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QCD topology & magnetic field

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

UA(1) anomaly, Strong CP problem

© Magnetic field in heavy ion collision

Reaction

plane
(o) \, . : 5
| © Graphene, Dirac (Weyl) semimental 10° Gauss
AN . 10 16
I X Compact stars 10 ~ 10 Gauss
, 7 . = ® i . . 18 19
g 3 A —— A, ° *~e g Heavy ion collision 10 ~ 10 "Gauss (eB ~ 6m72r)
l[_.i . @ /@D \%o\ (:u::;. uuuuu : ma 2
'z,gm iy . %«%i\;"" - © Particle production
.\. \?;‘"r. %, \@\
© @' v L0 Phase structure (MC, IMC)
loenslfv
Magnetic Catalysis e ’
e P Transport property (CME, CMW, CSE...)
B ———————— TVIagnetar

L — il Actress and stage, what Joeqformcmce?



Chiral Magnetic Effect

> Chiral Magnetic Effect (CME 3 5T
g ; (CME) By e B J
= e N J (R ()R §A Aﬁ
JCME — 2—7_‘_2,U'AB :fj% Y ® 5 7 QR
. C:b— — A(»)/)’A '§‘ §A Aﬁ
Electric current along B b o) (:[% o
Chiral charge density s— ¥ P Hs 7 0 ps 7 0
———emmmssem
T-even: non-dissipative, topological protected
o Realize in systems with chiral fermion and B field
Condensed mater system E.B Heavy Ion Collision QCD x QED
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Chiral magnetic effect in ZrTes
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Quantum Transportation

o CME in heavy ion collision

U c t

a = 0,6

d s b

non-equilibrium nature soom_JU varge J{ oo
— S—— Highly dynamical, inhomogeneous Finite mass

e Sttt TR ——t———

© Non-equilibrium
local equilibrium — relativistic hydrodynamics + triangle anomaly

Non-equilibrium — quantum transport theory (Wigner function)

—

e Tt . pl/2
W(:B,ﬁ) _ /d3g’€zp-y<w (t,f—l— g) ezef_1/2 dsA(:c—I—sy)-wa <t,f— g) > _ /dp()W(ZC,p)’YO

P.Zhuang and U.Heinz, Ann.Phys.245,311(1996); PRD57, 6525(1998)
Chiral Kinetic Theory & Berry curvature

© Finite mass: Almost all consider chiral case
From massless to massive, not a trivial problem

Dissipation rate — for hydrodynamical modeling D.f.Hou and S.Lin, 1712.08429 [hep-ph].

Modify CKT framework — non-Abel berry curvature
J.W.Chen, J.y.Pang, S.Pu and Q. Wang, PRD 89, 094003 (2014)






Covariant Kinetic Equation

o u, d quark moving in external EM field

£ = (i7" (O + ieAy) = m) Y — TP Fy,

o Covariant equation of Wigner operator
[7“ (Hu + %ihDu) — m] Wa(z,p) =0

1/2
D,(x,p) = 0, — e/ dsF,, (v — ihsd,)0,
—1/2
1/2

IL,(x,p) = pu — ieh/ dssFy, (x — ihs0y)0,
—1/2

o Po integrating the covariant equation f(z,p) = Wi(z,p)

L et etamsEOYT

R T . pl/2 7
W) = [ @ger (o (ta+ ] )Pt (1= 7)) = [amw !

Equal-time transport equation Wz, p) = / dpoW (,p)7"

Equal-time constraint equation W (z, )

/dpo poW (z, p)7"



Equal-time transport & constraint equations

o Spin decomposition — 16 components
Wiz,p) = [fo +v5f1 = y0ysf2 Y003 V5707 - Go + 0V - g1 — 1Y - G — 5T - 93]

fo : number density f1 : helicity density f3 : mass density
g1 : number current go : spin density g3 : magnetic moment
© 16 transport equations + 16 constraint equations
f WDifo+D-gi) = 0 w
ﬁthfl + 13 . go) = —2mf2 K /dpopovo — ﬁ . g’l + ﬁofo — mh
M(Digo+Dfi) —2llx g = 0
MDgi+Dfy) —2ll x o = —2ma> /dpopvo +H-go—Iofi = 0
ADufy =2 Gy = 2mfy dpopo A + LD x Gy + Tify — Togo = —mg
WD, fs—2I-3, = 0 / Popos + 5l) X g1 =+ fi —Ilogo = —mgs
- B = = _ - O " ~
h(Dtg2 13 X 93) + 21}f3 = 2magp /dpopov N ihD X Go+1fo -y = O
MD:igs +D x ga) +2I1fa = 0 + |
72 /dpopop+ ShD-gs+1lofa = 0
KDt = O + / dsE(Z 4+ ishV,) - V,, N | N
I/lz/2 /dPOPOF - §hD cga+1lofs = mfo
5:V+/ dsB(Z + ishV,) X V,, _ 1 - . -
~1/2 /dpopoSOZéL— — §th3 +1IIxgs —Ilgga = 0

_ 1/2 .
Iy = ih dssE(x + 1shV,) - V,, i = - ~ L
" /1/2 ( p> P WPopQSjkGJMGi — hD fo 4+ 211 X g5 + 2I1gg3 = QWy
Kﬂﬁ—ih/ dssB(Z 4+ ishV,) x V,, j
—1/2




Massless vs Massive

h(D.gs + D x §) + 2I1f,

~

/

fo(z,p) :/dpovo(%p)

fi(z,p) = —/dpvo(l‘,p)

goi(z,p) = —/dpoAz'(fU,P)

gii(z,p) = /dpo%(:v,p)

-

/dpopoVo —I- g + 1 fy
/dpopvo + 10 Jo — ﬁ0f1
— 1 — - — ~
/dpopoA + §hD x g1 + 11f1 — 1ogo

R
/dpopOV——hDXgo+Hfo—Hog1

DO

1 - . o~
/dpopop+§hD'g3+Hof2

1~ o~
/dpopoF— QHD‘92+Hof3

| 1 . . N
/dpoposoz@‘ — §th3 +II x g3 — IIpgo

@poposjkejkié’i — WD fy 4 211 X Gy + 2115353

o Expand all 16 constraint + 16 transport equation by order of /;

On-shell (quasi-particle) —

Quantum effects

Classical transport equation @ Oth

Quantum transport equation @ Oth+1st



Massless vs Massive

fo+D-g1)
tf1 +ﬁ'§0)
Df) — oI x 71
Dfy) -2 x go =
hD, fy —201- g3 =
hDyfs — 211 - G

h(D
h(D
+Go + D
11 + D

W(Digo — D x g3) + 210 fs =
h(D:gs + D x G2) + olfy =

o\

—2m fo
0
—2mgo
2m f1

0

—

2magn
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fo(z,p) :/dpovo(%p)

fi(z,p) = —/dpvo(l‘,p)

goi(z,p) = _/deAi(xap)

gii(z,p) = /dpo%(:v,p)

Quantum effects

On-shell (quasi-particle) —

-

/dpopoVo —I- g + 1 fy
/dpopvo + 10 Jo — ﬁ0f1
— ]_ — - — ~
/dpopoA + §hD x g1 + 11f1 — 1ogo

R
/dpopOV——hDXgo+Hfo—Hog1

DO

1 - . o~
/dpopop+§hD'g3+Hof2

1~ o~
/dpopoF — 57517 - go + 1o f3

| 1 . . N
/dpoposoz@ — §th3 +II x g3 — IIpgo

@poposjkejkié’i — WD fy 4 211 X Gy + 2115353

o Expand all 16 constraint + 16 transport equation by order of /;

Classical transport equation @ Oth

Quantum transport equation @ Oth+1st






1. Chiral fermion

o 8 transport equations + 8 constraint equations
K /dpopovo —II- g1 + o fo :m
WDifo+D-d1) = 0 d .~
W(Dofy + D - Go) 0 / popoAo +11-go —1ofi = 0
h(D:go + 1__7:f1) - 21;[ X g1 0 + /dpopofTJr %hﬁ X g4+ Tfy — gy = 0
WDegr + Dfo) =2l x gGo = 0

O ~
WPopOV - §hD X go + I fo — oGy :y

ion
1 Ix = fo+Xx/1 h, expansio 1st order
Jfé = §(V“ — xA*) S o = ofFT Equations Of Oth, 1s "
© m=0: Chiral kinetic theory & Berry curvature from hbar oraer™
O ff+2-VIE+D VpfE = o\ 3 5
7 L (5 1@ BB +hE x D) P
= —F Up -

) \/§<%+ i e, = p(l—~hB-b)
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2.

16 transport equations
' 16 constraint equations

m: All coupled! Yet still

F W(Difo+ D - g1)
thl‘l‘D o)

h(Dygo + Df1) — 211 x ¢
h(D:gr + Dfo)—2H><g0
hDyfo — 211 - gy

hDyfs — 200 - G

(Do — D x g3) + 211 f5
\@t% + D x go) + 2115

— 0\
= —2mfs

0
—2mgs
= 2mfi
= 0

= 2mgi
o)

Jx = Jo+ X/

—

gx:§1+X§O:

G|fx, g3l

massive fermion?

-

/dpopovo — T + o fo

/dpopvo +10- go — Mo fo

/dpopoz‘TJr %hﬁ x g1+ ILf1 — ogo
/dpopov — %hﬁ x §o + I fo — Mogh
/dpopOP + %hl—j - g3 + o f2

/dpopoF — %hﬁ G2+ o fs
/dpoposmé - %hﬁfs +1I x g3 — o

\Ldpoposjkéjki@' — hD fy + 2T X o + 2o 353

Equations of Oth, 1st order

C.

Small m limit: keep to the first order of m Combine /x
L —
o =(0)E o (1)=E F ﬁ(O)i} \
N N E-g E-g 2 [ 3
+ + + 3 3
+z-Vi-+p-V = —m — mh + mh
h R Gy Ve VE
L 2B 0)E 1 (0)% 3
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2. massive fermion

OhfrE+ - VFfEF+p-V,fF = —m — mh . + mh
h ERE Ve VG VG

_(0)= I ., == _0)=+ 1 = _(0)=+ . = 0)+
Cz [9;.(»,0) } = 2—p4(p-D)(B-9§O) )iﬁD-(Exgéo) )¥2p5(B><p)-(E><g§0))j

o First oder of mass — Framework of CKT with small mass
o Dissipation terms — related to : EM field, magnetic moment g3, inhomogeneous
© Same phase space factor, berry curvature, structure — comparable with m=0
o Kinetic theory — pre-thermal evolution

— offer initial condition for hydrodynamics

o Compare to other framework — solvable as initial value problem

o Application to different physical condition — CME, CSE...



3. CME & Solution

@nsmrf equation O:ff +Z-Vfi+p Vofi = —=(F V)BE(Z, D)) x

. _,) PR ——— —Z-A;—--r

T o= 1 +2Qhb-B)  Berry curvature b — v
EoM \/F 7 b 2p
K Po= ﬁQ pxB Phase space factor /G = 1+ Qhb- EJ

o Berry curvature — s follows p, h order — semiclassical expansion

© Non-equilibrium evolution is dissipative

2

Local-equilibrim : hydrodynamics I' o< m Modeling

Pre-equilibrim : Quantum transport %( V)B=E(Z,p,t) Theory
1st order, inhomogeneous

| TIsshenmmee- wstmmmsstmmOTT

o Analytically Solvable !






[Backup L. Constraint equations @ Oth and 1st order

o Oth Constraint equations

~ H0)+ _ (0)+
K 1(o)i — p .g»(()O):I:’ b f 7
Ep N
0)+ ()£ _ DX 97()0)
2 — O 92 m )
0)+ O +

3 0+ PGy )P
K g3 =+ E,m -

o 1st Constraint equations

K o O s
fE LG P (0)
E, 23 0
= L (0)+
)+ (1) ( E o+, B g )) 1 = o
— 4+ = + +_—D
91 Epfo + 22 9 23 28, 90
(1)+ L = .
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B E 7. gE E x mB 1 o
gél)ﬂ: _ $(_pg(()1)i_p 9% p>+( ]0$ ) éO)j::F Fx Df

K m mE, 2mE2 2Eg 2mE,




[Backup I1. Transport equations @ Oth and 1st order

© Transport equation of the classical components

P =\ .0+
(DtiE—p-D) 0% — ¢
o=\ 0+ L (2 0)+ = 0)+]
(DtiE—pD>gO —E—g[px(Exgo ):FEPBXQO :|—0
. . . . 5 (0)+ 5 (0)+
P VAT O P op\gox P m o Bxgy T P (Bxgy) .
Qp (DtiEp 0)93 —I—m(thlep D)93 g Bk m e o p—OJ
o Transport equation of the first order components
K 7=\, E = _o=+ 1 = . = ot (BxXP) a2 o=+ w
(DtiE—p'D> 0 —2—E3'D><90 ?@B (P D)gp "~ + B (Exgy )
(Dis D) = g5 [ (B xa™) 5 £,8x "]
p p
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= F | 573 p-Dfg " F + 0
<2Eg 2FA ) E5 2E4
2 P =\ ()« P o=\ ()« ]7<~ i ~> M+, M 3 1)+
L5 (D, + L. D D+ 2+ .D P(E+ L xB + B
mp < ' Ep )93 +m< ' Ep )93 +m EPX 93 Ep ><g3
. (4(27' é) n m2§> (5 D'f(o)i) T (ﬁﬁ- (E X ﬁféo)i) N m2E X ﬁféo)i>
— 0
2FA 2FA 2F3 2F3
3m*B+77-B), . = .0+ , PB-E) 0=
+ B +
25 - E)fo 2E3 0 J




Backup III

Solution for CME

o Solution for go

~

\_

~0)=£
Gor

9oz

(0)+
gOy

t z tpt gz p2
(33,]5') _ Z/dk dkszdkTCz,nei(ktxt_kzxz)ei(k P Z )Pp x
s
. pY+Bax® Y\ 2 N 2
o R B
dktdk? krdk i(ktot L% p? Z-(ktpt—1<:z10z)<¢>p
(z,p) = Z/ 27TT Tcz,ne (kfa'=k"2")¢ B cos(¢p — &c)

. x® 2
A e

29$:>2
y __ -
(‘T B

kzpz)¢p

dktdk? krdk R P (o .
(x,p) = Z/ 27TT Tcz,nez(l‘C z'—k72%) o B sin(¢p — ¢c)

. Y4+Bx® Yy 2
g etmaretan( 5 ) Jn [kT\/(xa} T p_) -

o Method of characteristics.

_

ELSEVIER open access

Physics Letters B
Volume 777, 10 February 2018, Pages 177-183

Out-of-equilibrium chiral magnetic effect from chiral

kinetic theory
Anping Huang 2 , Yin Jiang ¢, Shuzhe Shi ®, Jinfeng Liao
Show more

https://doi.org/10.1016/j.physletb.2017.12.025

b2 = Pengfei Zhuang @ & X

Get rights and content



7/ Chiral Phase
; Transition in
¢ an Expanding

Ak System







© Vlasov equation & gap equation

of

Er i P Vof—V.ENV,f=0

/ (QNCNf
\/p2+M2 t) " (2m)°

o Solution — analytical solution, constant mass

MC(I‘ ) m+gQM _f(r7p7 ) ];(I' P, ))

C. Greiner and D. Rischke, Phys.Rev. C54 (1996)

— numerical solution, test particle method

A. Abada and J. Aichelin, Phys. Rev. Lett. 74 (1995)
H. van Hees, C. Wesp, A. Meistrenko and C. Greiner, Acta Phys.Polon.Supp. 7 (2014)
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gt === m= 50 MeV/e?
a K l‘«’ S, 2
— m= 10 MeV/c

— shell-like structure in 3D expansion
— 5.00x10° |

Relativistic, sensitive to mass g
S

Q 2.50x10° F

R ]

— thermal anomalous at phase transition
From hydrodynamics & TN, TA equation of state

R
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© Vlasov equation & gap equation

of

Er i P Vof—V.ENV,f=0

/ (QNCNf
\/p2+M2 t) " (2m)°

> Solution — analytical solution, constant mass

MC(I‘ ) m+gQM _f(r7p7 ) f(I' P, ))

C. Greiner and D. Rischke, Phys.Rev. C54 (1996)

— numerical solution, test particle method

A. Abada and J. Aichelin, Phys. Rev. Lett. 74 (1995)
H. van Hees, C. Wesp, A. Meistrenko and C. Greiner, Acta Phys.Polon.Supp. 7 (2014)

- thSical Confenf -80 -40 O " 40 80 -1.0 -05 0.0C 0.5 -1.0 -05 0.0C 0.5 1.0 ’
— Shell-like structure in 3D expansion | s
Relativistic, sensitive to mass j Zzzb
— thermal anomalous at phase transition = o w
From hydrodynamics & TN, TA equation of state E,W \ w 3]
= 10 i . 300 o©

X




© Vlasov equation & gap equation

M.(r,t) =

m+g2M

of
ot

+ = Vrf V,.EV,f=0

2NN
(2m)°

/ \/p2+M2 )(

_f(rapa )

o Solution — analytical solution, constant mass

C. Greiner and D. Rischke, Phys.Rev. C54 (1996)

f(r,p,t))

— numerical solution, simultaneously, test particle method

A. Abada and J. Aichelin, Phys. Rev. Lett. 74 (1995)
H. van Hees, C. Wesp, A. Meistrenko and C. Greiner, Acta Phys.Polon.Supp. 7 (2014)

© Physical content

— shell-like structure in 3D expansion

Relativistic, sensitive to mass

From hydrodynamics & TN, TA equation of state

0.0

— thermal anomalous at phase transition =

C

25 3.75

System Size [fm)]

Quark Density - t=2.526 fm/c
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Transport Equation

o Simultaneously solve transport equation & gap equation

Force term
afiZFVer-V f:t:l:£V f:l::O
! 2E, P E, "
d*p fT(z,p)— f(z,p)\ _
m(1+ QG/ 27)? E, ) = mo

Mass involves in (1) force term, (2) energy

o Simplify: 1D Longitudinal expansion

Vrm2 . fo:l: X (9zm2 0 fj:
2F, 2E, Op.
p

P g ot PO x
E, Vel ' Epﬁzf

f(t, X, ¥, z, px, pY, pz) reduces to f(t, z, pz, pT)

o Self-consistent numerical solution

Finite difference & f(t, z, pz, pT) discrete on a fixed grid (z, pz, pT)



Initial Condition & Thermal Quantities

o Initial condition

(1) flto,zpepr) = (/T 1)1 T(2) =Toexp (=2%/28) By = \/p?+ph + m3

(2) f(to,2,pz,pr) = (/70 + 1)~ when 2 < g

f(t())Z?pzapT) = 0 when z > o

d3p
Ll o,J" = | —=ptd — 0
o Thermal quantities 8 E," uf(P)
d3
Current & energy-momentum tensor 0,TH"" = E—pp“p”c‘?yf(m =0
p
_ 3
rex) = xR B D
, , T —T%* 0 0
TM (t,X) :/f(t,x,p)p“p dgp/Ep — O O _T.CC.CU O
0 0 0 —Tv
Velocity & energy density
2th
ut :VU{LU} Efyv{la }
Tt 1 Tzz 1 \/(Ttt 1 Tzz)z _ 4(th>2

Ttt _ 2z T \/(Ttt T Tzz)2 _ 4(th)2
2

€ —






Result 1 — Gaussian, real case «’

f(to,2,ps,p7) = (5T 4 170 T(2) =Toexp (=22/2) B, =/p2+ % +m}

To = 300 MeV, Ty = 240 MeV with 2o = 4fm  t from =0 to t=10fm

o Constituent mass m(t, z)
TO = 300 MeV TO = 240 MeV




Result 1 — Gaussian, real case ‘l

o Current and Energy-momentum tensor  Conservation checked!

1) [ s T AT 7 T TR T ] )
4 : 4 15_ —]
401 — -
£ 5oL _ £ 10 —
> 30] S
o o |
O O
o 20} = |
o I ~
o = 5
10} _
of 0

I 10}

15 :
o | &> 5
E | E |
S 10 S [
Ot v 0
S S
3 | S
F 5 = -5

|
N
o




Result 1 — Gaussian, real case

© Number density & energy density There is no shell-like structure
~ ~ in the 1D expansion

-I I I I I- -------- =940 MeV/c® |
L - 2 |
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. - . i
i ] R AN —— m= 10Mev/c® |
f— —t - .“ 'I '; ." ‘\ I
-~ 3_ ’ ‘ — 5.00x10° | o ,
| n peemmiTTTA \, 4
5 i , . . .
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™ A Q 2.50x10° |
~~~
= i
: B ST
Y A A A B/ A | U W U W W I I (.
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I

Quark Density - t=2.526 fm/c

1.6000e-03
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T T | T T T
I
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25
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S
I
I
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i E
I 1
i & 375 11.0000e-03
i E

20 —
B & 5.0 18.0000e-04
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4.0000e-04

V
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Result 1 — Gaussian, real case

© Velocity and the “fold”
éa )

-

A “fold” in the velocity at the
T phase transition

. V., m? P
> WfEF = Vpft+t - V,.ff=0
% 1S F °F, pf E, f
Es A strong force at the phase transition
am _ Sl
dz dT dz

-O 50 100 150 200
T (MeV)




Result 2 — Step function, real case

f(t()azapz)pT) — (eEp/TO + 1)_1 when z S o f(t()a zapzapT) = 0 when z > o

Ty = 240 MeV, 2z = 2 fm t from =0 to t=10fm
El IIIIIIIIIIIIIIIIIIIIIIII 300.'| R R 1
3 ~ \\\ :
< > 500[- '
£ T - S 3
2 | = 40k '
S b - S 100: %IM\’\ ]
i |
[ I s ]
J — OT L ' ul : : ' : il
F T | | | | bl o]
25— = 1.6 | I
E : | | | [ ]
o 20— — ! |
E | : 14— | _]
S 15 — = : |
P z .
5 " 1.0} l
0' |J | LI ] T H | o | |
15 -10 -5 0 5 10 15 -10 -9 0 S 10
Z (fm) z (fm)




Result 3 — Step function, chiral limit

f(to, 2,02, pr) = (eP/T0 £ 1)~ when 2 < vy f(to, 2,2, pr) = 0 when z > 1

To = 120 MeV, zp = 2 fm t from t=0 to t=10fm

20F T T T T T i
i | | | T 300
1.5 | ] —
el = 2007
E 10 ] =
@ ] > 100}
- [ ] 100

S 05 ] =

0.0—4— —— or,
2-0—__1 —+— ——— ——— ——— ——— llll__— :
_ - 1.6
—~ 1.5 ] '
P _
£ 1.4
> =
> _
Q 1.2
w :
1.0}




NEXT STEP
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