Axial charge transports and dynamics
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« Motivation

« Axial charge transports

« Axial charge dynamics

 Axial charge evolution from stochastic hydrodynamics
 Summary




Chiral Magnetic/Separation Effect(CME/CSE)
j=CuseB Js = CueB

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

Chiral Vortical Effect(VCVE/ACVE)
1T 2 T 2
3

J=Cuspw js = C(u? + p2 + Yw

Vilenken, PRD 1980

Talks by X.N. Wang, F. Wang, Liao Erdmenger et al, JHEP 2009
Banerjee et al, JHEP 2011



(Non)renormalization of anomalous transports

j=CuseB + Cusuw Nonrenormalizable!
Son, Surowka, PRL 2009
2T2
js = CueB + C(u? + ué + 3 Jw Renormalizable by interaction
Hou, Liu, Ren, PRD 2012
a“j;‘ — CE-B+hbhRAR renormalizable transport suggested to

relate to gravitational anomaly

Landsteiner et al, PRL 2011



Renormalization of anomalous transport by mass

{5?3 }t’.t —

d

Ji =CE-B+bRAR+2imy>y

Renormalizable by mass(via interaction)

j5 — C‘LleB
aeBp 1 21 1 'I'TL%. 4 aeBm? 1 232 11
o3 \ M TR TS T Ty \ T T 12 Golbar et al, PRD (2013)
| Guo, SL, JHEP (2017)
. , 77,'2 2 2
Js = Cu” + ——t)w

3 2 Flachi, Fukushima, 1702.04753
SL, Yang, 1810.02979



CSE/ACVE for general mass

T 2¢% + m?2
ay _Z / (f(jf_|_ { —|‘f”f)Tf¢
q
:Z / dqf_(\[2 +m? ) SL, Yang, 1810.02979

can be derived intuitively from the mass-corrected anomaly equation

0,js = CE - B + 2imiy°1)

1 _
L)Mﬁ = —s5le 2E .- B)Ci(m. 3. ) — m

.—l.”

BeE -w)Coy(m, B, 1),

Fang, Pang, Q. Wang, X.N. Wang,

PRD 2016
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My = Mg ~ 0, mg = 100MeV.

50MeV < p < 200MeV 200MeV < T < 400MeV

mass correction to gz and oy within 1%.
But could be significant near chiral transition




Existing anomalous hydro studies

?;rj“ =0, Hirono, Hirano, Kharzeev (2014)
Oujt = —CE.B*", Jiang, Shi, Yin, Liao (2016), (2017)
j'” = nu" + kg B", Talk by Liao

S : 1 o
J5 =nsW +4B also chiral kinetic theory. Talk by Huang

initial condition for ng

us~100MeV

further evolution E-B =0

Ng = [ d3xns conserved



Fluctuation and dissipation of nc

q°N,
.‘Ll, _ = . T 5
Oujs = ~16n? FF 2imypy>yY

fluctuation and dissipation
exist throughout the evolution

Need to quantify their effects in hydrodynamic evolution!



Schematic evolution of axial charge

(Ns) = 0,(Ns*) # 0
N: stochastic variable

at late time

(Ns®) - xTV




Stochastic hydrodynamics for axial charge

( Ons + V- js = —2q,
Jj5 = —DVns +@ thermal fluctuation

o

nr
27¢s

L 4 = +‘ topological fluctuation
dissipation

N
atNS - __5

Tcs

(&, %) (1, X)) = Daso(t — )6 (x — X)),

(&t x)& (1 %)) = 20T6;;6(t — )67 (x — x').

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

latrakis, SL, Yin, JHEP 2015

coupling to vector current to
be incldued



topological noise vs thermal noise

topological noise
within fluid cell

between fluid cells

stochastic hydrodynamics include noises consistently



Covariant stochastic hydrodynamics

!" :u .
§ S =nsut — o TPV, (B2) + PPV¢
Js = N5l ( v\ T S
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<‘PI—“}£G(;F)P1 : 543(‘11’)> — PI‘LG PI : gf.h_%ng \/——(j
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(64(@)¢y(a")) = Tes (\/__j )
e | Einstein relations
(Preq ()& (2")) = 0.
X1
oc=xD. Tcs=
. T 2l

Apply to Bjorken flow




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)
o = BTOQ
roso = X0 ~ 2.3fm. Damping time scale at initial

temperature, comparable to QGP
evolution time. Damping important!



Nt evolution from 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))

At early time 7y, < 17, < T¢gg

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

as compared to ~ t In static
flow

At late time 1y K T¢s9 K T,

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

equilibrium limit



Estimate of uc from equilibrium 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



N: evolution from large Initial value

o} 2/3 T . 5\ 2/3 T
(4;\.75(,}_2)% _ <4;\T5(T1)2>e3(1_ (%) )(Tc!gﬂ) + /'d?fdeJ_QFDTDTCSD (1 . (:33(1_(?5) )(TC?:'D))

exponential decay of growth of fluctuation
Initial charge
o : Q2 (7P 1,70)V Neo
estimate of initial vV (n5(70)?) =~ 16i9b4 |
- Hoverlap

charge
1s(m0) =~ 35MeV

two terms become comparable 7, ~ 6.4fm for 70 — 80%

T, = 12.5fm for 0 — 5%

T, — 00, reach equilibrium, independent of initial condition



CME from axial charge in equilibrium limit

j = C.useB Axial charge induced electric charge dipole.
No backreaction

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 = BD(_._—T,/TB

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

Cooper-Frye freezeout

Q)
(2m)? .

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

yl <1 [n] <2



CME from stochastic hydrodynamics

10%(cos(Pa+Pps-2¥rp))
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background

STAR, PRC (2010)

momentum/charge conservation background not
iIncluded, signal less than measured correlation

Liang, SL, Yan, in preparation



ne evolution from vanishing initial value

; dky, . 7 _ :
/dzal (Tons (1o, m, 21 )Tons(T2,0)) = xoToTo / 2—”6_”‘”"’? (1 —e 2(C+bh§)\T:T1)

T

_ o—n?/(8b)
= xolo70 | (1) _ o2t =, | -
J 24/ 27mh

localized in
rapidity

’

from topological
fluctuation

Can be used to calculate pseudo-rapidity dependence of CME



Rapidity-dependence of CME signal

Centrality 30-40% (n=1.67)
10% (cos(Pa+Pp-2WRp ) * oppo model rescaled

01f > oppo model

*  same model rescaled
same model
rapidity independent background

—i— same exp

Au-Au 200GeV —*— oppo exp
STAR, PRC (2010)

momentum/charge conservation background not
included, signal less than measured correlation

Liang, SL, Yan, in preparation



Summary

 Axial charge transports renormalizable by mass and interaction.
« Mass correction negligible for HIC phenomenology.
 Axial charge Is stochastic.

« Use stochastic hydrodynamics to include topological noise and
thermal noise. Damping important for axial charge.

 Axial charge fluctuation at thermal equilibrium may provide a
reasonable estimate for CME.



Measurement of CME from electric
charge correlation

.
- T % 200 GeV AutAu j= Nells g
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> N - | Chiral imbalance characterized by
o~ D Opposite Sign: a=-p .. .
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Same electric charge correlation enhanced
than opposite electric charge correlation due
to CME
STAR collaboration, PRL (2014),
1404.1433



Measurement of CVE from baryon
charge correlation
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Same baryon charge correlation enhanced
than opposite baryon charge correlation due
to CVE

Liwen Wen (STAR), RHIC AGS meeting
2015

Nepsp

JB = o

(Ns) = 0,{Ns*) # 0

CVE also from fluctuation of ng

More appropriate quantity
n5?



Sources of axial charge generation

g°Ny
U ~ T, 5
Oujs = % 82 trGG + 2imyy>y

Weyl Semi-metal

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




Successful frameworks

Hydrodynamics (axial charge)

Son, Surowka, PRL (2009)
Neiman, Oz, JHEP (2011)
Landsteiner et al, PRL (2011)

Chiral kinetic theory (Berry curvature)

Son, Yamamoto, PRL (2012)
Stephanov, Yin, PRL (2012)

Gao, Liang, Pu, Q. Wang, X.-N.
Wang, PRL (2012), (2013), PRD
(2014)

Huang, Guo, Jiang, Liao, Zhuang
(2017)



