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Outline

>Motivation
about anomalous transport: features & relevance
simple cartoon for CME & its phenomenology

>CME in linear response
charge conservation and axial anomaly
nontrivial properties of the static limit

>Non-static response functions
anomaly ruled current vs. absent response
some details of the nonstatic calculation
examples of static us (B) and arbitrary B (us)
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Overview
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Electric transport in chiral medium

J :UE+CA,LL5B

Js = #ppusE+ CauB

Consistent with Chern-Simons electrodynamics:
1 Ca

L=~ F"E,, - A, ——HF“’/FW Pt =(M,P) = 0"0
2

VxB-3E= J+CA(MB P x E) J— 26 (—0)B

V-E:p+CAP-B ™

see: Kharzeev aX:094413715



Simple picture of CME

chiral fermions in,
n ps 7 0

(+ opposite charge)
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See: Kharzeev, Stephanov, Yee, PRD 95, 057901 (2016)
CME = collective motion of vacuum particles with arbitrarily large momeritum

JoME =



How to measure CME in HIC?

What signs to look for?

» charge separation — dipole asymmetry in productlon

" Au+Au'200 GeV '

l " AusAu200Gev | | 8
‘ "opposite charge |

({cos(9,+0 u—zw )

0
% Most central

» CMW — Cu+Au coll. (quadrupole moment of charge distr.)

wwwwwww

see: Burnier, Liao, Kharzeev, Yee PRL 107, 052303 (2011), :- )
Huang & Liao, PRL 110, 232302 (2013) ““_C'; L "'i » = 5
E s oyt

+ -

> other things:

CSL (“chiral soliton lattice” nonzero quark masses — anoumalous Hall current & B—Omega coupling;

K. Nishimura, aX:1711.02190

transition radiation as a probe of chiral anomaly — circularly polarized photons at given angle to the jet direction
Tuchin PRL 121, 182301 (2018)

from experimental POV: background... .



Anomaly in QED

U(1) vector current: JH = U~yH

U(1) axialvector current: JE = U HAy° U

1

0,J" =0 Ot = —
—

——€apy s OV

fermions coupled to gauge fields:

v¥ maintaining gauge invariance
— costs the anomalous divergence of the axial current
v the anomaly comes from the UV behaviour of the fermionic propagator
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Anomalous conductivities

> static (« steady state) current: universal
— given by the anomaly (1-loop)
— no further quantum corrections!

(U W)
> BUT relaxation dynamics: s,
Ops
NPT Q2 , M5
> approximation: linear response .
— microscopic dynamics is not effected 75
by the extarnal fields
— gradient corrections to hydrodynamic fields
q1 + qz, W q1, V
(U TT~P S ATV U) |

s o5 =0



Linear response

S(T1) (T 4 (T T s + TV TV )AS + (T3 ASY, +
H(TETOTO) e+ (TETO TV A 4 (JH TV TPYASE A 4 (T JO T s +
F(UTY T AT s+ (JHTOT) A, + (TR JE) AT ASS, + (MG T sps +

(TG IS Vs ASS, + (JHJ5 ) ASS, AR,

O(JE) ~(JE TV e+ (JE T s 4 (JETVYASE + (JETY)AES, +
A(JETO T g A (TETO TV ) AT 4 (TE TV TP) AT AT 4 (TETOT5) s +
H(JE TV IS AT s+ (JE TP TR ) A, 4+ (JE TV TD) AT ASS, + (T8 T8 I3 ) s s +
(IS TS TS s ASS, + (JE T3 JE) ASS ASS,
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Linear response p="0E=0, A5 =0
O(TH) AT TP +

v ext
(T ¥ J9) AT s |- (S ISHITIATS, + (J M [ IAAT AT,

/ only gradient corr. ~ V5
v t
6(J5) ~ (I T s +(JLIAS, +

LIS LI (TTT P42 +

H(JE TR TS ) s s

AT, + (S LI AT,
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AVV triangle

. v 2622 ) ' K
160G vy (a1, ¢2) = 9 /tT{W’MZGC(P + @1+ @) iG (p + @) iGA (p)+
p

+HIGE (p + g1 + @)V iGE (p + 1)V iGA (p)+
+HiGE(p + 1 + @)Y iGE (p + q1)v G (p)+

+HiGY (p + q1 + q2)7v iG (p + q2)7*7*iGC (p)+

oo

GR/A( ): /dw p(wap) R C A
27 po — w £ i0F +*5GE (p + 1 + @2)7iGC (p + ¢2) "y iGA (p)+

— 00

G2/ (p) = p(p) { —nrp(po/T)

L —nroo/D | 7GR (p + @1 + @) iGE (p + ¢2)7° G (p) }

6111/22 _ (;12 + (;21

S+ (G +GY)

— {same terms with m=M>>
" =1~ 2neplp/T)) ele) all other scales}
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AVV triangle

q1v - 0GY vy (q1,q2) = 0
0-J=0

(q1 Q2)M - 0G (g1,92) =0

62

q2p - 5GZL{/VV (QIa QZ) — _Z._QGILWPUQIJQQp

:I]: 2T

0-Js =CuE-B

iG™ (p + ) qu TG (p)
iGY (p+ @) TG4 (p)
iGR 4 (p+ q)q, TG (p)

G p+q) - G (p) (1) invari
GC(p + q) U(1) Invariance
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Limiting cases

§(T1) = / / A% (g1) s (42)i6G2, (g1, g2) i (@7+aR)
qi Y g2

S(JHY = — /d4y /d@zA,‘iXt (Y) s (2)i6GHY (x — y, x — 2)

qi0 Or qo9 — O setting external fields constant in time

qi; or qo — 0 setting external fields homogeneous

13/31



Limiting cases — static point

62

q2 — 0 percedes go9g — 0 ANOMALY J= 5B
u first set to homogeneous

1
qi0 — 0O lastly: 3 x ANOMALY

g20 — 0 percedes q2 — 0
u; first set to time independent

See: Hou, Hui, Ren, JHEP 5, 46 (2011); Wu, Hou, Ren, Phys. Rev. D 96, 09601432017)



Limiting cases —absent current

0 0ij

— i5G =
aqlkz AVV
62 i 8 A . 8
13 ptr {’Y 7 (—8—mG (po,p)> vja—G (po, P)+ — only m=0 contributes
5 g (or small m)
1.5 R J
=9 (=5 -G"(po,p) | 7' 5 =G (po, p)+
Opo Opk

i A — fermionic interactions
7 g O B0 P)Y <_8_poG bo-p > - can change it!

(9
#9177 5 G, B (-G (o) ) | (1= 20(0m) | 2G4
Opy, op 62/131’ {7275GA( )Y’ 5 (v >}(—2n/(P0))
— {same with m = M > all other scales} + p Pk

e? 9 . .
t5 ) {72759144(190,1;)) V"G (po, P)Y! 5 Gy (po, P) + — contribution from the
Pr regulator term only
| 0
— 77" 93 (Po. P)Y° GAr (po, P)Y o — G (po, P)+ o _
5 — fermionic interactions
+79'7° 931 (Po. P) aka 21(Po, P)Y G2 (po, P)Y°+ could not change it!

1) .
—v'v° g3 (po, P) =— o0 G (po, P)Y G151 (po, p)vo} (1—2n(py)) =

A
[ {6 on SR g )1 - 20m)
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Limiting cases — constant u;

us is set first constant then homogeneous

B can be set to homogeneous with still non-trivial time-dependence
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Limiting cases — constant u;

us is set first constant then homogeneous

B can be set to homogeneous with still non-trivial time-dependence

o

J' = s /dTEi(t + 7, (h)ﬁ {o(7)+

— 00

9 ( 9 (Sin(qlT)) TFl(TT)) ~sin(qi7)

_40(—
(=7) [87‘ ot Q1T q% Q1T

TFQ(TT)] }

B'(0) — 4 / drB'(t + )T F5(7T)

F3(x)
- q1—0 62#5
" oor2

05F
04

0.35— . .
There is an instantaneous response
(regulator terms!)

0.2}

0.1
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Limiting cases — constant u;

Magnetic field is homogeneous but time-dependent

Retardation is more pronounced for smaller temperatures

J J
us - B(0) - Cy s - B(0) - Cy

T = 5.0, 2.0, 1.0, 0.5, 0.1

18/31



Limiting cases — constant B
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Limiting cases — constant B

0@

~ 2 : —T in(gor
Ti(t, ) = / drfis (t + 7, 42) 5 — {BZ (5(7)+ o . ) [q2 sin(goT) — ;)T (S ;fj )) f(TT)] +
¥ +(B-€15)q?9(;) [CJQ sin(ga7) + ;T (Sinq(ij>> f(TT)]}
i e” i 5 2 i =0
J(t,r):ﬁ{B ,u5(t,r)—§B us(t,r) + =

1 AN w . .
H— [&°r [dr' | (FOfus(t —r',r+ 1)) (B + Bj )+
8T ,
0

t_ / Y t /
_(81M5(t—7“/,1‘—|—1'/)—|—'u5( 7“,I'—|—I') M5(7r+r)>(B

, i—3Bﬁr,+
/ra 9

H(Owps(t — 1, +2") f(r'T) — ps(t — ', x + )T f'(r'T)) (B* — Bﬁ,r’)J l}
>0
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— constant B

imiting cases

L
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For a centered source: |5 (r7 t)
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Perspectives

practical expression, suitable for implementation
(maybe high T expansion?)

realistic sources of n; from QCD:

— stochastic generation of axial charge

>Other plans to improve
finite lifetime effects, effects of interaction on the
nonstatic response (cf. energy loss of partons)
transport coefficients by grad. expansion - MHD use

>higher loop non-static contributions?
— see: Feng, Hou, Ren, Phys. Rev. D 99, 036010 (2019)
—also talk by Hui Liu
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Take home message

»Order of limits matters!

— different order of limits correspond to regimes
dominated by different scales

—> constant u; corresponds to the absence of the current
means: CME is a nonequilibrium phenomenon

»Retardation matters!

—> corrections to the static anomaly current
— sizable delay in response on low-T
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Thank you For listening!

Questions? Comments?

miklos.horvath@mail.ccnu.edu.cn
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Backup
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AVV triangle

010Gy (g1, q2) = iIG(p+ q)q-TviG(p) = Gp+q) — G(p)

- 92
1€ . ]
== tr{v“zGC(p + g1+ @)V G (p+ q1) — G (p+ ¢ + @)Y G (p)
D

+G (p+ @1 + @)V GC (p 4+ @)+
G (p + g1 + ¢2)7"° G (p)+
+HGC (p+ @1 + @) IG (p)+
—"iGY (p + q2)v"7%iG* (p)+

G (p + @1 + ¢2)7*7°iGC (p) — Y*iGE(p + ¢2)7v* 7 iGE (p) }

— {same terms with m=M>>all other scales}
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AVV triangle

010Gy (1, q2) = iG(p+q)q-TviG(p) = G(p+ q) — G(p)

ie? , ‘
== /tr YiG (p+ q1 + Q2)7075GA(p + gl HiGC (p+ q1 + 92)7pW5GA(p)
p

VG (p 4+ a1+ @2)7" VG (p+ a1+
TG (p + @1 + 42)7°7° G (p)

GO (p+ @1 + @)Y iG (p)
VG (p + ¢2)v" %G (p)+

VG (p + 1 + g2)7" 7 iGC (p) |- v*1GR (p + g2)v* G (p) }

— {same terms with m=M>>all other scales}
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AVV triangle

G(p)y’ +7v°G(p) =7v9(p)

ie?

G2p - 0GOV (01, q2) = ——

|,

G(p+q1 + q2)
A

tr{v“”y‘%iﬁc(p +q1 + Q2)¢2iGA(p + Q1)7inA(p)‘|‘

~G(p+q1)
A

G (p + qu + 42)d,iGC (p + a1 )" iG (p) +

1
CR(p+ 41 1 42) — G (p + 1)
Ap g1 + g2 pPTq

"G (p + g1 + ¢2)4,iG" (0 + 1)y iGA (p)+

j\GA(p +q2) — G*(p)

+yP G (p + a1 + g2)7" G (b + 42)4,iGC (p)+

G+ )

P iGE (D + g1 + ¢2)771GE (b + g2)d,iG (p)+

~G%(p)

+BiGR (p+ g1 4 q2) 7y iGE (p + q2)¢,iG (p) }

—{m =M > q, q2; g(p) # 0}

\

72
€
- vVpo
Q = 7/27_‘_2 e""P d1092p
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AVV triangle G +7°G(p) = 9(p)

2
—@Q = 5 /tr{*y“f’(l — 2npp(po/T)) [
b
- R - YR v R - YR v:R - R
ign (P + @1+ q2)4,iGy (P + @1)7"iG N (p) + Gy (p + a1 + @2)7"iG N (p + 42)d., 190 (P)+

g0+ 01+ a2)d, G (p + 0V G () + G (b + @1+ @) iGH (p + q2>q2fzg;<‘4<p>] }:

~ie? (—8iM*)e" 7 q1,qa, /(1 —2npp(po/T))

1 1
(po +i0+)2 —p2 = M2]> [(p — i0+)2 — p? — MQ]S]

P
4e2 3 ! 2 .
= — P go,2mi | = [d -1 M|
3 € d1042p 4T 80/ y(yz + 1 5/2 NLIS)OZ/ (2n+1)27r2 + 1+y )3
Mooo .82 3 1 1 € oo
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Limiting cases —absent current

= [afarrat o CT O ooy 4 [ vtPemns PG o - ) =0

2A =

Opk v Opk,

=:A

—00 0 0 —00
%2 [ . [ 9 1 22 [ [ 3(po — p) — 3(po + )
o 47,314 d 2 d / . "I,_]k? /d 2 /d " 0 0 _
—5 ¢ O pp / pon <p0)8p0 (o072 12 ¢ O pp pon” (po) o
2 Y 2 = 2
€ ijk _ € ik & ik
= S [apon'(p) = S [apn'(p) = — e,
0 0
9¢2 7 T . 2p" (p + M) 2M
= A7 [ dpo(1 — 2n dptr { v~ (p + M)A [ AF — : _
167T pO( (pO)) / P {’7 v (p )7 <’7 (p() — ZO+)2 _p2 — ]\/[2 [(po B ’L'O+)2 —p2 _ M2]3
2 M2p*(1 — 2n(py)) v [ [ M%2(1—2n(p))
:_ d /d tr .50 k ___ mk/d /d _
— /po T R———yE {7V v°7"77"} _ poo TR ——T
—2 ejk —2A
T
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Limiting cases — constant B

Oal 2 7 00 1
ag leBl - 6—2 /dposgn(po 1 — Qn po /dp5 p — m? dx
q1k T J

— 0

21
o Bﬁw(poCIzo + qapr + (22 + 1)p?) + LZC (poq20 4 (1 2x ) )
Oz (po + qoo +107)2 — p2 — @2 — 2qapx —

2
' p

+B , }
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