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The CME

[Kharzeev, McLarren, Warringa],
[Fukushima, Kharzeeyv, Warringa]
[Newman, Son]
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[parity violating currents: Vilenkin ‘80, Giovannini, Shaposhnikov ‘98, Alekseev, Chaianov, Frohlich ‘98]
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The CVE

[Banerjee et al, Erdmenger et al.]
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[Vilenkin ‘80, CVE Kharzeev&Son ‘10, Keren-Zur&0Oz ‘11]
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Net chirality

9 a TV
@ topological charge (uw = 30,2 /d4$ S
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@ axial anomaly (QCD) 9,7t = 2m (¢ rivsibs)
@ topologically non trivial gauge field

o effective: axial chemical potential MU5«— AQ5 =2N,Q),,
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Kubo formulae

@ Anomaly related conductivities

=

@ Kubo formula, general symmetry group

T4, T5] = ifAPTC
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Kubo formulae

N
@ chiral fermions JA = AT W P
f,9=1

@ chemical potentials and Cartan generators

Ha=gqho’ , w = qhpa
A
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Kubo formulae

N
@ chiral fermions JA = AT W P
f,9=1

@ chemical potentials and Cartan generators
Ha=gqho’ , w = qhpa
A

@ 1-loop graph

Anomalycoeff
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oaB = g3 ) tr (TH{T H°}) po = W“C
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Kubo formulae

uge
Ay pure gaug
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Kubo formulae

@ Tyuv sourced by metric

ds? = —(1 — 2®)dt? + 24,dtdZ + (1 + 2®)dz?

@ A4 "gravitomagnetic field” -> chiral gravitomagnetic

effect - 4
Jie= Ung

@ chiral vortical effect: fluid velocities

ut = (1,0,0’0) Uy = (—l,gg) Jz == oveijkﬁjuk

4 )
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Kubo formulae

® as before: general symmetry group
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Kubo formulae

® as before: general symmetry group

Integration constant -> gravitational anomaly!
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Kubo formulae
A pure gauge

Ta
~ tr (Ts)

Juv e

"Mixed gauge gravitational anomaly”




Anomalous Transport
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Chiral Anomalies

« Hydrodynamics: fixed by “entropic principle”
(except T"2 terms)

[Son,Surowka] [Neimann, Oz] [Loganayagam]
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! !

O(2) in derivatives! O(4) in derivatives!

Mismatch in derivative counting
for gravitational anomaly ! ?7?

[Jensen, Loganayagam, Yarom]
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String Theory as spherical cow of sQGP
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String Theory as spherical cow of sQGP
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Holography

[Newman], [Banerjee et al.], [Erdmenger et al.] [Yee] [Rebhan, Schmitt, Stricker] [Khalaydzyan,
Kirsch], [Hoyos, Nishioka, OBannon]

@ mixed gauge gravitational Chern Simons term
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Holography

@ Holography (String Theory):
5 dim gravity (Anti de Sitter) dual to strongly coupled quantum
field theory

@ background: charged AdS black hole

3 2 2 L 2 1T
L2( f(r)dt® + dz*) A fr2f(r)dr Apy= (B " )

ds?

@ correlators are

same as weak coupling
' N hon-renormalization

. z 5
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Holography

@ Holography (String Theory):
5 dim gravity (Anti de Sitter) dual to strongly coupled quantum
field theory

@ background: charged AdS black hole

re 3 G gy e T
L2( f(r)dt® + dzx ) dr Aoy = (B )

ds?
L T2 f(r) Fe
@ correlators are

same as weak coupling

e N\ hon-renormalization
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Chemical Potentials




One Dirac Fermion:

e Vector and axial currents

JH = hyHa) JE = D sel
1
ol — 1 Ol — 182 gl (3FWFp/\ Iy FSVFS/\)

3ulus + ppd M5T2> .
672 6
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Holography

1999 Tom Swanson

ALTVALLY, THAT ASSymPT LoN ISNT REALY
NECESSALY. wE cAw SEE HERE THAT THE
DoINT - cow APIROXImaTIoN woRKs EQVvALY WELL .
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Non-renormalization

ALTVALLY, THAT ASSumMPT toN ISNT REALLY
NECESSARY wE cAn SEE HERE THAT THE
PoINT - cow AFFROXImATION wWORKS EquanY wel.
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Non-renormalization?

e [Golkar, Son] [Hou, Liu, Ren]

* Dynamical Gauge Fields 0J = FFA I

) Anomalous diagrams. ) Leading order diagram. ) Effective leading diagram.

» 2-loop correction to CVC of axial current:
g°C(R)d(G)

02—loop — A872

 [Gorbar, Miransky, Shovkovy, Wang] CSE in QED @ 2 loop
» [Jensen, Kovtun, Ritz] MHD corrections

T2
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Lattice

[V. Braguta, M.N. Chernodub, K.L., M.I. Polikarpov, M. V. Ulybyshey, arXiv:1303.6266]

@ Axial Magnetic Effect (AME) J. = cT?Bs
S Cfree/17
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Weyl Semi-metals

~ 7

non—relativistic electrons

kr
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Weyl Semi-meftals

@ CME JL,R:I é Ji+ Jr =10

(bl ) (e i Ba~ 200 1 T2> 3

@ CVE JorR=1= ( 12 T

7_ \EBr — Er)(p — Eo)
D

@ agrees with Kinetic theory

[ G. Basar, D. Kharzeey, H.U. Yee, arXiv:1305.6338]

&

[ D.T. Son, Yamamoto, arXiv:1203.2697] [ M. Stephanov, arXiv:1207.0747] [ I.Zahed, arXiv:1204.1955]
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Weyl Semi-metals

= T2 term (gravitational anomaly !)




Weyl Semi-metals

= T2 term (gravitational anomaly !)
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W
< +A s e —Aps




Weyl Semi-metals

= T2 term (gravitational anomaly !)

Fe J
< +Aps < Jl{| 2

B




Wrap Up

@ Anomalies -> dissipationless transport
@ Full 4D classification of anomalous transport

@ (non-)renormalization

2 QGP

@ Wey| Semi-metals promise table top laboratory
demonstration of anomalous transport
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Thank You!
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Thank You!
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