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Experimental signature of anomalous effect

Chiral Magnetic Effect (CME)
j=CuseB

Kharzeev, Zhitnitsky, NPA 2007
Kharzeev, McLerran, Warringa, NPA 2008
Metlitski, Zhitnitsky, PRD 2005

Chiral Vortical Effect (CVE)

X (dotea ¥, J=Cusuw

Talks by H. Huang, Ko, F. Wang et al

Vilenken, PRD 1980
Erdmenger et al, JHEP 2009
Banerjee et al, JHEP 2011



Why are we excited about anomalous effect?

J=CuseB J=Cuspw

Uz characterizes chiral imbalance, originates from topological fluctuations in QCD
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Axial charge Is stochastic

Chiral imbalance generated by fluctuation: Ns not a thermodynamic quantity

(Ns) = 0,(Ns*) # 0 us effective chemical potential
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N: stochastic!

schematic behavior of N¢
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How should we quantify pc

Initial generation

s < 100MeV

Fukushima, Kharzeev, Warringa (2010)
Hirono, Hirano, Kharzeev (2014)

Jiang, Shi, Yin, Liao (2016), (2017) 2 2N
Mace, Schlichting, Venugopalan (2016) 0 q Ve FF — g

N = . T
Ws = =Tz 5 trGG + 2imyy >y

further evolution: current studies assume d,j& = 0

FF =0inHIC
trGG and 2imypy >y can both change N:: fluctuation and dissipation exist at all stages!



Gluonic fluctuation and dissipation of Nt In

equilibrium
(ANg*), xTV
Relaxation
sVt (dissipation)
/ N
Generatlon 0 20 40 : 60 80 100
(fluctuation) gz Nf

0, js = — trGG + 2imyy>y

812
['cs: rate of topological fluctuation (Chern-Simon diffusion) Arnold, Moore, Yaffe et al 90s

Tes = %: relaxation time scale for Ns Rubakov, Shaposhinikov (1996)
CS



What about fluctuation and dissipation from
mass term?

7 gsz ~ . T g
Oujs = — 372 trGG + 2imyy>yY Hou, SL, PRD 2018
n Guo, SL, PRD 2016

Power counting: w~gT

assume current mass: m~gT

iTy, T
w

ImGR ~

,aSw—0

Random walk behavior with 1, ~ [}.013;;32;;:? ms: thermal mass



Quark fluctuation and dissipation of Nt In

equilibrium
xTV
Relaxation
4LVt (dissipation)
/ N
Generatlon 0 20 40 : 60 80 100
(fluctuation) . 2 Nf 3 o
0ufs = =5 trGG + 2imy i)

[},,: rate of mass diffusion

T . .
= 2 relaxation time scale for Nz

T
m - ar,

Hou, SL, PRD 2018
Guo, SL, PRD 2016



Gluonic fluctuation vs Quark fluctuation

weak coupling results

Tos ~ 30027 Moore, Tassler JHEP 2011
T, ~ 0.013;;39;3@, Hou, SL, PRD 2018
For T =350MeV and a; = 0.3, Ixs > I}, Gluonic fluctuation dominates
xT . L
Tes = 5han— = 0.8fm N: relaxation significant
2NATes
1

Tcs™ _NfT



Add Fluc/Diss to anomalous hydrodynamics

ﬂ.tfj” =0, Hirono, Hirano, Kharzeev (2014)
8,jt = —CE,, B*, Jiang, Shi, Yin, Liao (2016), (2017)
J¥ = nut + kpB*, Talk by Shi

ji = nsut + {pB*,

Fluctuation generates stochastic ng, dissipation drives ng to equilibrium

Hydro: near equilibrium dynamics, use equilibrium fluc/diss in hydro



Stochastic hydrodynamics for nc

r -
s + V- js = —2q.
js = —DVns +@ thermal fluctuation latrakis, SL, Yin, JHEP 2015

| ¢ ={52)+E€;) topological fluctuation

o

coupling to vector current:
Huang, Liao, Lin in preparation

dissipation
Ns
O;Ne = ———
ti's5 Tes
(&, %) (1, X)) = Daso(t — )6 (x — X)), Einstein relations
(&t x)&5(t. X)) = 20T6;;6(t — )8 (x — x). c=xD, Tos= QI}I:T
Tcs

(&t x)&, (X)) = 0.



Topological noise vs Thermal noise

Topological noise Thermal noise
within fluid cell between fluid cells

unique to nc exists for ng and n



Example: axial charge dynamics in static fluid

Can(t, x) = ([ns5(t, x) — n5(0,x)][n5(t, 0) —n5(0,0)])

_2t _|x?
Con(t,x) = ¥T[53(x) — se Tcs 8Dt]
(8wDt)2
within cell across cells
Early time t < 7.5 Con(t, x) = 4Tc5t53(x) random walk growth

Late time t > 1. Con(t,x) = ¥T63(x) thermodynamic limit



Covariant stochastic hydrodynamics

4
V!_L-]_él —_ _2q.
¢ J =nsut — TPV, (HT) + PHve,,. SL, Yan, Liang, PRC 2018

. nx I
. 4= 2TCs Jf‘-_,(}-

0% (o — a')

<pﬂ0"£'a_(;rjpv'ﬁ&';-_:;(;P’)) = P‘u&PV'S."JQ;BQUT
. | —q

<p,i£o(-£-a (LI?)&(I (;1?!» —0.

Apply to Bjorken flow



N: dynamics in Bjorken: vanishing initial value

7 = 19 and Nx5(71) = 0.

N 2/3 _
<(£\‘T5(T2)2)> = /ff'F}fEQ;I.'fLQFOTUTCSU (1 — (->3(1_(%) )(TC[;U))

Early time To K Ty K Teso

: 2/3
<(*?\'T5(TQ)2)> = /{.'g'!]{fg;'r,f_ﬁr'DTg ((Tz) . 1) — T22/3

compared to ~ t in static flow

Late time 7y < Tegp K T

<(N5(T2)E)> - / dnd?x ) 2T gTomcs0 = / rodnd*zy x0Ty ~ XTV

thermodynamic limit



N: dynamics in Bjorken: large Initial value

N2/3\ /. _ oN2/3) [/ .
(f\r_g['rg)g) = <4?\T5(T1)2>(;33(1_ (%) )(TC%D) — [f.‘hf(f-g::_'TJ_QFDTDTQSQ (1 — (:::3(]_—(1_—3) )(TC?J'D))

exponential decay of growth of fluctuation
Initial charge

 Qu(mpipe™0) VNeol

estimate of initial charge Vv (n5(10)2) =~ 5
167 f:ln:werla,p

1s(m0) =~ 35MeV Jiang, Shi, Yin, Liao (2016)

two terms become comparable ¢, ~ 3.2fm for 70 — 80%

7, = 6.3fm for 0 — 5%

Late time: thermodynamic limit, independent of initial condition



Estimate of ug from thermodynamic limit

1/2 .
Ny ~ ( / ff‘i'jf.'fg.'r_QT{]TDTC.‘-SD> = (7R 2*ﬁl"FQTOTDT*C-‘-Sfil)1JI2
N
[y = . :
T R27Any

Centrality 70-80% 60-70% 50-60% 40-50% 30-40% 20-30% 10-20% 5-10% 0-5%

s (MeV) 13.1 10.6 8.84 7.63 6.70 5.94 5.26 478 444

Fluctuation significant in small volume



CME from ncg Iin thermodynamic limit

j=CepseB Axial charge induced electric charge dipole.

Centrality 70-80Y% 60-70% 50-60% 40-50% 30-40% 20-30% 10-20Y% 5-10% 0-5%

epte(MeV) 7.40 4.85 3.40 2.53 1.95 1.53 1.20 1.00  0.86

B = Bye /™8 B field uncertainty: talks by Ma, K. Xu

eBg = 10:}?3 and 78 = 3fm

Cooper-Frye freezeout

Q)

SN =
T eme,

[ffy /mif‘:’m_’rfrf'f;ffg.'r_ cosh(n —y)e™ "+ mSh[”_y}foﬂ"””for‘I;fE

yl <1 [n] <2



CME from stochastic hydrodynamics

10%(cos(Pa+Pps-2¥rp))

0.2¢ A ¢ same model
0.1} . ..
g A D5 Centrality oppo model
015_;10:20.30 40 ~ 50 © 60
T ® . A same exp
-0.2; 4
o A @
-0.3; N . L Oppo exp
-0.4"
-0.5 A ) background

Au-Au 200GeV
STAR, PRC (2010)

 background from v12 from hydro
« background from momentum/charge conservation not included
« signal less than measured correlation

Liang, SL, Yan, in preparation



ns dynamics in Bjorken: vanishing initial value

; Iy . : ,
/dzfil (Tans (2,1, 21 )Tans(72,0)) = x0T 7o / {_2—”6_#‘"’” (1 — 6_2(C+M“'2?)\r:,—1)

T

. . Q_??Z/(Sb)
- XUTOTO (‘:’Z(U) — € - Zm ‘T:Tl .

localized Iin
rapidity

’

from topological
fluctuation

can be used to calculate pseudo-rapidity dependence of CME signal



Summary&Outlook

 Axial charge dynamics includes fluctuation and dissipation.
 Gluonic fluctuation (topological) >> quark fluctuation (mass)

 Stochastic hydrodynamics: near equilibrium hydrodynamics with
equilibrium noises.

 Stochastic hydrodynamics in Bjorken flow: damping effect significant. Axial
charge in thermodynamic limit may be a reasonable approximation for
CME.

* More realistic stochastic hydrodynamics for axial/vector charge

 Fluctuations/dissipation away from equilibrium: applicable to hydro and
possibly chiral kinetic theory



Thank you!



Choice of parameters in Bjorken flow

N\ -1/3 N\ 1/3 .\ —4/3
I
I' =Ty (j) , TCs = (j) Tcso,  L'as =T (___)
0 0 0

0 = 0.6fm, Ty = 350MeV, 'y = 30(1?1}? as = 0.3.

Moore and Tassler, JHEP (2011)

xo = 375
xT L i
Tes = 5o < 0.8fm Damping time scale at initial
2NPTes

temperature, comparable to QGP
evolution time. Damping important!



Sources of axial charge generation

9]

2
. 9N . =
It]ét = — o2 trGG + Zmupysl/)

Weyl Semi-metal

Li, Kharzeev et al
Nature. Phys. (2016)




y correlator

12 (AnAg)
16 (No)(N3)

YaB = (v? cos2(U, — ¥rp)) — = (v?cos2(¥; — Upp)) — Uaf.

v1? background CME

v1?% background calculated from viscous hydro with
fluctuating initial condition
CME calculated from stochastic hydrodynamics



