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* A little history

* Topological configurations of gauge fields and
instanton solution

* Chiral Magnetic Effect: an introduction

* Approaches to CME/CVE: Field theory,
Hydrodynamics, Quantum kinetic theory

e Other related and new phenomena
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C.S. Wu, etal,
Phys.Rev. 105(1957)1413-1414

Experimental Result: p, || (-B), implying
(1) Neutrinos are left-handed, p || (-S)
(2) Anti-neutrinos are right-handed, p || s

Milestone discovery in history of weak interaction
=» Unification of electromagnetic and weak interaction
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T.D. Lee, C.N. Yang
Nobel prize 1957



« Vacuum of gauge field has topological
structure which can be characterized by

Sphaleron

Chern-Simons (CS) number it enough enrgy

« Transition between vacua is quantum
tunneling effect — quantum anomaly —
P and CP violatiion

« Two transitions: instanton (zero T) and
sphaleron (hight T)

* In electroweak theory, quantum anomaly
— lepton and baryon non-conservation
— leptogenesis and baryogenesis in the
early universe

* Quantum anomaly in QCD — axial
charge non-conservation

Chern-Simon numbers, N

Instanton
ot ground state

QCD potential

QCD vacuum has topological
structure

High T + strong B — local P/CP violation of strong interaction in HIC?
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* Existence topologically non-trivial configurations

of gauge fields [Belavin, Polyakov, Shvarts, Tyupkin, Phys. Lett. B 59
(1975) 85]

* Tunneling between topologically different

configurations ['t Hooft, Phys. Rev. Lett. 37 (1976) 8; 't Hooft, Phys.
Rev. D 14 (1976) 3432; 't Hooft, Phys. Rev. D 18 (1978) 2199, Erratum]

* Transition between different configuration state
— changes in the topological charge —
anomalous processes (processes forbidden by the

classical process are allowed in quantum theory)
[Adler, Phys. Rev. 177 (1969) 2426; Bell, Jackiw, Nuovo Cimento A 60 (1969)
47]
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* Quantum tunneling between topologcally
different configurations as non-perturbative
phenomena is suppressed by e ~2™/% where «
is the interaction strength of the gauge theory.
High temperature — disappearance of
exponential suppression (there is sufficient

energy to pass classically over the barrier)

[Manton, Phys. Rev. D 28 (1983) 2019; Klinkhamer, Manton, Phys. Rev. D
30(1984) 2212]
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* The rate is sufficiently large: important for

electroweak baryogenesis [kuzmin, Rubakoy,

Shaposhnikov, Phys. Lett. B155(1985)36; Shaposhnikov, Nucl. Phys.
B287(1987)757; Arnold, McLerran, Phys. Rev. D36(1987)581; Arnold,
McLerran, Phys. Rev. D37(1988)1020]

* Electroweak baryon number violation <

Helicity non-conservation in QCD [mcLerran, E.
Mottola, M.E. Shaposhnikov, Phys. Rev. D 43 (1991) 2027]
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* Topological charge changing process involves
P-odd and CP-odd field configurations —

Existence of axion [peccei, Quinn, Phys. Rev. D16 (1977) 1791;

Weinberg, Phys. Rev. Lett. 40 (1978) 223; Wilczek, Phys. Rev. Lett. 40 (1978)
279; Kim, Phys. Rev. Lett. 43 (1979) 103; Shifman, Vainshtein, Zakharov,
Nucl. Phys. B 166 (1980) 493]

* |tis thus possible that an excited vacuum
domain which may be produced in heavy ion

collisions can break P and CP spontaneously
[T.D. Lee, Phys. Rev. D 8 (1973) 1226]
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* |n deconfinement phase transition, QCD vacuum can
possess metastable domains or P-odd bubbles (space—

time domains with non-trivial winding number).
[Kharzeev, Pisarski, M.H.G. Tytgat, Phys. Rev. Lett. 81 (1998) 512]

* P-odd bubbles does not contradict the Vafa—Witten
theorem (P and CP cannot be broken in the true
ground state of QCD for 6= 0), which does not apply to
QCD dense and hot matter where Lorentz-non-
invariant P-odd operators have non-zero expectation

values. [Vafa, Witten, Phys. Rev. Lett. 53 (1984) 535; Vafa, Witten, Nucl.
Phys. B 234 (1984) 173; Son, Stephanov, Phys. Rev. Lett. 86 (2001) 592]
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 Examples of P-odd or C-odd ground states in hot or

dense matter: P-odd pion-condensation phase, P-odd
color superconducting phase, P-even but C-odd

metastable states in hot gauge theory. [Migdal, Rev. Mod.

Phys. 50 (1978) 107; Pisarski, Rischke, Phys. Rev. Lett. 83 (1999) 37;
Bronoff, Korthals Altes, Phys. Lett. B 448 (1999) 85]

Non-zero angular momentum (or equivalently of
magnetic field) in heavy ion collisions — P-odd and CP-
odd domains induce charge separation in the produced
particles, because they carry net chirality and break

symmetry between right-hand and left-hand fermions.
[Voloshin, Phys. Rev. C 70 (2004) 057901; Kharzeev, Phys. Lett. B 633 (2006)

260]
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* |s mirror symmetry x—>-x broken in the ground

state?
t V(x)=A(x?-x,2)? 1 2w3 w3
E = —w|l—\/—exp|———
| ’ 2 Vx P 12
Er
-Xo Xo ' Non-perturbative correction

unaccesible in perturbation
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* We consider SU(2) pure gauge field theory in
Euclidean space.

* Field and strength tensor (dual tensor)

1 (L ]' (L
Aﬂ = EJ,IA”, F”I_,r = ECFEF”H
Fi, = 0,A% —0,A% + geanc AN AL
F,, = 0,A,—08,A, —ig[A,,A)]
- 1
an — EfnmﬁFEﬁ
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* Gauge transformation

Al = UA#U_1+§U3#U_1

F!, = UF,U™!

e Define Chern-Simons current

K, = %eﬁmﬁ (AgaaAg + %sabcAgAgAg)
. g
= E”yaﬁT]. 514;,6&145 — BgAL,AQAﬁ

° o o 1 _ 1 _
Satisfying 0K, = ~TrFoy Fly = ~F® F

i v = ghiwb
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* Proof of CS current equation

‘ 1 [ a ‘i C
1 a ra 1 a a c
gFj_LVFj_LV — Efﬁyaﬁ (aﬁAy - 81;14” —I_ gEGbCAiAy)

X (00 A% — 08 AL + geabcAn Af)

]_ a (I 1 - a ¢
B anua,@(aﬁAu)(‘a&Aﬁ)—F genvaﬁfabC(anAV)AgAﬁ]

]_ ‘1 c 1 & c
+§E’Epyaﬁ€abc(6&Aﬁ )AfLAIJ + Wﬁ%%

equal

equal
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* Topological charge

3-dim hyper-surface

2 ~— . . .
g = 12?1-2 [d4J:TrFﬁyF”y at infinity
9% /
= 13 d* 0, K, = /d%ﬁ

Impose condition for finite energy

F — O(x73 2 _ L2, 2
m e ( ) r~ =X —|—J:,f_1

A, = “UU+0u"2)

r—00
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* Atr - oo, we have A > pure gauge, F , -0,

4 ; )
Ay — EUaﬂU_l
Fuy — 0
A, 1 not pure gauge ~ /
S3 at r=oo
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e Use A,=Ud,U L A,="4,

g
e The CS current becomes
K. = emwasTr (éAyaaAﬁ . igAyA,]A,g)
1 o
— @Eﬂla’-‘lﬁﬁ‘ (AL;A&A,B)

* Topological charge depends on U(x)

1 o
aU) =51 [5 . d*0ppasTr (A Aads)
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* Since U(x) is a SU(2) matrix, we have a map

Uz € S%) e SU((2) = 5?

map : S° — S

e which fall into homotopic classes labeled by
winding number
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e Calculate topological charge

Q(U) — ! /83 d3gnﬂeﬂvaﬁ'ﬂ [(UavU_l)(UaaU_l)(UﬁﬁU_lﬂ

2472
1 d(g) 1 .
— dBBo—2L — A2 = int
242 / To(0) _ 24n2 [G g = et

* From g=1 to g=n map
1 rT =X T+ Iy
Ui(r) = —(ra+i1x-0)
(a=1) ! |
= cosH+i(x-0)sinf =e¢

= U, =U{(x) (g=n)

[%|* =

—ix-o
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* Let’s check q(U) for U,

o, = (10, 1), r:r:' = (—i0,1)

A, = U,0,U7"= i(md + ix - ﬂ')@né(md: — X 0)
1
— I—E[(I? : J}G": —x,]
K L s Tr (A, A, A,) = 22
poo= 6—9,25#1!&;3 1"( vila ﬁ):gifl
7
g 3 1 3_ ZLp
U) = — d°o, K, = — d'o,— =1
a(U) 472 [ ga ThT T 9 g3 Th
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e BPST instanton solution
il B
A = E;LngrﬁgUla”Ull

— EUlﬁ,u,Ul_ ' (& — oo, pure gauge)
g

» Calculate g(U) in a different way -

qglU) =

Y €uvaf LT (A A Aﬁ)

= d*oeqiiTr (A 4; A
(/ J #1230+
24?1_2 (/I_/“r) dSG'E4t'jkTI‘ A;A
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make A,=0 by gauge-trans
one of va must be 4



* By gauge transformation to make A,=0, we obtain

Ag' — iUﬂ_lé?g-Un_ED Lqg — —0OQ

Ag' — E'UﬂaiUgl? Lq —> OO

. , X O
e where U, =U", Ui =cxp [EW(J.Z +pz)1ﬁ2]

 The instanton describes a solution of gauge field
equation in which a vacuum with homotopy class n-1

at x,=-o= to a vacuum with homotopy class n at x,=o°

gqU)=n—(n—1)=1
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=

* Self-dual property of instanton solution F,, = F},,

* The action in Euclidean space-time

Vacuum transtion probability:

g _ _%fdiITfFﬂvFﬂv highly suppressed
1 - 87
= - / d 2 TrF,, Fy = —gig,, for q(U) = 1
fr— B
812 Energy of
pPo= exp (_g_z) gluon field &

OO A0
OOKXX)
OOZAX)

¢ “0,”'.”“ Y

* high T, Sphaleron transition

\1 i 3

. / [0)
instanton S ‘
sphaleron o

greatly enhanced
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e Geniune vacuum state of QCD

_ 1 - g2 .
E —inf _ a i a a
'IJL'IJQ — e qun ‘ LQ — _ZF;LMFLLH —|— QEF;LUF”H

T

 PandCP is broken by B-term, 8=0 (very small)
[Neutron EDM not observed]

e Strong CP problem in QCD or the naturalness of QCD:
Why is O is so small?

e Axion conjecture. [Peccei-Quinn mechanism, 1977]
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e Chiraltiy ,, - %(1 A, = = (1477

 Helicity ,—-o. 2
p|

* In the chiral limit (massless quark) with mg = 0

RH chirality LH chirality

Particle +1 -1

Anti-particle -1 +1
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* All gauge field configurations are classified by the
topological winding numbers

2
g’ i~
Qw = / d*cTrF,, F,,
= ncs(t =00) —nesg(t = —o0)

e Axial anomaly

in= (Wrvuysvy)a

I Average over gluon field configuration
- N
nil -5 . fg
a‘ujH=ZZFﬂf{ﬂff1V5wf) 1672 ,LwFaHU
f
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e Chiral charge number at chiral limit:
Ns = Ngp — N, = (ng —nig) — (n, — 1)

=g +ny) —(n, + T_lR) 'R.L denote chirality
=nh=4+1) —n(h=—

momentum

spin
N.= # # e - # - # R,L denote helicity

* Assuming Np(t = 0) = N, (t = 0), then we have
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* Earth: 0.6 Gs = compass
 Hand-held magnet in daily life: 100 Gs
e Strongest steady fields in lab: 4.5X 10°

e
%3

0 Gs=45T
' , e Strongest magnetic pulse in lab (not in
{5 N HIC): 107 Gs

.

« Surface fields of pulsars: 1013 Gs
» Surface fields of magnetar: 10> Gs

 High energy HIC: Au+Au at 200 GeV, eB =
1018 — 101° Gs
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« High energy HIC

2
v = (3—?}&;,‘31),’:5;m1—ﬂ

2s
I VNI
« Electric field in cms frame

+ Boost to Lab frame (v,= 0.99995 c for 200GeV), >c?le of strong

F interaction

of nucleus,
Ze
E = EI‘
VA 2
B=—-—v.xE—eB _}QTUzR_Z ~

1.3m?

mw

~ 2.6 x 108 Gs

Kharzeev, McLerran, Warringa (2008), Skokov (2009), Deng & Huang (2012),

Bloczynski,Huang, Zhang, Liao (2012); many others
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le = 3x10%em-s!
1A = 1.05x10% g-cm? s !
leV = 16x102g.-cm? 52

| ls = 1.52x10"h-eV!
p_ 1 [ p.pe lem = 5.06x10%h-eV™! ¢
8 lg = 5.6x10%2eV.c2

1Gauss = 107*T 1 MeV? = 1.44 x 10" Gauss
= 1g2em V3! m2  ~ 2.8 x 10" Gauss I

6.92 x 1072 (he)~%/2 . eV?
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10° T ‘ ' T ' 3 17 T T T T T
{ [ le*'“:zOOGeV ~—]1ev
10* | 25p °=*m ——100ev.,
S 10 N 2 |
L 10%
2 E 15 :
3 102 | ':8 I
1 Au-Au ]
10 05 200 GeV |
O s 1 a2 25 s %01 02 0304
(fm) t, fm/c
Pancake approximation URQMD calculation
Kharzeev, McLerran & HJW ('08) Skokov, Illarionov, Toneev ('09)

See also Minakata and Miiller ('96)

eB(T=02 fm/c) ~ 10°~10*MeV’~10"°G
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Au+Au /5 =200GeV @(0,6,0)

Au+Au s =200GeV @(0,6,0)
[T — T 1 'I' .I .I .I. .I. T .I T 1.0F ,. T]
. “ 1 S 1
08 0100} : osl 0,100}
! ==yl
0010} A 0010
. _ " !.':'
0,001}« mEb: ﬂ.ﬁ-rl's e 0.001k
L * '.t
o T T e A U S 107!
00 02 04 06 08 10 W[k %, 00 02 04 06 08
—L—w 1 |I %t.-*
Y ] o,
w, e with o & HI ] nz i ‘h‘h‘_h i With 7 & ﬂ'x
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H.Li, X.-I Sheng, Q.Wang, arXiv: 1602.02223
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e Strong magnetic fields polarize quarks:
positive charged quarks | | B, negative

charged quarks | | (-B)
* RHquarks: s || p, LHquarks: s |]| (-p) .
* QCD anomaly = non-conservation of axial

charge - asymmetry in the number of RH

and LH quarks. B ------------------------
* Inone event, if there is an excess of number
RH quarks, positive charges go up and
negative charges go down, and vice versa. B
* Charge separation effect (chiral magnetic |
effect)
Spin
Momentum

D. Kharzeev, L. McLerran, H. Warringa, NPA803, 227 (2008).
K. Fukushima, J.F. Liao, D.T. Son, M. Stephanov, H. Yee, I. Zahed, ......
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* Chiral chemical potential us = %(MR

* |nduced current

NCZCIf

Energy A

] = usB  wenrn

. Derivatlon:

Hr=H—Hs
Thermodynamic potential,

Linear response theory,
Propagator in magnetic field,
Kubo-Formula, Chern-Simons term
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j=Q5%B T:Ti |
272 \ : Time reversa
/ P: Parity

T-odd ~
P-odd effect Ohm conductivity

j=0cE
T-odd
Dissipative
= _/
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Vector current 15 [LLL5

21‘1’2 ;.'1'2

Axial current
M e+ 3 N 1
2 272 6
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* Average over charge and charge squared

(Qe) — 0:<Qez> + 0

<Q > =0 Reaction

plane

2
(Q7)#0 Fluctuating EDM of QGP

P- and CP-odd effect
Kharzeev ('06),

e, Kharzeev and Zhitnitsky ('07)

(i > Kharzeev, Mclerran and Warringa ('08)

X (defines ‘¥y)
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o
@

<

o

o
o
s

o s
(cos(¢a+¢ﬁ- 29..))
(e ]
[ pe]

0
by 0.2
¥ rp
----- P 0.4
. X
‘eac lab
e s B 0.6

(cos(p, + ¢ — 2Wgp)) = {(cosAd¢,cosAd )

x10°

- .
W ""“i ia e— L Ojﬁf i o‘)\? §
*

same opp.

[ ] ) ALICE Pb-Pb @)[% =276 TeV 1
* ¢r  STAR Au-Au @ﬁ =02TeV :
(ALICE) same+opp. mean &

o,

v {cos(d, + ¢ 2¢:)>HIJING Iv{2} *

R — CME expectatlon (same charge [1 3])

0

10 20 30 70
centrallty %

— (sinA¢,sinA¢z)  P-violation term

STAR Collab., PRL 103, 251601 (2009); PRC 81, 054908(2010)

ALICE Collab., PRL 110, 012301 (2013).

The interpretation of STAR and ALICE data is under debate. The
mechanism behind the Charge Separation Effect is still inconclusive.
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* Peripheral collisions generate L=10°h

spectators s e
S A —>

‘_i - participants

before collision after collision

* Concequences: local polarization, alignment of
spin to total angular momentum
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e Polarization of A and anti-A
* For an esemble of A with polarizarion P

dW 1 ey 1

oL :E(l - p*) = E(l%—ﬂ:}:’cosﬁ)
3 .. 0<P <1

P =—(p")
¥

* Vortical or QCD spin-obital couplings

Z.T. Liang and X.N. Wang, PRL94 102301 (2005)

Z.T. Liang and X.N. Wang, PLB629 20 (2005)

B. Betz, M. Gyulassy, G. Torrieri PRC76 044901 (2007)

F. Beattini, F. Piccinini, J. Rizzo, Phys. Rev. C77, 024906 (2008)
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Consider 3-flavor quark matter (u,d,s), the axial baryonic current

Js = nsu’ + +E&5w7 + EspBY Quadratic in
1 1 temperature,
— N _TZ 2 g ‘ chemical potential,
$ © [6 T 272 (pf T !uJ) " chiral chemical potential
r >
¢ Ne No cancellation!
{Br = 671-2“2@1“:0' :
f

Leading to Local Polarization Effects!
(either for high or low energy HIC)

by the hadron (e.g. hyperon)
polarization along the vorticity W
direction once it is fixed in the event.

>

J.H. Gao, Z.T. Liang, et al. PRL 109, 232301 (2012)
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* Oberservation of CME in ZrTe.

namre
hy i LETTERS
p SICS PUBLISHED ONLINE: 8 FEBRUARY 2016 | DOI: 10.1038/NPHYS3648

Chiral magnetic effect in ZrTe;

Qiang Li'™, Dmitri E. Kharzeev®**, Cheng Zhang', Yuan Huang?®, |. Pletikosi¢"®, A. V. Fedorov®,
R. D. Zhong!, J. A. Schneeloch’, G. D. Gu' and T. Valla'*

BNL-Stony Brook-Princeton-Berkeley collaboration
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e Put the crystal in parallel fields E| | B, the
anomaly induces chiral charge

T, is chirality
dJOS 62 ol changing time
E— E-B——

dt  4m2h%c Ty

* Chiral charge and chemical potential at t>>t,

2 3v> ¢ E-B

p— . —_— T
431:2526]3 BTV ‘ A5 4 J'I:2 hzc Tz_l_i_j \Y

Ps
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* CME current and conductivity

e’ e 3et v 1y
——11-B OoMe= 7273 B’
]CME_ 2“5 nth 8 he w3 T2—|—'U”—j
27 n
2 2 3
}i L e 3e v Ty BinEk —OAC Ek
CME — 2 — Y CME

th 8 he ¢ T2+

K
nz

J =Johm +Jome = (Oonm + Ocme) E

Negative magnetoresistence
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* Magnetoresistance

C
O{}
0.20 -
45°
0.15 -
E
L]
=] 60°
< 010 -
0.05 750
90°
0.00 : : | |
-9 -6 -3 0 3

B(T)

* (c) Magnetoresistance at 20 K for several angles of the applied field with respect to the current, as
depicted in the inset. (d) Extremely large positive magnetoresistance for the magnetic field
perpendicular to the current (B| | b) and the negative magnetoresistance for the magnetic field

parallel to the current (B| |a).
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p(Qem)

1072 7

10-3 7]

B(T)




 Magnetoresistance in magnetic fields parallel to the current (B| [a) in
ZrTe5.

a o5 b
i 150 K
20 - 100K
i JOK
—~ 15 _
E =
(&) - (&)
a3 a4
€ 1ol 60 K g
Q| Q
40 K
0.5
20K
0.0 +
5K
T T T T T T T T O,D T T T T T T T
-9 -6 -3 0 3 3] 9 -9 -6 -3 0 3 3] 9
B(T B(T

* A negative magnetoresistance is observed for T<100 K, increasing in
magnitude as temperature decreases, consistent to oy,.= 0,+a(T)B?
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Dirac semimetals: ZrTes - Q. Li, D. Kharzeey, et al (BNL and Stony Brook Univ.)

arXiv:1412.6543; doi:10.1038/NPHYS3648

NasBi - J. Xiong, N. P. Ong et al (Princeton Univ.)
arxiv:i1503.08179; Science 350:413,2015

Cd;As,- C. Lietal (Peking Univ. China)
arxiv:1504.07398; Nature Commun. 6, 10137 (2015).

o (M Gm)

TaAs - X.Huang et al (IOP, China)

Weyl semimetals arxiv:1503.01304; Phys. Rev. X 3, 031023

"T""As NbAs - X.Yang et al (Zhejiang Univ. China)

fg \§§:., ) arxiv:1506.02283
S osfo N "l NBP - Z Wang et al (Zhejiang Univ. China)
) a \\ .ﬂ}/ - g

0.4 hHh .

of \._/M " \__/m arxiv:1504.07398

ey e TaP - Shekhar, C. Felser, B. Yang et al (MPI-Dresden)
B(T)

arxiv:1506.06577
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Anomalous transport of charge: a gateway to the geometry of gauge
fields that defines the properties of QCD. It has broad implications
across many fields (condensed matter, astrophysics, cosmology, ...)

Experiment: established observations of charge-dependent hadron
correlations from STAR and ALICE. The theory community should
work with experimentalists to reliably interpret the data and extract
the physics from backgrounds!

Theory: goal is to use CME, CVE, CMW to extract the information
about topological contents of QGP. We need reliable theoretical tools
(Chiral Magneto-Hydro-Dynamics, CMHD, Chiral Kinetic Theory, ...)
and fully quantitative studies.



 The end, thank you!
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* Field theory
* Hydrodynamics
* Quantum kinetic theory
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* To describe dynamics of chiral fermions, we have
to explicitly know their helicity (equivalently p),
therefore we need to know information of (t,x,p),
that’s why we use kinetic approach

* Classical kinetic approach: f(t,x,p)

 Quantum kinetic approach: W(t,x,p)
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Gauge invariant Wigner operator/function

Vasak, Gyulassy, Elze,
W(z,p) =<: W(x,p) :> Annals Phys. 173 (1987) 462-492

d4y
e
(2m)4

Wag(a.p) = 2 (w4 Su) PU (At Zyx— oy ) (o - Su)

2 2

. 1 1 1 1
Gauge link PU (A, x + SY T~ Ey) = PExp (—iey“‘fo dsAy (x —5Y — sy))

Dirac equation in electromagnetic field
[iv'Dp(z) —m]¢(x) = 0,  &(z)|iv*Df(z) +m| =0

Quantum Kinetic Equation for Wigner function for massless fermion in
homogeneous electromagnetic field

phase space derivative

I
Vi (p“ ™ §Nu) W(z,p) =0 Vi =0y —QF* oy
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* For massless and collisionless fermions in constant EM field

T (p“ ok %N”) W(xz,p) = 0.

* Wigner function decomposition in 16 generators of Clifford algebra

W =

W~ =

2

scalar p-scalar vector axial-vector tensor

1
[ﬁ* + iy P+ Y, + OV, + —J“”Zw]

= [dtrn, = [dtpert, T = [dtppty

Vasak, Gyulassy and Elze, Annals Phys. 173, 462 (1987);
Elze, Gyulassy and Vasak, Nucl. Phys. B 276, 706(1986).
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* The solutions to (F )" and (9,)! encodes a lot of information !!

Plx,p) =PVP + sl
j{%)s(ﬂf?ﬂ = prsf-s(ﬁi) 7

Sl @n) = 5053 0) - SQFpaf0GR)
 where % Fermi-Dirac Distr.
o) = o O frlp — ) + O(-p)fr (- + o)

b L,
fe = b+ SpLs

~ 1 1
O — Efinwgw Qe = 5(6‘,,1,55 — Opuy)

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect



gt = /d4p7“ = nu + Wt + £ BY,
JE = /d4pﬂuzn5uﬂ+f5w”+£853'u’a

1

I — / d'p(p" VY +p’ V")

2
= (e+ P)u"u” — Pg"" + ns(u"w” + u"wh)

1
+5QE(u"BY + u” BY)
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Transport coefficients Absentin
1 hydro-derivation

_ 1
1
= ns = g—3Hs (ﬂ'QTQ + uz + 3,LL2)
1 [774
& = 28 B e [ s HT T )
Ly 4 2 2]
_ , += (W + ) + 37
$Bs D2 H comes out naturally 2( ) >

All the conservati}ml/aws and anomaly can be derived naturally
QQ
2772

An Independent derivation of chiral anomaly from quantum kinetic theory !

Opjr = — E-B 0577 =0 0, 17" =QF""5,
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Consider 3-flavor quark matter (u,d,s), the axial baryonic current

Js = nsu’ + +E&5w7 + EspBY Quadratic in
1 1 temperature,
— N _TZ 2 g ‘ chemical potential,
$ © [6 T 272 (pf T !uJ) " chiral chemical potential
r >
¢ Ne No cancellation!
{Br = 671-2“2@1“:0' :
f

Leading to Local Polarization Effects!
(either for high or low energy HIC)
By the hadron (e.g. hyperon)
polarization along the vorticity W
direction once it is fixed in the event.

>

J.H. Gao, Z.T. Liang, et al. PRL 109, 232301 (2012)

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect



e Covariant Chiral Kinetic Equation in 4D (CCKE)

Ve JE=0 mm 4 (P2) (ﬁamfs dp‘“apfs) =

dxt dpt
ar = '+ SEMVaﬁbyFaﬁ, d_ = F*p, — s (E - B) bH
T

Berry Curvature  pu — P!

In 4D — 2
* Chiral Kinetic Equation in 3D " P

/ dpoVy =0 Em) 6tfs+— vxfs+— Vpfs =0

dx _ Pp+s[(p- MB+ExQ dp_E+pxB+s(E-B)Q

dt 14+s02-B ’ dt 1+s02-B
J.W. Chen, S.Pu, QW, X.N. Wang, PRL 110 (2013) 262301 _ |
D.T. Son, N. Yamamoto, PRL 109 (2012) 181602 Be;ry Curvature Q _ 2 2
M.A. Stephanov,Y. Yin, PRL 109 (2012) 162001 In 3D P
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* Particle and energy density with u,s(:c, p) (Ms =u+ 8#5)

ns = [dpfi+ [dpg

S d
/d3 2E( 'BdE s
D D

/(2 )3\/% Ir (E — ns(2,p)) — fr (B + ps(z, )]

Q

e« = [ d3pEpf3+ Pp (v -B)f: — [ d®p

2F, dEp

N o) 1 (5 )]

* Phase-space measure: /s = (1+sQ2-B)

* Berrycurvature: () — P
2p?

J.H.Gao, QW, PLB749 (2015) 542.
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Effective Energy of Chiral Fermion:

E, = |p|+ AEp

Energy Shift:

AEp = —p,, B

Magnetic moment of massless fermion:

y = Q
" |p s=+1
S
Spin: § = —-p
>

Son, Yamamoto (2013); Manual, Torres-Rincon (2014); Satow, Yee (2014) m = —%
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» Effective Energy of Chiral Fermion with magnetic energy shift:

' s
Ep — |P| _ 2|P|2{P | Bj
! f ~ SQ L : SQ — :|:1
v, = ?pEp:p—l—Q s(2pp—1)-B
Pl
. sQ) . _ : . _
viep = 1l+—=(p-B)>1 for sQ(p-B) =0
P T

Superluminal

e Can E;., be regarded as quasi-particle dispersion relation? Is this a
problem?

* In our formalism, we don’t have such superluminal problem. It appears
only when re-writing the number/energy density in a ‘quasi-particle’
way in weak field approximation
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* Particle and energy density with y,s(ac, p)

d
_ a3 _fd3
s / pPfs P (w \4 dEp s

3
P {fF ( — ps(z, p)) i (EII;; + ps (e, p))] 3

&

(2m)3
s = / d>pEpfs — [ d3p§(v-w)Ep dgp s
3
~ (g 3 By [fr (B — ps(z, ) + fr (B + sz, p))]

* No phase-space measure, no Berry curvature

* Effective energy: / AE, = —w-S

E;) o E'p + AE, J.H.Gao, QW, PLB749 (2015) 542.

Qun Wang (USTC), An Introduction to Chiral Magnetic Effect



* Expansionin (F )" [notin(9,)"!], the first order equation:

p”f(l) +5ﬂ“js(£) = 0, 3#{@'(1) +5G”fs(o) —0,

e Formal solution: A =000

W = 5 p? (%ewpa@m) FAR, Fs (O)UJ awp uJo (2 ) PR g5
1 RRVAN

ot (2) (9 - o)

* Parity-odd part of the Wigner function in momentum space:

TP p) = i eppok? 0" AP (k) jo (D) (k - 3p) [£s0 ()]

2p - k
J.H.Gao, QW, PLB 749 (2015) 542
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* Chiral Magnetic Conductivity: J.H.Gao, QW, PLB 749 (2015) 542

Jwto = [atp ( AV + D) = o (. 0B

(w +ie +t[p| = (w0 + [p])?
oy = /!plf(!pl) (2lp] + t) In | =
= T 2 (w+ ic+ tpl — (2~ p])?
* HTL/HDL results from Wigner function: w, k| < |p|
2
Oy @ @tk
oy(w, k) = 1-—5] 11— In
el = () o
(0) 1 M.Laine, JHEP 0510 (2005) 056;
— 2—7@#5 D.Kharzeev, H.Warringa, PRD80 (2009) 034028;
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Anomalous transport of charge: a gateway to the geometry of gauge
fields that defines the properties of QCD. It has broad implications
across many fields (condensed matter, astrophysics, cosmology, ...)

Experiment: established observations of charge-dependent hadron
correlations from STAR and ALICE. The theory community should
work with experimentalists to reliably interpret the data and extract
the physics from backgrounds!

Theory: goal is to use CME, CVE, CMW to extract the information
about topological contents of QGP. We need reliable theoretical tools
(Chiral Magneto-Hydro-Dynamics, CMHD, Chiral Kinetic Theory, ...)
and fully quantitative studies.



