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® Introduction

o
i=t 1=t Ferfect Fluid
Quark Gluon Plasma — Hadronization
T~ 1- 10 fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
t~0.1-1fmic

Event Horizon
Initial singularity — Quantum Flucuations
> & 1~0-0.1 fm/c

Initial Nuclei as CGC — Coherent, High-density Gluons



® Wigner function formalism: Non-Abelian VS Abelian

4 .
Wigner function defined by density operator: W (z,p) = (ngdre—zp-y@ (z,v))
Gauge invariant density operator in Abelian gauge field:
p(xy):@E(aH_Q)U(a;_FQa;_g)Qp(x_Q) : paﬁ(x,y)2%(x-l—g)U<x-|—g,:I:—g>¢a<x—g>
’ 2 2" 2 2 2 2 2 2

Gauge covariant density operator in Non-Abelian gauge field:

=S ol oufur-Yeld) ¢ Alrde Do det oDl



Wigner function formalism: Non-Abelian VS Abelian

Only spinor decomposition involved in Abelian gauge field:

1 1
W(z,p) =, |7 + iy° P+ AR, A PR, + S0 S
| | | | l

scalar pseudo vector axial tensor

Additional color decomposition involved in non-Abelian gauge field:

W(z,p) = W41 [t ¢7] = ifetere

aa a ,a
Singlet multiplet Ap = Aﬂt Fo — F/wt

Chiral limit m = 0: Vi » Gy decouple with Z, P, Suw

1
Chiral Wigner functions: £=5 0t sdy) right-handed/left-handed (s= 1)



Wigner function formalism: Non-Abelian VS Abelian

Wigner equations in background Abelian field:

eupeG’ J7 = =2s(My Jy =Ty Jy), My f* =0, Gy f"=0

1 1. 1 1.
N =pu + g/o ds e_ﬁwAFWz's@p’/ Gy = aﬁ + %/O dse QZSAFW%V A =P (?ZL“
Wigner equations in background non-Abelian field:

EWPU[GpajU]:_8({HN3/V}_{HV70%})7 {Hlﬂa]ﬂ}:oa [GIM/“]:O

1 | L L
|_|'u =Py -I— %/ ds e_%ZSAFMVisapV G,u — D,u 'I' %/O dse QZSAF‘ul/apV A — 8}7 ) .@
0

Color decomposition of Wigner function: Fu(z,p) = /J(:z:,p)l{—/ﬁ(m,p)ta,



® Non-Abelian CKT in conventional semiclassical expansion

Semiclassical expansion for Wigner equations:

Beupo (67, J°] = =8 ((Ms S} = {0y Au)s {M /7}=0, (G H]=0

1 1.
Triangle or A expansion for operators: Gy=Dy+ g/ dse” ’SMFWa” M =p, + gh/o ds e‘i"SMFWisag

zs'ﬁA 0 1

P Fou) = §0k|< 2) [y~ 2 Fyp(z)

0 1 2
Semiclassical expansion for Wigner functions: I = ( )-I- ﬁ/( )-I- I ,E )-I- e

Xiao-Li Luo, JHG, JHEP 11 (2021) 115; S. Ochs and U.W. Heinz, Annals Phys. 266 (1998) 351



® Non-Abelian CKT in conventional semiclassical expansion

Time- and space-like decomposition: Ty = Ianu+ Fu, n2=1, fo=n.g, n- JF=0
,L_L T Vinp g0 2 1

héluypa [Gp, /0] =-S5 ({n/u /l/} - {nl/a /,U}) [ :) helwpgn [G 7/ ] =S <{|_|N’ fn} N {Hn’ jﬂ})

p v ﬂ ﬂ

X 0 = B

SRR e = R emat () () [0 £)

ﬂ M /' =0, + [G, f"=0
Faﬂ,/éo)} =0, In conventional semiclassical expansion, some equations are satisfied

automatically for Abelian field, but they are not for non-Abelian case.

Frogf — B892, Fydl] , 780

[Faﬁ /ogl)} — _i
’ 2 . -
’ Some constraint conditions emerge!

Xiao-Li Luo, JHG, JHEP 11 (2021) 115; S. Ochs and U.W. Heinz, Annals Phys. 266 (1998) 351
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® Non-Abelian CKT in conventional semiclassical expansion

2 2

Chiral anomaly: z.(Ip . 9° pa aW/ 4 Al (0) g7 2]:49 a.pa
Y Ol QNF'”' AF &I |prfe 0 (") 872N BB Vacuum contribution:  £(9)
@ac (l)c,U« — dbcan e ,u,u/d4pa)\ {pyf(o)(sl(pQ)] dbcaEb BC
Vector currents in global equilibrium: Axial currents in global equilibrium:
() Ip
T = S B = et + epo B,
. a — a
J o= é IUJ+£ B H jél)aluf — €5w,u_|_£ Bbu
g[ — 1 i7 T2 1 . .
2 QNZ:'MM5 & = 6 2n QNZ(M2+/'L52)7
a — t
éB 27T2NZ i 57 5%5 = QWQNZt“M,
a
&= zﬁz Zw 3 & = QHQZt (W2 + )
sab Jbea sab .
b
§g = ( ZM5‘|‘ th%) s = %( Z Z%M)

Xiao-Li Luo, JHG, JHEP 11 (2021) 115 11



® Non-Abelian CKT in conventional semiclassical expansion

For non-Abelian gauge field:

Triangle expansion :,t Semiclassical  expansion
. o .Y
Covariant derivative: Dy(z) = 0 - ﬁAu(az)
Iterative process could lead to order mixing: [Dy, D)] = —%FW(;U)

Such issue never appears for Abelian field because only ordinary derivative d,, is involved!
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® Non-Abelian CKT in self-consistent semiclassical expansion

Redefine the non-Abelian gauge field: Auéw) R Au(m)

Covariant derivative: Dy(x) =0y - %Au(az) — Dy(z) =0y —igAu(z)
Commutator: [Dy, D] = —%gFW(SC) — [Dy, Dv] = —igFuu(x)
Field strength tensor: Fu(xz) — hEu(x)

Operators:

o 9t Lisia 9 [ Lia
G/,L—D}L-I_E/O dse 218 Fluyag — GM—DHJ‘I'EFL/O dse st Fluyag

1 1. 1 1.
M =p, + gh /0 ds e‘iZSMFMng - MP=p, + g# /0 ds e_ﬁz‘ghAFu,yis@g
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Non-Abelian CKT in self-consistent semiclassical expansion

Zeroth-order Wigner functions and equations in 8d phase space:

© = 570 © = 55 () o = (w7

First-order Wigner functions and equations in 8d phase space:

/Tgl) — pangl)(s (pQ_m2> flgl) — pNjTgl) ( )‘I'_QEua pﬁ@a/n

Contribute for both Abelian and non-Abelian
(1)
n

Pn

Pn

§ 3 (0) n(o)
0 = Zu|p o @ NTe S+ 8V —— Fw
Pn

Contribute only for non-Abelian

All other Wigner equations are satisfied automatically and no constraint conditions arise!
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® Non-Abelian CKT in self-consistent semiclassical expansion

Second-order Wigner functions and equations in 8d phase space:

) = pnjrgz)c?(p) z_ua p {j?go) FW}‘S,( )

1 -2 v (0) / 1/ (O) 1 2
Contribute from both Abelian and non-Abelian Contribute only from non-Abelian
, P s v ([ -(0)
j( ) — M/n j&/( )8 _|_4p 0B 8{}{/@( )8 Fa/\}—l-gdp q/u( n)\] {/ﬂ 1 )
n

1 |
0 = @“/524585 (r 8 Ful+2058) | 7 O, (93

All other Wigner equations are satisfied automatically and no constraint conditions arise!

Such expansion is consistent with the fact: No macroscopic classical non-Abelian field strength!
15



® Non-Abelian CKT in self-consistent semiclassical expansion

How to organize the Wigner functions in 7d phase space:

jM:/d3pr'uf

/ il ( 190 1 030 40) 4 QO;(070) 4 QUO0) 1 ..... )
Distribution function:  f Effective velocity: fbu Correction to invariant phase space: (2
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® Non-Abelian CKT in self-consistent semiclassical expansion

Zeroth-order Wigner functions and equations in 7d phase space:

[ APt = SO, 0 = i Ongrg Ot
fam sin = L5af® 7 0 = iOrgueglds
A =+/—: positive/negative energy Zeroth-order velocity: ( ) — )‘nﬂ -I_pl“
First-order Wigner functions and equations in 7d phase space: 90 = 5ca3:c_|_gfbcaAz
/dpn/(l)l — %Z(:bfLO)Js(r})Iﬁ-abﬁl)IJs(fr?)I), 0 = iﬁ(o)“aﬁjs(ﬁ”-I—:iz(l)“’laﬁjs(??”+:'c(°)“v;§m@js(f,9)a
1) 0w © 0 = iOrgpegple 4 sMnabgheg e 4 sOmgbag D!
/ dpn fsp™ = 2;( Jan™ T T ) +¢(0)uv£1>acjs(79)c _|_<@ﬁbj:(1)u,50_m-(l),u,abgﬁc) 7(0)c
A A
First-order velocity 93,81)] 2‘;‘2 Wﬁpﬁ 0z, w;(zl) =3 S,Q_Wﬁpﬁ 9",

_— : . Wi _ 1 ez o (Dac _ L cbarb 7
First-order gradient operator: v, Npgya]g, Vit =FuLd, Vi _Edv “F,,0,



® Non-Abelian CKT in self-consistent semiclassical expansion

Second-order Wigner functions and equations in 7d phase space:

1 . . . : a : a a
/ dpn f@)f _ 52(%30) 71 +w£1)fjs%)f+9(2)fx£°) 33(3)14_9(2)1%0) 700) +$£2)f (0)1 + i .(2a 7(0) )

A
/ dpn, fs(,f)“ — 22( (0) j(z)a, + .(1)ab J(l)b +Q(2)a (0) j(o)f +Q(2)ab (0) j(O)b +x£2)a (0)1 + i (2)ab (o)b)
A

0 = m(U)uﬁﬁ%(g)I+m(l)1,paﬁj§&)l+ '(2)1,,&3335(0)1_'_ -(0)#V(1)ICJ(1)C+ '(l)f,pvgl)fcj§??)c+j:(Q)fa,ﬂ@ECJ(O)C

- sn sn

+ (Vgl)fbm-(l)bc,u_m-(l)f,pv&l)fc> j( ) 4 (_@ca (2)Ia, ,u) J( )e + (@CQQQ)IG) (O)pjs(g)c

0 = :b(O)p@ﬁcjs(g)C + i(l)ab,p.@ﬁcjs(&)c 4 I'(2)a'b*#'.@ﬂc\73(’r?)c + i(O)pvél)acjs(&)C + i(l)ab’ﬂvg)bcjs(arg)c + :l-j(O)p,inz)ﬂ-C S(T?)C

+ (@abm-(l)bc,p, _ i(l)ab,‘u@bc) j(l)c i (V’&l)ﬂ%(l)bc,u B j},(l)ab,pvﬁl)bc) S(??)C

+ (v§f2)a.(-;£(0)# _ ;0 )“v(z)m) S(??)C + (@ab,%f)bc B j:(2)ab,;1.‘@36) s(:«?)c

+(gebag@ieif() - QabiOgle) 700 4 4Oy gi! 1 s Wabug (0 7O 1 g 7!
+( (

vﬁl)%(l);jﬁ_i1)ab’pv£§l)b) 8(?9)1 _l_(@ab,%g)b) S(S)I +(@ab,u9(z)b¢£o)) S(?g)f
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Non-Abelian CKT in self-consistent semiclassical expansion

Second-order velocity:

=(2)a s 5B c B - oy
=(2)I _ Lo oo = = =~ anf ~(2)Ia z AP €ya 3D S€1apP =p [ AS€uawP
T = ———— |DaPgp -|-p Dy — D, 3pa — Dpapg )| 050 - Tk _ My F0y K Faan 4 a0 Fa,aﬁ
' 8\p|5[a Pt B (B = Db = Byafs) | 050 i ON R e T e |
‘ E. )ﬂﬁn (ﬁ n? — ‘)‘AVJ At &
=(2)ab — 1o _ A . A g, fl?rlll B Ase .-”-fp ff,lrrrr: oy ;Ju p bt a pe,on f f) ebe ape ) S'EJ'”“”p J[ll}t”j-'f a3 pﬂp” P ap phe apc, ol
Ly |5 jfnPj!’u‘l”P [ af fpa‘i ,ujpfl ifftf)f)} 8“—)]3 + P| + 8|ﬁ3 f iw'+ | 4|j)|2 + 8|IU f
. 9 1
Second-order gradient operator: VEL Jac —éfd’a@”y (% /u/)
. . . 2
Correction to invariant phase space Q@1 — __ L (sasp AV T @a _ Q2a _ A aps
Ni=4 p p o ﬁ? Q € p,BFow'
4|p] 2N 8N|p[3 '
AS _ _ 1 5 o _
Q2)ab _8|_|3€mﬁpﬁdbcaF§y _ 4‘_|4 (ﬁapﬂ _ 2Aaﬁ) @30@55 i 3fbca Fe - av (8| |fbcaF£V)

19



Summary and outlook

Triangle expansion leads to constraint conditions in non-Abelian CKT!

The anomalous currents can be induced by non-Abelian field.

A self-consistent expansion is proposed and leads to no constraint conditions.

Within self-consistent expansion, the non-Abelian CKT has been derived.

From non-Abelian CKT with m=0 to non-Abelian GCKT with m+#0

Thanks for your attention !
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