the antisymmetric tensor   and
the dual tensor   are, to first order, given by 

S (1)µν =
1
pn
ϵµναβpαM

(1)
β +

1
2pn

(nν∇̄µ−nµ∇̄ν)F (0),

S̃ (1)µν =
1
pn

(M (1)µpν−M (1)νpµ)+
1

2pn
ϵ̄µνρ∇ρF (0). (56)

M (1)µ

p̄µ
From the constraint  (49),   can be decomposed into
components parallel and orthogonal to the momentum  : 

M (1)µ =M (1)µ
∥ +M (1)µ

⊥ , (57)

p̄µM
(1)µ
⊥ = 0with the transverse constraint  . From the con-

straint (49) and the expression 53, the parallel and ortho-
gonal parts are given, respectively, by 

M (1)µ
∥ = pnM(1)µ

∥ δ(p2−m2)−mp̄µ
p̄ ·B
p̄2

∑
s

J (0)
sn δ

′(p2−m2),

M (1)µ
⊥ = pnM(1)µ

⊥ δ(p2−m2)−mBµ
⊥

∑
s

J (0)
sn δ

′(p2−m2),

(58)

with the relations 

M(1)µ
∥ =

m
p̄2

p̄µ
∑

s

sJ (1)
sn , (59)

 

p̄µM(1)µ
⊥ δ(p2−m2) = 0. (60)

M (0)µ
⊥

Under  this  decomposition,  we  obtain  the  GCKE  for  the
transverse distribution function  : 

pν∇ν
Ç

M (0)µ
⊥

pn

å
= − mpn

p̄2
Eµ
⊥

∑
s

s
J (0)

sn

pn

−
Å

pn p̄µ

p̄2
Eν+ ϵ̄µναBα

ã
M (0)
⊥ν

pn
. (61)

p̄
Note that  we define  the  transverse  electric  and magnetic
fields relative to the momentum  . 

Eµ
⊥ ≡ Eµ− p̄µ

p̄2
E · p, Bµ

⊥ ≡ Bµ− p̄µ

p̄2
B · p.

 

C.    Second-order equations

J (1)
sn M (1)

µ

To  obtain  the  GCKE  for  the  first-order  distribution
functions    and  ,  we  require  the  second-order
Wigner  equations.  Fortunately,  it  suffices  to  consider
only the following relevant equations: 

∇µJ (1)µ
s = −msP (2), (62)

 

pnP
(2)+

1
2

nµ∇νS̃ (1)µν = 0, (63)

 

p̄µP (2)+
1
2
∆µλ∇νS̃ (1)λν = 0. (64)

Substituting  Eq.  (63)  into  Eq.  (62)  and  using  Eqs.
(45), (50), and (51) yields 

pµ∇µ
Å

J (1)
sn

pn

ã
= − s

4pn
ϵ̄µρσ(∂x

λFµρ)∂λpJ
(0)
sσ

+
ms
2p2

n
EνM

(1)ν− s
2p2

n
ϵ̄µρσEµ∇ρJ (0)

sσ , (65)

J (1)
snwhich  is  the  GCKE  for  .  Substituting  Eq.(63)  into

Eq.(64) and using either Eq.(48) or Eq.(56) yields 

pν∇ν
Å

M (1)µ

pn

ã
=

Å
p̄µ

pn
Eν− ϵ̄µναBα

ã
M (1)

ν

pn

− 1
2p2

n
ϵ̄µνρEν∇ρF (0)

− 1
4pn

ϵ̄µνρ(∂x
λFνρ)∂λpF

(0). (66)
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M (1)µThis  is  the  GCKE for  ,  from which  the  GCKE for
the transverse part at first order can be obtained. 

pν∇ν
Ç

M (1)µ
⊥

pn

å
= − mpn

p̄2
Eµ
⊥

∑
s

s
J (1)

sn

pn

−
Å

pn

p̄2
p̄µEν+ ϵ̄µναBα

ã
M (1)
⊥ν

pn

+
pσ

2 p̄2
( p̄νϵ̄µρσ− p̄ρϵ̄µνσ)∇ν

Å
1
pn
∇ρF (0)

ã
.

(67)

Let us now summarize the full set of elements in the
GCKT  up  to  first  order.  The  zeroth-order  GCKEs  are
presented in Eqs.  (50) and (51),  subject  to the constraint
(17)  and with  the  explicit  forms given by (25)  and (26).
The remaining zeroth-order Wigner functions are determ-
ined  through  relations  (21)-(24)  and  (27).  Alternatively,
the  zeroth-order  GCKEs  may  be  expressed  equivalently
as  Eqs.  (50)  and  (61),  using  expressions  (25)  and  (58),
while  the  other  Wigner  functions  follow  from  relations
(21)-(24) and (27),  together with (31).  At first  order,  the
GCKEs  are  given  by  Eqs.  (65)  and  (66),  constrained  by
(49)  and  with  the  functional  forms  specified  in  (53)  and
(55).  The corresponding first-order Wigner functions are
obtained from relations (45)-(48) and (56). An equivalent
formulation of the first-order GCKEs is provided by Eqs.
(65)  and  (67),  along  with  expressions  (53)  and  (58).  In
this  case,  the  remaining  first-order  Wigner  functions  are
derived from relations (45)-(48) and (56), in combination
with (59). 

IV.  FRAME DEPENDENCE IN THE GCKT

Jsn

M µ

nµ

nµ nµ

nµ n′µ J µ
s S µν

S̃ µν nµ n′µ

In  the  GCKT,  the  basic  distribution  functions 
and   are defined with respect to the auxiliary timelike
vector   and consequently depend on this  timelike vec-
tor  .  Since  the  normalized  timelike  vector    can  be
identified  as  the  four-velocity  of  a  reference  frame,  it  is
important  to  discuss  how  these  distribution  functions
transform between  different  frames.  We assume  that  the
distribution functions are defined in two different frames,
  and  .  Then  the  Wigner  functions    and    (or
)  should  not  depend on the  choice  of   or  .  This

condition determines the frame dependence of the distri-
bution functions.

J (0)µ
s nµ n′µ

At zeroth order, the independence of the Wigner func-
tions   from the choice of   or  , together with the
expression (21), yields 

pµJ (0)
sn

pn
− smM (0)µ

n

2pn
=

pµJ (0)
sn′

pn′
− smM (0)µ

n′

2pn′
,

n′where  the  subscript n or   has  been  attached  to  specify

S̃ (0)µν nµ n′µ

the  vector  with  respect  to  which  the  magnetic-moment
distribution  is  defined.  The  independence  of  the  Wigner
functions    from  the  choice  of    or  ,  together
with the expression in Eq. (27), yields 

M (0)µ
n pν

pn
−M (0)ν

n pµ

pn
=

M (0)µ
n′ pν

pn′
−M (0)ν

n′ pµ

pn′
.

ηµ η · p , 0
η · p

Contracting both sides of the two equations above with a
four-vector  , and assuming  , we can divide both
sides by   and obtain, respectively, 

J (0)
sn

pn
− sm(η ·M (0)

n )
2pn(η · p)

=
J (0)

sn′

pn′
− sm(η ·M (0)

n′ )
2pn′ (η · p)

,

M (0)µ
n

pn
− pµ(η ·M (0)

n )
pn(η · p)

=
M (0)µ

n′

pn′
− pµ(η ·M (0)

n′ )
pn′ (η · p)

.

J (0)
sn M (0)µ

n

These  relations  express  the  frame  dependence  of  the
zeroth-order distribution functions   and   in the
GCKT.

J (1)µ
s S̃ (1)µν nµ

n′µ

At  first  order,  the  independence  of  the  first-order
Wigner functions   and   from the choice of 
or  ,  together  with  the  expressions  (45)  and (56),  leads
to, respectively, 

pµJ (1)
sn

pn
− sm

2pn
M (1)µ

n +
sϵµνρσnν

2pn
∇ρJ (0)

sσ

=
pµJ (1)

sn′

pn′
− sm

2pn′
M (1)µ

n′ +
sϵµνρσn′ν

2pn′
∇ρJ (0)

sσ ,

M (1)µ
n pν

pn
−M (1)ν

n pµ

pn
+
ϵµσνρnσ

2pn
∇ρF (0)

=
M (1)µ

n′ pν

pn′
−M (1)ν

n′ pµ

pn′
+
ϵµσνρn′σ

2pn′
∇ρF (0).

ηµ η · p
J (1)

sn M (1)µ
n

As  in  the  zeroth-order  case,  contracting  both  sides  with
 and dividing by   leads to the frame dependence of

the  first-order  distribution  functions    and    in
the GCKT: 

J (1)
sn

pn
− sm(η ·M (1)

n )
2pn(η · p)

+
sϵµνρσηµnν
2pn(η · p)

∇ρJ (0)
sσ

=
J (1)

sn′

pn′
− sm(η ·M (1)

n′ )
2pn′ (η · p)

+
sϵµνρσηµn′ν
2pn′ (η · p)

∇ρJ (0)
sσ ,

M (1)µ
n

pn
− pµ(η ·M (1)

n )
pn(η · p)

+
ϵµσνρηνnσ
2pn(η · p)

∇ρF (0)

=
M (1)µ

n′

pn′
− pµ(η ·M (1)

n′ )
pn′ (η · p)

+
ϵµσνρηνn′σ
2pn′ (η · p)

∇ρF (0).

nµ

ηµ

It might seem confusing that, to discuss the frame de-
pendence associated with the auxiliary vector  , we have
introduced  another  auxiliary  vector  .  In  fact,  we  can
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ηµ = pµ ηµ = nµ

ηµ = n′µ ηµ = pµ p2

m2

m = 0
ηµ

nµ

n′µ ηµ = nµ

avoid  this  complexity  by  choosing  ,  ,  or
.  When  we  choose  ,  the    term  contrib-

utes   to the denominator and leads to a nontrivial chir-
al  limit  at  ,  which  would  undermine  the  advantage
of the GCKT. We therefore choose an arbitrary vector  ,
which  is  treated  symmetrically  with  respect  to  both 
and  . When we choose  , the zeroth-order trans-
formation rules for the frame dependence are given by 

J (0)
sn′

pn′
−J (0)

sn

pn
=

sm
2pn′ pn

n ·M (0)
n′ , (68)

 

M (0)µ
n′

pn′
−M (0)µ

n

pn
=

pµ

pn′ pn
n ·M (0)

n′ , (69)

and  the  first-order transformation  rules  are  given  as   fol-
lows: 

J (1)
sn′

pn′
−J (1)

sn

pn
=

sm
2pn′ pn

n ·M (1)
n′ −

sϵµνρσnµn′ν
2pn′ pn

∇ρJ (0)
sσ ,

(70)

 

M (1)µ
n′

pn′
−M (1)µ

n

pn
=

pµ

pn′ pn
n ·M (1)

n′ −
ϵµσνρnνn′σ

2pn′ pn
∇ρF (0).

(71)

M (1)µ

nµ

nµ n′µ
nµ

nµ n′µ

The  last  term  on  the  right-hand side  of  Eq.  (70)  is   pre-
cisely the side-jump term in the CKT. In the GCKT, the
first  term  on  the  right-hand side  of  Eq.  (70)  is  an   addi-
tional  term  due  to  finite  mass.  Such  additional  terms
already  exist  in  Eq.  (68)  at  zeroth  order.  We  can  regard
the  last  term  on  the  right-hand  side  of  Eq.  (71)  as  the
side-jump  term  for  the  distribution  function  .  It
should be noted that, although the auxiliary vector   was
assumed to  be  constant  from  the  beginning,  the   trans-
formation  rules  between    and    given  in  this  section
remain  valid  for  an  arbitrary    that  may  depend  on
spacetime, since we have not applied any derivative oper-
ator to   or  . This point will be exploited to derive the
GCKT with a varying vector and to determine the Wign-
er functions in global equilibrium. 

V.  WIGNER FUNCTIONS IN GLOBAL EQUILIB-
RIUM

In  this  section,  we apply the  results  given in  Section
III to find the solutions for the Wigner functions in glob-
al equilibrium in the presence of vorticity and EM fields.
The  zeroth-order  Wigner  function  is  obtained  from  free
quantum field theory and is taken as a given input. For an
unpolarized system,  the  fundamental  distribution   func-
tions in GCKT read 

J (0)
sn =

1
4π3

ï
θ(p0−m)
1+ eβ·p−µ̄

+
θ(−p0−m)
1+ e−β·p+µ̄

ò
, (72)

 

M(0)µ
⊥ = 0, (73)

βµ = uµ/T µ̄ = µ/T
uµ

J (0)
sn

Fµν

where    and  ,  with  temperature T,  fluid
velocity  , and chemical potential μ. Note that, while we
keep  the  chirality  index  s,  the  distribution  function 
has no dependence on chirality in an unpolarized system.
These expressions are the specific solutions of the GCKT
at zeroth order if the following constraints in global equi-
librium are satisfied under a varying  : 

∂µβν+∂νβµ = 0, ∂µµ̄+Fµνβ
ν = 0. (74)

The first constraint implies that the thermal vorticity (The
definition  differs  from  the  conventional  one  by  a  minus
sign here) 

Ωµν =
1
2

(∂µβν−∂νβµ).

∂ρΩµν = 0

∂ν

is a constant tensor, i.e.,  ,  in global equilibrium
[47]. For the second constraint, applying the partial deriv-
ative   to both sides and using the commutativity of par-
tial derivatives leads to the following integrability condi-
tion: 

FµλΩ
λ
ν −FνλΩ

λ
µ = −βλ(∂λFµν),

ϵαβµν/2Contracting both sides with   yields 

Fα
λΩ̃

βλ−Fβ
λΩ̃

αλ = F̃α
λΩ

βλ− F̃β
λΩ

αλ

=−βλ(∂λF̃αβ).
(75)

Ω̃αβ ≡ ϵαβρσΩρσ/2where  we introduce  the  dual  tensor   as-
sociated  with  the  vorticity  tensor.  The  derivative  terms
survive only  for  varying  EM  fields  and  vanish  for   con-
stant ones. As will be demonstrated, a global equilibrium
solution  can  be  uniquely  determined  only  when  varying
EM fields are present --- a condition not met in the con-
stant-field case.

We determine the first-order solutions in global equi-
librium by first using the frame dependence, followed by
the kinetic equations. 

A.    Determination by frame dependence
Substituting the specific zeroth-order results (72) and

(73),  together  with  the  first-order  expressions  (53)  and
(55), into  the  transformation rules  (70)  and (71),  we ob-
tain 
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(
J (1)

sn′ −J (1)
sn

)
δ(p2−m2)

− s
2
ϵµναβpµ

Å
n′ν
pn′
− nν

pn

ã
FαβJ (0)

sn δ
′(p2−m2)

=
sm
2pn

n ·M(1)
n′ δ(p2−m2)

− sm2ϵµναβnµn′ν
2pn′ pn

FαβJ (0)
sn δ

′(p2−m2)

− sϵµνρσnµn′ν
2pn′ pn

∇ρ
[
pσJ (0)

sn δ
(

p2−m2
)]
,

  Ä
M(1)µ

n′ −M(1)µ
n

ä
δ(p2−m2)

−mϵµναβ
Å

n′ν
pn′
− nν

pn

ã
FαβJ (0)

sn δ
′(p2−m2)

=
pµ

pn
n ·M(1)

n′ δ(p2−m2)

− mpµϵλναβnλn′ν
pn′ pn

FαβJ (0)
sn δ

′(p2−m2)

− ϵ
µσνρnνn′σ
pn′ pn

∇ρ
[
mJ (0)

sn δ
(

p2−m2
)]

Under the global  equilibrium constraints  in  (74),  we can
verify the following results. 

∇ρJ (0)
sn =J (0)′

sn Ωρλpλ, J (0)′
sn =

∂J (0)
sn

∂(β · p)

Together with the identity 

pλϵµνρσ+ pµϵνρσλ+ pνϵρσλµ+ pρϵσλµν+ pσϵλµνρ = 0

the transformation rules can reduce to 

(
J (1)

sn′ −J (1)
sn

)
δ(p2−m2)

=
sm
2pn

nµ

Å
M(1)µ

n′ −
m
pn′
Ω̃µλn′λJ (0)′

sn

ã
δ
(

p2−m2
)

− s
2

Å n′µ
pn′
− nµ

pn

ã
Ω̃µλpλJ (0)′

sn δ
(

p2−m2
)
,Ä

M(1)µ
n′ −M(1)µ

n

ä
δ(p2−m2)

=
pµ

pn
nν

Å
M(1)ν

n′ −
m
pn′
Ω̃νλn′λJ (0)′

sn

ã
δ
(

p2−m2
)

+m
Å

n′ν
pn′
− nν

pn

ã
Ω̃µνJ (0)′

sn δ
(

p2−m2
)

It is evident that, if we redefine the distribution functions, 

J (1)
sn =J(1)

sn +
s

2pn
Ω̃νλpνnλJ (0)′

sn ,

M(1)µ
n =M(1)µ

n +
m
pn
Ω̃µλnλJ (0)′

sn ,

J(1)
sn M(1)µ

nThen the new distribution functions   and    trans-
form as
 

(
J(1)

sn′ − J(1)
sn

)
δ(p2−m2) =

sm
2pn

n ·M(1)
n′ δ(p2−m2) (76)

  Ä
M(1)µ

n′ −M(1)µ
n

ä
δ(p2−m2) =

pµ

pn
n ·M(1)

n′ δ(p2−m2) (77)

J(1)
s = 0

M(1)µ
n = 0

These  are  identical  to  the  zeroth-order  transformation
rules (68) and (69). Taking the trivial solution   and

,  which  satisfies  these  transformation  rules,  we
obtain the following specific first-order solutions:
 

J (1)
sn =

s
2pn
Ω̃νλpνnλJ (0)′

sn

M(1)µ
n =

m
pn
Ω̃µλnλJ (0)′

sn (78)

In  the  following  section,  we  will  demonstrate  that  these
solutions are fully consistent with the GCKT. In Section
VI, we will show that they are, in fact, unique.
 

B.    Determination by kinetic equations
In  this  section,  we  determine  the  first-order  solution

from  the  first-order  kinetic  equations.  As  given  in  Eqs.
(53) and (58), the first-order GCKEs take the form:
 

pµ∇µ
ï
J (1)

sn δ(p2−m2)− s(B · p̄)
pn
J (0)

sn δ
′(p2−m2)

ò
=

ms
2pn

Eµ

{
mp̄µ

p̄2

∑
s′

[
s′J (1)

s′nδ(p2−m2)

− (B · p̄)
pn
J (0)

s′nδ
′(p2−m2)

ò
+M(1)µ

⊥ δ(p2−m2)

− m
pn

Bµ
⊥

∑
s′
J (0)

s′nδ
′(p2−m2)

}

− s
2
ϵ̄µρσ∇µ

ß
1
pn
∇ρ
[
pσJ (0)

sn δ(p2−m2)
]™
, (79)

 

pν∇ν

[
M(1)µ
⊥ δ(p2−m2)− mBµ

⊥

pn

∑
s′
J (0)

s′nδ
′(p2−m2)

]

= −
Å

pn

p̄2
p̄µEν+ ϵ̄µναBα

ã[
M(1)
⊥νδ(p2−m2)

− m
pn

B⊥ν
∑

s′
J (0)

s′nδ
′(p2−m2)

]
− mpn

p̄2
Eµ
⊥

∑
s′ï

s′J (1)
s′nδ(p2−m2)− (B · p̄)

pn
J (0)

s′nδ
′(p2−m2)

ò
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+
m

2p̄2
( p̄νϵ̄µρσ− p̄ρϵ̄µνσ) pσ∇ν

{
1
pn
∇ρ
∑

s

[
J (0)

sn δ(p2−m2)
]}

.

(80)

J (1)
snLet us first  consider the GCKE for  .  Moving the

second  term  in  the  square  brackets  in  the  first  line  of
Eq.(79) to the right-hand side yields
 

pµ∇µ
[
J (1)

sn δ(p2−m2)
]

=
ms
2pn

Eµ

[
mp̄µ

p̄2

∑
s′

s′J (1)
s′n +M(1)µ

⊥

]
δ(p2−m2)

− m2s
2p2

n
(E ·B)

∑
s′
J (0)

s′nδ
′(p2−m2)

− s
2p2

n
ϵ̄µρσEµ∇ρ

[
pσJ (0)

sn δ(p2−m2)
]

+ pµ∇µ
ï

s(B · p̄)
pn
J (0)

sn δ
′(p2−m2)

ò
− s

2pn
(∂x

λBσ)∂λp
[
pσJ (0)

sn δ(p2−m2)
]
.

∇µ
∂µF̃µν = 0

Acting with the operator   on the distribution functions
and using Maxwell's equation  , we obtain
 

pµ∇µ
[
J (1)

sn δ(p2−m2)
]

=
ms
2pn

Eµ

(
mp̄µ

p̄2

∑
s′

s′J (1)
s′n +M(1)µ

⊥

)
δ(p2−m2)

+
s

2p2
n

Eµ

(
p̄µΩ̃νλ p̄νnλ− p̄2Ω̃µλnλ

+pnΩ̃
µν p̄ν

)
J (0)′

sn δ(p2−m2)

− s
2pn

[
βλ∂x

λ(B · p)
]
J (0)′

sn δ(p2−m2).

Using the constraint equation (75), we obtain
 

βλ∂λBµ = −ϵ̄µναBαΩ̃νρnρ−Eν∆ρµΩ̃ρν. (81)

Together with the decomposition
 

∇µ = ∂x
µ−Eµ∂pn +nµEν∂̄p

ν − ϵ̄µνρBν∂̄ρp,

we can write the kinetic equation as
 

pµ∇µ
[
J (1)

sn δ(p2−m2)
]

=
ms
2pn

Eµ

[
mp̄µ

p̄2

∑
s′

s′J (1)
s′n +M(1)µ

⊥

]
δ(p2−m2)

 

+
s

2p2
n

Eµ

(
p̄µΩ̃νλ p̄ν− p̄2Ω̃µλ

)
nλJ (0)′

sn δ(p2−m2)

+
s

2pn
ϵ̄µνα p̄µBαΩ̃νλnλJ (0)′

sn δ(p2−m2).

Using the identity
 

pµ∇µ
ï

s
2pn
Ω̃νλpνnλJ (0)′

sn δ(p2−m2)
ò

=
sEµ

2p2
n

(
p̄µΩ̃νλ p̄ν+ p2

nΩ̃
µλ
)

nλJ (0)′
sn δ(p2−m2)

+
s

2pn
ϵ̄µνα p̄µBαΩ̃νλnλJ (0)′

sn δ(p2−m2),

With a little rearrangement, we obtain
 

pµ∇µ
[(
J (1)

sn −δJ (1)
sn

)
δ(p2−m2)

]
=

ms
2pn

Eµ

[
mp̄µ

p̄2

∑
s′

s′
(
J (1)

s′n −δJ (1)
sn

)]
δ(p2−m2)

+
ms
2pn

Eµ

[
M(1)µ
⊥ −δM(1)µ

⊥
]
δ(p2−m2),

where we have defined
 

δJ (1)
sn ≡

s
2pn
Ω̃νλpνnλJ (0)′

sn , (82)

 

δM(1)µ
⊥ ≡

m
2pn

(Ω̃µλnλ−
p̄µ

p̄2
Ω̃νλ p̄νnλ)

∑
s

J (0)′
sn . (83)

M(1)µ
⊥Similarly,  let  us  consider  the  GCKE  for  .  Moving

the second term inside the square brackets in the first line
of Eq.(80) to the right-hand side of the equation yields
 

pν∇ν
[
M(1)µ
⊥ δ(p2−m2)

]
= −
Å

pn

p̄2
p̄µEν+ ϵ̄µναBα

ã
M(1)
⊥νδ(p2−m2)

− mpn

p̄2
Eµ
⊥

∑
s′

s′J (1)
s′nδ(p2−m2)

− m
2pn

Eν(
p̄µ p̄ρ

p̄2
Ω̃νρ+∆

µλΩ̃λν)
∑

s′
J (0)′

sn δ(p2−m2)

− mE · p̄
2p2

n
(

p̄µ p̄ν
p̄2
Ω̃νρnρ− Ω̃µνnν)

∑
s′
J (0)′

sn δ(p2−m2)

+
mpσβλ

2 p̄2 pn
(p̄µ∂λBσ− p̄σ∂λBµ)

∑
s

J (0)′
sn δ(p2−m2).

From the constraint equation (81), we obtain
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pν∇ν
[
M(1)µ
⊥ δ(p2−m2)

]
= − (

pn

p̄2
p̄µEν+ ϵ̄µναBα)M(1)

⊥νδ(p2−m2)

− mpn

p̄2
Eµ
⊥

∑
s′

s′J (1)
s′nδ(p2−m2)

− mE · p̄
2p2

n
(

p̄µ p̄ρ
p̄2
Ω̃ρν− Ω̃µν)nν

∑
s′
J (0)′

sn δ(p2−m2)

+
mBα

2pn
(ϵ̄µνα− p̄µ p̄σ

p̄2
ϵ̄σνα)Ω̃νρnρ

∑
s

J (0)′
sn δ(p2−m2).

Using the identity 

pν∇ν

[
mnλ
2pn

(Ω̃µλ− p̄µ

p̄2
Ω̃ρλ p̄ρ)

∑
s

J (0)′
sn δ(p2−m2)

]
=

m
2p2

n
(E · p)Ω̃µλnλ

∑
s

J (0)′
sn δ(p2−m2)

− m
2 p̄2

(
Eµ p̄ρ+ p̄µEρ

)
Ω̃ρλnλ

∑
s

J (0)′
sn δ(p2−m2)

+
m

2pn p̄2
ϵ̄ναµ p̄νBαΩ̃

ρλ p̄ρnλ
∑

s

J (0)′
sn δ(p2−m2)

+
m

2pn p̄2
p̄µϵ̄ναρ p̄νBαΩ̃ρλnλ

∑
s

J (0)′
sn δ(p2−m2),

we can write the equation as 

pν∇ν
[(
M(1)µ
⊥ −δM(1)µ

⊥
)
δ(p2−m2)

]
= −
Å

pn

p̄2
p̄µEν

⊥+ ϵ̄
µναBα

ã[
M(1)
⊥ν−δM(1)

⊥ν
]
δ(p2−m2)

− mpn

p̄2
Eµ
⊥

∑
s

s
(
J (1)

sn −δJ (1)
sn

)
δ(p2−m2).

We decompose the distribution functions as follows: 

J (1)
sn = J(1)

sn +δJ (1)
sn , (84)

 

M(1)µ
⊥ = M(1)µ

⊥ +δM(1)µ
⊥ , (85)

J(1)
sn M(1)µ

⊥We can obtain the kinetic equations for   and  . 

pµ∇µ
[
J(1)

sn δ(p2−m2)
]

=
msEµ

2pn
(
mp̄µ

p̄2

∑
s′

s′J(1)
s′n+M(1)µ

⊥ )δ(p2−m2), (86)

 

pν∇ν
[
M(1)µ
⊥ δ(p2−m2)

]
= − (

pn

p̄2
p̄µEν

⊥+ ϵ̄
µναBα)M(1)

⊥νδ(p2−m2)
 

−mpn

p̄2
Eµ
⊥

∑
s

sJ(1)
sn δ(p2−m2). (87)

If we choose the trivial solution 

J(1)
sn = 0, M(1)µ

⊥ = 0, (88)

J (1)
sn M(1)µ

⊥We obtain the specific solutions for   and  .
 

J (1)
sn =

s
2pn
Ω̃νλpνnλJ (0)′

sn ,

M(1)µ
⊥ =

mnλ
2pn p̄2

(
p̄2Ω̃µλ− p̄µΩ̃νλ p̄ν

)∑
s

J (0)′
sn . (89)

These results are fully consistent with those derived from
frame dependence, as shown in (78). It is remarkable that
the  results  in  (78),  obtained  from  frame  dependence,
automatically satisfy  the  GCKT.  Determining  the   solu-
tions from frame dependence is considerably simpler than
deriving them directly from the kinetic equations.

It follows that all  other Wigner functions can be cal-
culated directly: 

J (1)µ
s = − s

2
Ω̃µνpνJ (0)′

sn δ(p2−m2)

+ sF̃µνpνJ (0)
sn δ

′(p2−m2),

M (1)µ =
m
2
Ω̃µλnλ

∑
s

J (0)′
sn

−mF̃µλnλ
∑

s

J (0)
sn δ

′(p2−m2),

S (1)µν = mΩµνJ (0)′
sn δ(p2−m2)

−2mFµνJ (0)
sn δ

′(p2−m2),

S̃ (1)µν = mΩ̃µνJ (0)′
sn δ(p2−m2)

−2mF̃µνJ (0)
sn δ

′(p2−m2),

P (1) = 0,

F (1) = 0.

J (1)µ
s S (1)µν

S̃ (1)µν nµ
We  note  that  the  Wigner  functions  ,  ,  and

  are  all  independent  of  the  auxiliary  vector  ,  as
expected. 

VI.  GENERAL SOLUTION

J(1)
sn

M(1)µ
⊥

nµ uµ Fµν Ωµν

In the  previous  section,  we  chose  the  specific   solu-
tion  (88)  or  (89).  It  is  important  to  investigate  whether
other solutions are possible and what the general solution
is.  To  this  end,  we  must  express  the  functions    and

 in terms of all  possible vectors or tensors involved
in the problem, such as  ,  ,  ,  , and their derivat-
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nµ uµ

nµ uµ

nµ

uµ

nµ uµ

nµ uµ

nµ

uµ

ives. Thus, it would be convenient to identify   with  .
However,  we cannot  naively  replace   with   because
 has been assumed to be a constant vector from the out-

set,  whereas  the  fluid  velocity    varies  in  space  and
time.  We  can  circumvent  this  issue  by  exploiting  the
frame dependence of the distribution functions, since the
transformation rules are valid for arbitrarily varying vec-
tors    and  ,  as  mentioned  at  the  end  of  Section  IV.
These transformation rules can then be used to obtain the
relations between the distributions defined with respect to
the  constant    and  the  varying  .  Since  the  Wigner
equations for  constant   have already been derived,  the
equations for varying   can be obtained from these rela-
tions.

n′µ = uµ
We can directly use the transformation rules (76) and

(77) and set  : 

J(1)
su δ(p2−m2)

= J(1)
sn δ(p2−m2)− sm(u ·M(1)

n )
2pu

δ(p2−m2), (90)

 

M(1)µ
u δ(p2−m2)

= M(1)µ
n δ(p2−m2)− pµ(u ·M(1)

n )
pu

δ(p2−m2). (91)

J(1)
sn M(1)µ

n
M(1)µ

u∥
J(1)

sn M(1)µ
n

Since the  solutions  (89)  automatically  satisfy  the   con-
straint (49), the distribution functions   and   must
also satisfy this constraint. It follows that   is related
to   and   by 

M(1)µ
u∥ =

mp̄µu
p̄2

u

∑
s

sJ (1)
su

=
mp̄µu
p̄2

u

∑
s

sJ (1)
sn −

m2 p̄µu
p̄2

u pu
u ·M(1)

n ,

which lead to the relations 

J(1)
su = J(1)

sn −
sm
2pu

u ·M(1)
n⊥

− sm2(pu− pnn ·u)
2pu p̄2

∑
s′

s′J(1)
s′n,

M(1)µ
u⊥ = M(1)µ

n⊥ +
(pu pµ−m2uµ)

p2− p2
u

u ·M(1)
n⊥

+
mpn

p̄2

ï
(pn− pun ·u)p̄µu

p2− p2
u

+(uµn ·u−nµ)
]∑

s

sJ (1)
sn .

δ(p2−m2)For  simplicity,  the  on-shell  delta  function   has
been omitted  from  both  sides  of  the  above  three   equa-
tions. Then, using these relations together with the kinet-

J(1)
su M(1)µ

u⊥

ic equations (86) and (87), it  is straightforward to derive
the following equations for   and  :
 

pµ∇µ
[
J(1)

su δ(p2−m2)
]

=
sm
2pu

(
Eµ− pν∇νuµ

)
×
(

M(1)
⊥µ+

mp̄µ
p̄2

∑
s′

s′J(1)
s′u

)
δ(p2−m2), (92)

 

pν∇ν
[
M(1)µ

u⊥ δ(p2−m2)
]

= − mpu

p̄2

[
Eµ
⊥−∆µν⊥ pλ(∇λuν)

]∑
s

sJ(0)
su δ(p2−m2)

−
Å

pu

p̄2
p̄µEν+ ϵ̄µναBα+

p̄2uµ− pu p̄µ

p̄2
pλ∇λuν

ã
×M(1)

u⊥νδ(p2−m2),

(93)

where we define the transverse projector 

∆µν⊥ = ∆
µν− 1

p̄2
p̄µ p̄ν.

J(1)
su M(1)µ

u⊥In general,   and   can be expressed as
 

J(1)
su =

s
pu
Ω̃µνpµuνXJ

Ω+
s
p3

u
F̃µνpµuνXJ

F , (94)

 

M(1)µ
u⊥ =

m
p2

u
∆
µ
λΩ̃

λν p̄νX̃M
Ω +

m
p4

u
∆
µ
λF̃λν p̄νX̃M

F

+
m

pu p̄2

(
p̄2Ω̃µν− p̄µuΩ̃

λνpλ
)

uνXM
Ω

+
m

p3
u p̄2

(
p̄2F̃µν− p̄µu F̃λνpλ

)
uνXM

F . (95)

XWithout loss of generality, we can assume that all   are
functions of 

z = β · p− µ̄, z̃ = β · p+ µ̄, m̄ = m/T.

By substituting the expressions (94) and (95) into the kin-
etic equations (92)  and (93)  and requiring that  the equa-
tions be satisfied, we obtain 

XJ
F = 0, XM

F = 0, X̃M
F = 0.

The necessity  of  these  conditions  arises  from  an   imbal-
ance: the field-derivative terms on the left-hand side have
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no counterparts on the right-hand side with which to can-
cel. Note that the assumption of a varying EM field is es-
sential  for  this  simple  conclusion,  since  the  derivative
terms automatically vanish for a constant EM field. Now
let  us determine the remaining terms associated with the
vorticity tensor from the kinetic equations in global equi-
librium. 

pλ∇λ
ï

s
pu
Ω̃µνpµuνXJ

Ωδ(p2−m2)
ò

=
sm2

2p2
u p̄2

[
Eµ− pλ(∇λuµ)

][(
p̄2Ω̃µν− p̄µΩ̃κνpκ

)
uνXM

Ω

+2 p̄µΩ̃λνpλuνXJ
Ω

]
δ(p2−m2)

+
sm2

2p3
u

[
Eµ− pλ(∇λuµ)

]
Ω̃µν p̄νX̃M

Ω δ(p2−m2).

pλ∇λAfter applying the operator    to the following terms,
together with the decomposition 

T Ω̃µν = ωµuν−ωνuµ+ ϵµνρσερuσ,

and combining like terms, we obtain 

0 =C1(E · p)(ω · p)δ(p2−m2)

+C2(ω ·E)δ(p2−m2)

+C3(ε · p)(ω · p)δ(p2−m2)

+C4(ε ·ω)δ(p2−m2)

+
1

puT
ϵ̄λµνpλωµBνXJ

Ωδ(p2−m2)

− m2

2p3
uT
ϵ̄λµν p̄λεµEνX̃M

Ω δ(p2−m2), (96)

C1 C2 C3 C4where the coefficients  ,  ,  , and   are given by 

C1 =
1

p2
uT

ï
XJ
Ω−

2pu

T
∂XJ
Ω

∂z̃
− m2

2p̄2
(2XJ

Ω−XM
Ω )
ò

C2 =
1
T

Å
XJ
Ω−

m2

2p2
u
XM
Ω

ã
C3 =

m
puT

ï
1
T
∂XJ
Ω

∂m̄
− m

2 p̄2
(2XJ

Ω−XM
Ω )+

m
2p2

u
X̃M
Ω

ò
C4 =

m2T
2pu

Å
2XJ
Ω−XM

Ω −
p̄2

p2
u
X̃M
Ω

ã
.

Given  that  the  first  four  terms  are  linearly  independent,
we obtain the following constraints: 

C1 = 0, C2 = 0, C3 = 0, C4 = 0,

which lead to 

XJ
Ω =

m2

2p2
u
XM
Ω , X̃M

Ω = XM
Ω ,

∂XJ
Ω

∂z̃
= 0,

∂XJ
Ω

∂m̄
= 0. (97)

Once these relations are satisfied, Eq. (96) becomes 

0 =
1

puT
ϵ̄λµνpλωµBνXJ

Ωδ(p2−m2)

− m2

2p3
uT
ϵ̄λµνpλεµEνX̃M

Ω δ(p2−m2) (98)

Using the constraint (75) 

ϵµνρσuν (ερEσ−ωρBσ) = −uνuλ∂λF̃µν

Substituting it into Eq. (98), we obtain 

1
puT

uνpµuλ(∂λF̃µν)XJ
Ωδ(p2−m2) = 0 (99)

Evidently,  for  an  arbitrarily  varying  EM  field,  the  only
solution satisfying Eqs. (97) and (99) is 

XJ
Ω = 0, XM

Ω = 0, X̃M
Ω = 0

h̄

These results demonstrate that the particular solution (89)
is  unique.  We  have  therefore  uniquely  determined  the
GCKT under  global  equilibrium  conditions.  The   essen-
tial  point  is  the  introduction  of  a  varying  EM  field.
Without it, Eq. (99) would be automatically satisfied for a
constant field, thereby allowing all terms compatible with
the relations (97). This explains the discrepancy between
our  previous  results  in  [41]  and  those  in  [33],  where  a
constant EM field was assumed. It is thus remarkable that
the  quantum  kinetic  equations  determine  the  Wigner
functions at  global  equilibrium;  in  particular,  the   pres-
ence of a varying EM field uniquely fixes their form up to
first order in  .

The  uniqueness  in  the  varying-field case  arises   be-
cause the gradient terms associated with the EM field in-
troduce  additional  constraints  that  eliminate  the  zero
modes of the kinetic operator. These constraints originate
from  the  integrability  conditions  of  global  equilibrium,
which  involve  derivatives  of  the  electromagnetic  field
and  are  associated  with  nonzero  modes.  They  imply  a
coupling between zero modes and nonzero modes, impos-
ing additional restrictions that force the coefficients of the
homogeneous solutions to vanish. Physically,  this means
that  spacetime-dependent  fields  introduce  additional
``source"  terms  that  break  the  degeneracy  of  the  kinetic
operator, thereby leading to a unique solution. 
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VII.  SUMMARY

In this work, we have systematically investigated the
frame  dependence  of  distribution  functions  within  the
GCKT.  Motivated  by  the  ambiguities  associated  with
transforming  distribution  functions  across  different
frames  and  the  non-uniqueness  of  global  equilibrium
solutions  reported  in  prior  studies,  we  derived  explicit
transformation  rules  governing  this  frame  dependence.
By  applying  these  rules  and  allowing  for  a  varying  EM
field,  we  were  able  to  uniquely  determine  the  Wigner
functions describing fermions of arbitrary mass in global
equilibrium  under  the  influence  of  vorticity  and  EM
fields.  By  incorporating  the  previously  neglected  frame
dependence, our  results  resolve  the  ambiguities   en-
countered previously and establish a self-consistent theor-

etical framework  for  describing  quantum  transport   phe-
nomena.  This  framework  thus  provides  a  novel  method
for determining transport properties in global equilibrium
directly from quantum kinetic theory.

Recently,  several  spin-related  puzzles  have  emerged
in the study of spin physics in heavy-ion collisions. The-
oretical predictions in this  context  rely heavily on distri-
bution functions.  However,  when  spin  degrees  of   free-
dom  are  taken  into  account,  distribution  functions  may
exhibit nontrivial frame dependence. Whether such frame
dependence can affect theoretical predictions is therefore
an  important  question.  Our  current  work  establishes  a
self-consistent  theoretical  framework  that  addresses  this
issue, providing a solid foundation for future applications
in  relativistic  heavy-ion  collisions  and  other  related
fields.

 

 

References 

 A. Vilenkin, Phys. Rev. D 22, 3080 (1980)[1]
 D. E. Kharzeev, L. D. McLerran and H. J. Warringa, Nucl.
Phys. A 803, 227 (2008)

[2]

 K.  Fukushima,  D.  E.  Kharzeev  and  H.  J.  Warringa,  Phys.
Rev. D 78, 074033 (2008)

[3]

 A. Vilenkin, Phys. Lett. 80, 150 (1978)[4]
 D.  Kharzeev  and  A.  Zhitnitsky,  Nucl.  Phys.  A  797,  67
(2007)

[5]

 J.  Erdmenger,  M.  Haack,  M.  Kaminski  and  A.  Yarom,
JHEP 0901, 055 (2009)

[6]

 N. Banerjee, J. Bhattacharya, S. Bhattacharyya, S. Dutta, R.
Loganayagam and P. Surowka, JHEP 1101, 094 (2011)

[7]

 Z.  T.  Liang  and  X.  N.  Wang, Phys.  Rev.  Lett. 94:  102301
(2005) Erratum: [Phys. Rev. Lett. 96: 039901 (2006)].

[8]

 B.  Betz,  M.  Gyulassy  and  G.  Torrieri,  Phys.  Rev.  C  76,
044901 (2007)

[9]

 J.  H.  Gao,  S.  W. Chen,  W. t.  Deng,  Z.  T.  Liang,  Q.  Wang
and X. N. Wang, Phys. Rev. C 77, 044902 (2008)

[10]

 X. G.  Huang,  P.  Huovinen and X.  N.  Wang, Phys.  Rev.  C
84, 054910 (2011)

[11]

 F.  Becattini,  V.  Chandra,  L.  Del  Zanna  and  E.  Grossi,
Annals Phys. 338, 32 (2013)

[12]

 F.  Becattini,  L.  Csernai  and  D.  J.  Wang,  Phys.  Rev.  C 88:
034905 (2013)[erratum: Phys. Rev. C 93: 069901 (2016)]

[13]

 L. Adamczyk, et al., Nature 548, 62 (2017)[14]
 Z. T. Liang and X. N. Wang, Phys. Lett. B 629, 20 (2005)[15]
 S. Acharya, et al., Phys. Rev. Lett. 125, 012301 (2020)[16]
 M. S. Abdallah, et al., Nature 614, 244 (2023)[17]
 J.  H.  Gao,  Z.  T.  Liang,  S.  Pu,  Q.  Wang  and  X.  N.  Wang,
Phys. Rev. Lett. 109, 232301 (2012)

[18]

 M. A. Stephanov and Y. Yin, Phys. Rev. Lett. 109, 162001
(2012)

[19]

 D.  T.  Son  and  N.  Yamamoto,  Phys.  Rev.  D  87,  085016
(2013)

[20]

 J.  W.  Chen,  S.  Pu,  Q.  Wang  and  X.  N.  Wang, Phys.  Rev.
Lett. 110, 262301 (2013)

[21]

 C.  Manuel  and  J.  M.  Torres-Rincon,  Phys.  Rev.  D  89,
096002 (2014)

[22]

 J. Y. Chen, D. T. Son, M. A. Stephanov, H. U. Yee and Y.
Yin, Phys. Rev. Lett. 113, 182302 (2014)

[23]

 J.  Y.  Chen,  D.  T.  Son  and  M.  A.  Stephanov,  Phys.  Rev.
Lett. 115, 021601 (2015)

[24]

 Y. Hidaka, S. Pu and D. L. Yang, Phys. Rev. D 95, 091901
(2017)

[25]

 N. Mueller  and R.  Venugopalan, Phys.  Rev.  D 97, 051901
(2018)

[26]

 A.  Huang,  S.  Shi,  Y.  Jiang,  J.  Liao  and  P.  Zhuang,  Phys.
Rev. D 98, 036010 (2018)

[27]

 Y. Hidaka and D. L. Yang, Phys. Rev. D 98, 016012 (2018)[28]
 J.  H.  Gao,  Z.  T.  Liang,  Q.  Wang  and  X.  N.  Wang,  Phys.
Rev. D 98, 036019 (2018)

[29]

 J.  H.  Gao,  J.  Y.  Pang  and  Q.  Wang,  Phys.  Rev.  D  100,
016008 (2019)

[30]

 Y. C. Liu,  L.  L.  Gao, K. Mameda and X. G. Huang, Phys.
Rev. D 99, 085014 (2019)

[31]

 S. Lin and L. Yang, Phys. Rev. D 101, 034006 (2020)[32]
 J. H. Gao and Z. T. Liang, Phys. Rev. D 100, 056021 (2019)[33]
 N. Weickgenannt,  X. L.  Sheng, E.  Speranza,  Q. Wang and
D. H. Rischke, Phys. Rev. D 100, 056018 (2019)

[34]

 K.  Hattori,  Y.  Hidaka  and  D.  L.  Yang, Phys.  Rev.  D 100,
096011 (2019)

[35]

 Z. Wang, X. Guo, S. Shi and P. Zhuang, Phys. Rev. D 100,
014015 (2019)

[36]

 X. L. Sheng, Q. Wang and X. G. Huang, Phys. Rev. D 102,
025019 (2020)

[37]

 X. Guo, Chin. Phys. C 44, 104106 (2020)[38]
 S. Li and H. U. Yee, Phys. Rev. D 100, 056022 (2019)[39]
 X.  L.  Sheng,  Q.  Wang  and  D.  H.  Rischke,  Phys.  Rev.  D
106, L111901 (2022)

[40]

 S. X. Ma and J. H. Gao, Phys. Lett. B 844, 138100 (2023)[41]
 X. L. Luo and J. H. Gao, JHEP 11, 115 (2021)[42]
 D. L. Yang, JHEP 06, 140 (2022)[43]
 L.  Xiao-Li  and  G.  Jian-Hua,  Acta  Phys.  Sin.  72,  112503
(2023)

[44]

 X. L. Luo, S. X. Ma and J. H. Gao, JHEP 02, 031 (2026)[45]
 E.  V.  Gorbar,  V.  A.  Miransky,  I.  A.  Shovkovy  and  P.  O.
Sukhachov, Phys. Rev. B 95, 205141 (2017)

[46]

 S. Z. Yang, J. H. Gao, Z. T. Liang and Q. Wang, Phys. Rev.
D 102, 116024 (2020)

[47]

 T. Hayata, Y. Hidaka and K. Mameda, JHEP 05, 023 (2021)[48]
 K. Mameda, Phys. Rev. D 108, 016001 (2023)[49]
 S.  Z.  Yang,  S.  X.  Ma  and  J.  H.  Gao,  Phys.  Rev.  D  112,[50]

Frame Dependence in Generalized Chiral Kinetic Theory Chin. Phys. C 50, (2026)

-13

CPC
 A

cce
pte

d

https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1103/PhysRevD.22.3080
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/0370-2693(78)90330-1
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1016/j.nuclphysa.2007.10.001
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.77.044902
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1103/PhysRevC.84.054910
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1016/j.aop.2013.07.004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1038/nature23004
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1016/j.physletb.2005.09.060
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1103/PhysRevLett.125.012301
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1038/s41586-022-05557-5
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.232301
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevLett.109.162001
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevD.87.085016
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevLett.110.262301
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevD.89.096002
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.113.182302
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevLett.115.021601
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.95.091901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.97.051901
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.036010
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.016012
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.98.036019
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.100.016008
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.99.085014
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.101.034006
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056021
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.056018
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.096011
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.100.014015
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1103/PhysRevD.102.025019
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1088/1674-1137/ababf9
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.100.056022
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1103/PhysRevD.106.L111901
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.1016/j.physletb.2023.138100
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.7498/aps.72.20222471
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevB.95.205141
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.102.116024
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/PhysRevD.108.016001
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k


016001 (2025)
 S. Z. Yang, J. H. Gao and S. Pu, Phys. Rev. D 111, 036013
(2025)

[51]

 Y. C. Liu, K. Mameda and X. G. Huang, Chin. Phys. C 44:
094101 (2020)[erratum: Chin. Phys. C 45: 089001 (2021)]

[52]

 L.  L.  Gao,  S.  Kaushik,  D.  E.  Kharzeev  and  E.  J.  Philip,
Phys. Rev. B 104, 064307 (2021)

[53]

 K.  Mameda,  N.  Yamamoto  and  D.  L.  Yang, Phys.  Rev.  D
105, 096019 (2022)

[54]

 D. L. Yang, K. Hattori and Y. Hidaka, JHEP 07, 070 (2020)[55]
 Z.  Wang,  X.  Guo  and  P.  Zhuang, Eur.  Phys.  J.  C 81,  799
(2021)

[56]

 S.  Bhadury,  W.  Florkowski,  A.  Jaiswal,  A.  Kumar  and  R.
Ryblewski, Phys. Lett. B 814, 136096 (2021)

[57]

 N.  Weickgenannt,  E.  Speranza,  X.  l.  Sheng,  Q.  Wang  and
D. H. Rischke, Phys. Rev. D 104, 016022 (2021)

[58]

 G.  Fauth,  J.  Berges  and  A.  Di  Piazza,  Phys.  Rev.  D  104,
036007 (2021)

[59]

 S. Lin, Phys. Rev. D 105, 076017 (2022)[60]
 S. Fang, S.  Pu and D. L. Yang, Phys.  Rev. D 106, 016002
(2022)

[61]

 Z. Wang, Phys. Rev. D 106, 076011 (2022)[62]
 N.  Weickgenannt  and  J.  P.  Blaizot,  Phys.  Rev.  D  111,
056006 (2025)

[63]

 S. Lin and H. Tang, Phys. Rev. D 110, 074042 (2024)[64]
 S. Y. Wu and J. H. Gao, Phys. Rev. D 111, 036017 (2025)[65]
 N. Yamamoto, Phys. Rev. D 96, 051902 (2017)[66]
 X.  G.  Huang,  P.  Mitkin,  A.  V.  Sadofyev  and  E.  Speranza,[67]

JHEP 10, 117 (2020)
 K. Hattori, Y. Hidaka, N. Yamamoto and D. L. Yang, JHEP
02, 001 (2021)

[68]

 M.  Comadran  and  C.  Manuel,  Phys.  Rev.  D  109,  096003
(2024)

[69]

 M.  Comadran  and  C.  Manuel,  Phys.  Rev.  D  110,  096024
(2024)

[70]

 J.  H. Gao, G. L. Ma, S. Pu and Q. Wang, Nucl.  Sci.  Tech.
31, 90 (2020)

[71]

 J.  H.  Gao,  Z.  T.  Liang and Q.  Wang,  Int.  J.  Mod.  Phys.  A
36, 2130001 (2021)

[72]

 Y. C. Liu and X. G. Huang, Nucl. Sci. Tech. 31, 56 (2020)[73]
 Y. Jiang, X. Guo and P. Zhuang, Lect. Notes Phys. 987, 167
(2021)

[74]

 Y.  Hidaka,  S.  Pu,  Q.  Wang  and  D.  L.  Yang,  Prog.  Part.
Nucl. Phys. 127, 103989 (2022)

[75]

 G. Jian-Hua, S. Xin-Li, W. Qun, Z. Peng-Fei, G. Jian-Hua,
S.  Xin-Li,  W.  Qun  and  Z.  Peng-Fei,  Acta  Phys.  Sin.  72,
112501 (2023)

[76]

 U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)[77]
 H. T. Elze, M. Gyulassy and D. Vasak, Nucl. Phys. B 276,
76 (1986)

[78]

 D. Vasak, M. Gyulassy and H. T. Elze, Annals Phys.(N.Y.)
173, 462 (1987)

[79]

 P. Zhuang and U. W. Heinz, Annals Phys. 245, 311 (1996)[80]
 J. h. Gao and Q. Wang, Phys. Lett. B 749, 542 (2015)[81]
 J.  h.  Gao,  S.  Pu  and  Q.  Wang,  Phys.  Rev.  D  96,  016002
(2017)

[82]

Shu-Xiang Ma, Jian-Hua Gao Chin. Phys. C 50, (2026)

-14

CPC
 A

cce
pte

d

https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/r12y-8g4k
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.111.036013
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1103/PhysRevD.105.096019
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1140/epjc/s10052-021-09586-8
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1016/j.physletb.2021.136096
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.016022
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.104.036007
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.105.076017
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.016002
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.106.076011
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.111.056006
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.110.074042
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.111.036017
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.96.051902
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.109.096003
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1103/PhysRevD.110.096024
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1007/s41365-020-00801-x
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1142/S0217751X21300015
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1007/s41365-020-00764-z
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.1016/j.ppnp.2022.103989
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.7498/aps.72.20222470
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1103/PhysRevLett.51.351
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/0003-4916(87)90169-2
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1016/j.physletb.2015.08.058
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002
https://doi.org/10.1103/PhysRevD.96.016002

	I INTRODUCTION
	II WIGNER FUNCTIONS AND EQUATIONS
	III GENERALIZED CHIRAL KINETIC THEORY
	A Wigner equations at zeroth order
	B Wigner equations at first order
	C Second-order equations

	IV FRAME DEPENDENCE IN THE GCKT
	V WIGNER FUNCTIONS IN GLOBAL EQUILIBRIUM
	A Determination by frame dependence
	B Determination by kinetic equations

	VI GENERAL SOLUTION
	VII SUMMARY
	REFERENCES

