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Outline

>Phenomenology
currents in the QGP
CME, CSE, CESE, CVE...
possible ways to measure

>What's anomalous?
origin of chiral imbalance
universality of the static CME conductivity
hydrodynamic descr. of chiral medium

>What theory predicts
linear response computation
non-static setup for the CME conductivity



Transport in chiral medium: CME

see: arXiv 1511.04050
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Transport in chiral medium

chiral imbalance!




Transport in chiral medium: CSE
see: arXiv 1511.04050
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Transport in chiral medium: CSE
see: arXiv 1511.04050




Transport in chiral medium: CESE
see: arXiv 1511.04050
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Transport in chiral medium: CVE
see: arXiv 1511.04050

(s) ~w BUT charge-blind!



Discrete symmetries of currents

—
|

ol O O'5B




Discrete symmetries of currents

—
|

ol O O'5B




Discrete symmetries of currents

J5 — ocE 5:5]3

odd x odd even X even
even X even odd X odd




Transport in chiral medium

J :O'E—I—CA/L5B

J5 = #ppusE+ CauB




Transport in chiral medium

J=0E + o8B

J5 = #ppusE+ CauB

Nfe 1
82 2

d
P = s Qs_%CA/E-Bé/J-E:%/E-B:P
Vv vV Vv

conductivity is fixed by the chiral anomaly! OuJ5 = ~€apys FOP Y

dt



Simple way to anomaly

chiral fermions in 1+1D,
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chiral fermions in 1+1D,

eB L2

= (141D res.) x




How to measure CME in HIC?
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How to measure CME in HIC?

expectation: charge-dipole _| to the reaction plane

dAN=*

Yap = (€os(@; + @; — 2¥YRP))ap

BUT: (ai)=0  SO:
Oap = (cO8(Pi — ¢j))ap

ALSO background subtraction needed!

o>KE = F §=F+H
YPHKE = ko v = kvl — H



How to measure CME in HIC?

Kharzeev etal.
arXiv: 1511.04050
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How to measure CME in HIC?

Liao etal.
arXiv: 1611.04586
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Anomalous hydrodynamics

wo_
JH = nut + v* duJ" =0
Ty = (e + P)u"u” + Pp” sty = st = PT_ —u



Anomalous hydrodynamics

TH =T} + 7 T = F,\J»
J“:nu“—ky'“ aluj’u:()
uy U ), € + P — un
T4 = (e + P)u"u” + Pnt st 1= sut = = ut
v Muu =0 transverse conditions:
T”Vuu — ", = 0 no energy flow in the rest frame! (Landau)

Ensure positive entropy production:

X Jh 2, GH (ﬁ)
Oy (su“ — ﬁy“‘) = —vH0 (ﬁ) + =7""0,u, >0 T
b VT < g I THY L gl + oY ut

—:8sH

—— introduction of diffusion const. & viscosities!



Anomalous hydrodynamics

OuTly,, = +CE’B,

vt = —o T PFY0, (T) +oBEF+EwH + Eg B

L
—V
T

F4 Dwt 4+ D B"

— oM
=S5y

Son: PRL 103, 191601 (2009)

doubling density:
L & R chirality

additional terms to currents:
coupling to B and w



Anomalous hydrodynamics

Son: PRL 103, 191601 (2009)

(‘9 J* = 4+CEP B doubling density:
HER/L L & R chirality
v = —cTPHY0, ( ) +oEH 4wt + Eg BY
T additional terms to currents:
o — gyt %V“—I—Dw” + DpB* coupling to B and w
:Sfj‘
No additional entropy generation! O S,LL — 0
(for P-odd and T-even transport coefficients) HEA T

B 2 nu B 1 nu?
§_C<“ 3€+P> 53_6( 3€+P>



Anomalous hydrodynamics

Liao etal.
arXiv: 1611.04586
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Anomalous hydrodynamics

Liao etal.
arXiv: 1611.04586

4} Au+Au 200 GeV

] 1} STAR

Centrality



Anomaly in QFT

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

U(1) axialvector current: J5“ = @7“75\11
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Anomaly in QFT

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

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



Linear response iN QFT .. coviun s pays 45, 47001 2012

arXiv: 1205.5040

perturbation in (ax:al)vector current
/ dr / d*xJfy) (1, %) AP (7, x)

change of avr. current to linear order in the strength A(V5)

o0 K L _
S(JH) ~ A, (w, k) /d~ Py (©:K) s Ay (k = 0Ylim P22k =0)
(W — w + 1€)? —0 W /
—© e—0 o2

R

Py = ([J"(w, k), J"(z = 0)])



Anomalous currents

S(TW ~ TV Aj ~ (U WU W) ~ FY By + pusFy? By + O(12, 112)

S(JEY ~ (JETIYV A ~ (T P UTAI) ~ 115G By 4 pGY By + O(1?, 12)

0
: Opi(s)
(UAHUUAYT) (UAH TP (42 )BT~ ) |

s o5 =0



Anomalous currents — formulas: Work in progress!!!

q1 T q2 4 is
I Useful for:
75 v/ time dependent & inhomogenous external fields
(the anomaly does not fix the conductivity uniquely)
v finite temperature effects in non-static setup
qi, K q2, V

AM (q1,q2) = % / tr {v*p(p + @)Y’ p(p — @)v"p(p) } (n(po + q10) — n(Po — g20))+

—% /Ptl‘ (v (iG"*(P) +iG*(P)) '’ p(P — a1 — ¢2)7*p(P — q1)(n(Po — q1o — q20) — n(Py))+

_§ /ptr (v p(P+q + q2)7°° (iGR(P) + iGA(P)) Y o(P + q2)(n(Fo + qi0 + q20) — n(Fo))+

+{p v, (< ¢}



Anomalous currents — formulas: Work in progress!!!

q1 + Q2 4 us

~

5

q1, W

A (q1,q2) =

Useful for:

v/ time dependent & inhomogenous external fields
(the anomaly does not fix the conductivity uniquely)

v finite temperature effects in non-static setup

q2, V

tr {v*p(p + @)Y’ p(p — @)v"p(p) } (n(po + q10) — n(Po — g20))+

—% /Ptl‘ (v (iG"*(P) +iG*(P)) '’ p(P — a1 — ¢2)7*p(P — q1)(n(Po — q1o — q20) — n(Py))+

_§ /ptr (v p(P+q + q2)7°° (iGR(P) + iGA(P)) Y o(P + q2)(n(Fo + qi0 + q20) — n(Fo))+

+{p v, &g}

Some properties:
these terms are subleading for small g, & q,

for CME, only this term survives in the homogenous limit




Take-aways

>We have learned about:
a peculiar sign of chiral symmetry restoration
possible signals to identify anomalous chir. eff.

out-of-equilibrium description still poses challenge
life isn’t that easy for theorists either

>Needed:

realistic simulations based on microscopic prop.
(meaning further work, in progress!)



Thank you For listening!

Questions? Comments?

miklos.horvath@mail.ccnu.edu.cn
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