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RHICS hot quark soup

Please click below for an introductory movie



http://youtu.be/kXy5EvYu3fw
http://youtu.be/kXy5EvYu3fw
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Kubo formulas I

@ Chiral magnetic conductivity

[J —obB ] [Kharzeev, Warringad]

Ji' = oe;(ips)Ap
@ Kubo formula, general symmetry group

[T4,T%) =if&6°T¢

4 . )

. 1

O'AB — hlll ; —EZJ]{<JZAJ]€B>
. \ 4 .
p;—0 — 2D;

.




Kubo formulas I

@ chiral fermions
Y

Jf = ) (T4 ;¥ yyP 0!
f,9=1
@ chemical potentials and Cartan generators
Ha = ghé’ pf =gl
A

@ l-loop calculation
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[Newman, Son], [Newman]



Kubo formulas I

@ chiral fermions

N
Jf = ) (T4 ;¥ yyP 0!
fr9=1
@ chemical potentials and Cartan generators
HiBglh g L% = ZCL{WA
A

Anomalycoeff
@ l-loop calculation

1

[Newman, Son], [Newman]




Kubo formulas I

Ay pure gauge

b
A ~ dABC



Kubo

@ finite density: charge transport => energy fransport

5T0¢ — /,L(SJZ = [L(SO’Bi

@ energy flux sourced by magnetic fields

7
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[Neiman, Oz],
[Loganayagam], [Kharzeey, Yee]

@ at w=0 reverse order of operators

7
Oy — .t Zéijk <JiTOk>|w:0 - /udO' + const.



Kubo

@ finite density: charge transport => energy fransport

5T07; e /,LCSJZ — MéO’Bi

@ energy flux sourced by magnetic fields

()
s Zéz’jk <TOz'Jk>|w=0 = /,U,dO' + const.
i

[Neiman, Oz],
[Loganayagam], [Kharzeey, Yee]

@ at w=0 reverse order of operators

conductivity ?



Kubo

@ Tyuv sourced by metric
ds? = —(1 — 2®)dt? + 24,dtdZ + (1 + 2®)dz?

@ A4 "gravitomagnetic field” -> chiral gravitomagnetic
effect
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@ chiral vortical effect: fluid velocities
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I-Iydrodynamlcs

@ also energy flux lim —— ¥ e;n (ToiTo)|,_g # 0

Tast] 2]?] >,

® hydrodynamics: TH” = (e 4+ P)u*u” + Pg"* + m#
JP = nut v

@ Landau frame: 7% — (e + p)u’
i e asual

= _gTPHV, (%) + oE" + £ B* + £ywht

[Son,Surowka], [Eling, Neiman, Oz], [Erdmenger, Haack, Kaminski, Yarom],
[Banerjee, Bhattacharya, Bahattacharya, Dutta Loganayagam, Surowka],
[Loganayagam] [Kharzeey, Yee] [Sadovyev, Isachenkov, Zakharov]



Hydrodynamics

@ ¢ coefficients are different from o's

¢ = lim _—Z ankl (<Jle> — :_LP (Tthl>)
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@ hydro in alternative frame:
include "heat currents”

T = Q'uY +QYu”
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kubo formulas II

@ as before: general symmetry group
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kubo formulas II

@ as before: general symmetry group
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Integration constant
gravitational anomaly!



Kubo formulas II
Ay pure gauge
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Kubo formulas II

@ Anomaly

d b
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ba'==%r (TA)R — tr (TA)L

@ axial current of one Dirac fermion
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[Vilenkin ‘80]



[H.U. Yee], [Gynther, KL,Pena-Benitez, Rebhan]
[Kalayhdzian, Kirsch], [Gorski, Zayakin]

@ mixed gauge gravitational Chern Simons term

1 : 1
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@ current
167GJ* = XL e
v — 40
@ on-shell we recover the anomaly
D,J} = L cuvp (KJF e TR R? )
7 B prvd pA (4) Buvtl(g) apA



Holography

@ Kubo formulas: fluctuations
0.(2)ia,(2), {2, heteh hz(2), B (2)

@ background: charged AdS black hole

2 2 2
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@ correlators are
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Summary

@ Anomalies -> parity violating transport

@ Magnetic fields or vortices

@ We have derived Kubo formulas

@ (non)-renormalizaton

@ Surprise: mixed gauge gravitational anomaly contributes
@ Hydrodynamics and derivative expansion? (fluid/gravity)
@ Holography with gravitaitonal CS term

@ Observable eFFec’rs? [Karen-Zur, Oz], [Kharzeev, Son], [Kharzeey, Yee]
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