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QCD topology & magnetic field

o Mysterious QCD i
Confinement, Chiral symmetry breaking, Hadronization
Topologically nonftrivial gluon field configurations 3
@ -vacuum , non-perturbative

UA(1) anomaly, Strong CP problem

o Magnetic field in heavy ion collision
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Chiral Magnetic Effect
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T-even: non-dissipative, topological protected

© Realize in systems with chiral fermion and B field
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Condensed mater system F . B Heavy Ion Collision QCD x QED
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Chiral magnetic effect in ZrTes

Qiang Li , Dmitri E. Kharzeev , Cheng Zhang, Yuan Huang, I. Pletikosi¢, A. V. Fedorov, R. D. Zhong,
J. A. Schneeloch, G. D. Gu &T. Valla
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Quantum Transportation

=2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c?

CME in heavy ion collision ot

up charm top
MA : at 9 =4.8 MeV/c? =95 MeV/c? =4.18 GeV/c?
. d & b
non"eqU| l' brlum T down strange bottom
nature Highly dynamical, inhomogeneous Finite mass
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Dynamical fluctuation of chiral imbalance
Transpot local equilibrium — Relativistic hydrodynamics & Triangle anomaly

Non-equilibrium — Chiral Kinetic Theory & Berry curvature

Finite mass:  Is there still CME when quark has mass ?

T — e

Dissipation rate — for hydrodynamical modeling p FHou and S.Lin, PhysRevD.98.054014 (2018)

J.W.Chen, J.Y.Pang, S.Pu and Q.Wang,
PhysRevD 89, 094003 (2014)

Covariant Wigner function J.H.Gao and Z.T Liang, 1902.06510 [hep-ph]

Modify CKT framework — non-Abel berry curvature

N.Weickgenannt, X.LL.Sheng, E.Speranza, Q.Wang, D.H Rischke, 1902.06513.

K.Hattori, Y.Hidaka, D.L.Yang, 1903.01653 [hep-ph]

Equal-time Wigner function
Z.Y.Wang, X.Y.Guo, S.Z.Shi, PF.Zhuang, 1903.03461 [hep-ph]
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Covariant to Equal-time

u, d quark moving in external EM field

L= w(w( +ieA,) — )w—lF‘“’FW

4
Covariant equation of Wigner operator K Covariant to equal-time \
[y“ (Hu N %z‘hDﬂ) B m] Waz.p) = 0 Mix between Oth & 1st moment
/ \Off—shell
1/2
D, (x,p) = 0, — e/_1/2 dsF,, (r — ihsd,)0, /deW z,p)y /dpo poW (2, p)y
1/2

1,(2,p) = pu—ieh / s dssF,, (z — thsdp)0, \ Agrees only in classical limit J

Physical components are equal-time components f(z,p) — W(z,p)

M

Equal-time transport equation / dpoW (z,p)7"
Equal-time constraint equation / dpo poW (z, p)"
Spin decomposition — 16 components

1 . .
W = 1 Lfo+75f1 — 105 2 + Y03 + 5707 - 8o + Y0y 81 — i - 82 — V57 - 3] /
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Semi-classical Expansion

> Equal-time equations

~
WMDifo+D-g1) =
WDy, +D - go) — 1) Two groups coupled by mass
(Digo +Dfi1) =21 x g1 = From 4+4 2) Field strength instead of A,
(Dig1 +Dfo) -2l x go = O To 16+16
hD;fr — 211 - g3 = . 3) Equal-time components { /i, i}
poufa 2l g led to Ist +/d Lo(z,p)
W(Digs — D X g3) + 2T f5 — coupled 710 IST momen Popol a\ T, P
nD D ALf, =
iDigs + D x o) + 2012 ) 4) Only with on-shell conditionpo = +E,,
-~
/ dpopoVe — T1 - g1 + Tlo fo = R moments reduce to +E,{fi,g:}
/depOAO+H.gO M f = 5) With off-shell effect, all moments are
/dp0p0A+ %hD « g1+ TLf, — Tlogy — independent, and form a hierarchy.
1
/ ApopoV = 5D go + o~ Hogr = 0 > Expand all 16 constraint
/ dpopop+%hD'g3+Hof2 = + 16 transport equation by order of /;
/dpopoF— %hD-g2 T Tofs = On-shell (quasi-particle)
B — Classical transport equation @ Oth
[ doopoS®ie; ~ SHDfy + T g~ Togz =
Quantum effects
/ dpopoSjke’*'e; — hD fo + 2T X g2 + 2llogs = — Quantum transport equation @ Oth+lst
_




Semi-classical Expansion

© Equal-time equations

~

WMDifo+D-g1) = 0

BDif 4D gy) = — 2m, 1) Two groups coupled by mass
(Digo +Df1) -2l x g1 = 0 From 4+4 2) Field strength instead of A,

W(Dig1 +Dfo) -2l xgo = —2mg: | To 16+16

hD,fy —2TT - g3 = 2mf — — 3) Equal-time components { /i, i}

EDifs — 2 -gy = 0 ed to Lt f/d L (e.p)
W(D,gs — D x g3) + 2T0fs — 2mg, coupled T0 1ST momen PoPol o\, P
(D D A1f, =

[ Digs + D x g2) + 2111 ) 4) Only with on-shell condition p = +E,,
~ )
/ dpopeVo —TL- g1 + 1Mo fo = mfs moments reduce to +FE,{fi, g}
/dpopvo+H.go_HOfl _ 0 5) With off-shell effect, all moments are
/dp0p0A+ %hD X g +I1f — Togo = — mes independent, and form a hierarchy.
1
d —Zh _ = :
/ popo¥ = R g0 + 1o = Hogr = 0 > Expand all 16 constraint
[ dvopoP+ 3HD gy + Tofz = 0 + 16 transport equation by order of /;
/depOF—%hD-g2+Hof3 = mf On-shell (quasi-particle)
B — Classical transport equation @ Oth
[ dpops7ie; — SIS +TT x g5~ Togs = 0
Quantum effects
/ dpopoSjre’™e; — KD fo + 2I1 x g3 + 2Ilogs = 2mgo — Quantum transport equation @ Oth+lst
_
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Constraint Equations

1). classical: two independent components

£8”: number density

g spin density
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Constraint Equations

1). classical: two independent components

£8”: number density

g spin density
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(0 1). classical: two independent components
0 . 0 . .
() £5”: number density g spin density
(0)+ (1) (1) s
3 2). Jo ' & 8o ‘are still independent components @ first order
(0)+ X (O) (O) (1) g glV) O (0)
81 09 g() 3). other components depends on f;/ & gy, f, & g
MOE off-shell effects related to EM field
2 ( \
gy)™ (+ _ iﬁ P B o
! E, 2E3 0
S [PYCORSR DO.g”  p-(p-D)g”*  (Bxp) g’ _E. g
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()£ _ (1) Ll poyo, B o BP-g )
! f 2m, & T opz X8 23
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(H+ _ P X8 i P (0)* DO O£ _ DO £(0)
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Constraint Equations

(0 1). classical: two independent components
(0). . N .
() fo': number density 8 : spin density
(0)+ (1) & (1) cry s
3 0 0 2). o~ & 8 are still independent components @ first order
g§0)i X[ ( ) g( )] 3). oth ts d d (1) (1) ¢(0) (0)
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Transport Equations

o Classical: decoupled No self-interaction — collisionless
Effective collision terms from spin interaction with EM field
~ Quantum level: coupled Fist order part — same structure
Effective collision terms from spin interaction with EM field
Number density modified by spin interaction with EM

o Can be solved order by order

0
(D,E )iE—p-D(O)) % =g
1
(DS” + E£ D(O)) gc()o)i 5 [p X (E X g(go)i) F E,B X g(()())i
p p
p©y P o)t B po ,0f 2 L poygF , BXP g0
t E, 0 2E? 0 2E73 E4 0
1
(DﬁO) o D<°>) g = = [px (BExg*) ¥ E,Bx g
p p
B E x P (0) (0)% (p E)(E X p) P X (B X E) (0)%
+ 3 4 D fO 5 4 0
2F 2F E? 2B}
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Transport Equations

o Classical: decoupled No self-interaction — collisionless
Effective collision terms from spin interaction with EM field
~ Quantum level: coupled Fist order part — same structure
Effective collision terms from spin interaction with EM field

Number density modified by spin interaction with EM

o Can be solved order by order /9






Chiral components

© m=0: Axial and Vector still coupled! Decouple by introducing chiral component!
1 —
JE = (V- xA!) J:X J:O i X‘fl
2 gx = g1 + xgo = G[f¥]
~ m: All coupled! Yet still introduce the same combination.

— —

Gy = g1+ xgo = F|fy, mgs]

o Small m limit: Taylor expansion, keep to the first order of m

[E, gf L[E B, g% \
/ 8tfi+>'(.Vfi_|_p.fo>:<t: Xm 1 g3]—I—hm 2| 83 |

X X VG VG
T = i(6p+h(6p-g)é+hﬁxg) A
V@ B =
1 — X952

1. Same structure + effective collision (m, E, B, spin)
2. E : mass effect @ classical + quantum

3. B : mass effect @ quantum solvable 8/9



CME & Solution

O 1 )
I + R L(0)+
Ofy +%-Vfs +0-Vpfy = th\/@p‘l(p.v)(B.gS )
: D o
N 14+ 2Qhb - B
EoM \/5 )
F o= Qb
Ve
Berry curvature b — Xi
2p?

K Phase space factor /G = 14 Qhb- B j

~ Small mass (high T): same structure + effective collisions

~ Analytical solvable: first solve collision, then transport

o Mass correction is small — quantum level

h
- ( )5i( ) 1st order, inhomogeneous
VG g
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CME & Solution

K = - mh 2 = x
Oifg +Z Vg +0-Vpfi = N V)B*(Z, b, t)
TR === ———————
: D D
T = 1+2Qhd- B
EoM \/5 )
p = TQ
Berry curvature b — Xi
2p?

K Phase space factor /G = 14 Qhb- B j

~ Small mass (high T): same structure + effective collisions

~ Analytical solvable: first solve collision, then transport

© Mass correction is small — quantum level

h
- ( )5i( ) 1st order, inhomogeneous
VG g
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On going: solving mass in transport equation...



Thank Yyou .'



