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Relativistic Boltzmann equation
with quantum anomaly?
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Anomaly matching and effective theory

If UV theory has an anomaly, 't Hooft (80)

IR theory has the same anomaly.
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Chiral Kinetic theory

Son, Yamamoto ('12)  Stephanov, Yin ('12)
cf. Chang and Niu (95

Hamiltonian H = 6 - p



http://link.aps.org/doi/10.1103/PhysRevLett.109.162001
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Chiral Klnetlc theory
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When p Is time independent:
Wave function

W(t) Tl _llpltu+


http://link.aps.org/doi/10.1103/PhysRevLett.109.162001

Chiral Kinetic theory

Son, Yamamoto ('12) Stephan
cf. Chang and Niu

When p is weakly time dependent:

Wave function
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Berry connection:

Berry(’84)


http://link.aps.org/doi/10.1103/PhysRevLett.109.162001

Chiral Kinetic theory

Son, Yamamoto ('12) Stephanov, Yin (’
cf. Chang and Niu (’95)
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http://link.aps.org/doi/10.1103/PhysRevLett.109.162001

Chiral Kinetic theory

Son, Yamamoto ('12) Stephan
cf. Chang and Niu

=[dt(x-p+x-A—\p\— e )

Action with Berry connection:

Classical EOM x =p +p X
p=xXB+E
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http://link.aps.org/doi/10.1103/PhysRevLett.109.162001

Chiral Kinetic theory

Chiral kinetic equation (CKE)
(0, +x-V,+p-V,)f=0


http://link.aps.org/doi/10.1103/PhysRevLett.109.162001
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Chiral Kinetic theory

Chiral kinetic equation (CKE)
(0, +x-V,+p-V,)f=0

Current
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Chiral Kinetic theory

Chiral kinetic equation (CKE)
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Current
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Chiral Kinetic theory

Chiral kinetic equation (CKE)
(0, +x-V,+p-V,)f=0

Current
j=[ fﬁ+E><J f +BJ -
P P P
Hall effect Chiral magnetic effect
Anomaly i
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Lorentz covariance?
= |dix-p+x-A—|p|—Ay—p-a)

The action looks not Lorentz invariant.

1) Energy shift: |[p| — [p| (1= 1)

Son, Yamamoto ('13)

2) Modified Lorentz transform

e . Chen, Son. Stephanoy Yee, il (14




Several approaches

Hamiltonian formalism

Son, Yamamoto ('12)

Semi-classical path integral

Stephanoy, Yin ('12)
World line formalism: Mueller, Venugopalan (’17) ('18)

Field theoretical approach

High density effective theory: Son, Yamamoto ('13)
On-shell effective theory: Manuel,Torres-Rincon ('13) ('14)
Carignano, Manuel,Torres-Rincon ('18)

Wigner function: Gao,Liang,Pu,Wang,Wang ('12), Chen, Pu, Wang, Wang (’13)
Wu, Hou, Ren('17)
Huang, Shi, Jiang, Liao, Zhuang('18)
CVE: Gao, Pang, Wang (’18)

Kadanoff-Baym: YH, Shi Pu, Yang ("16) ("17), YH, Yang ('18)


http://link.aps.org/doi/10.1103/PhysRevLett.109.181602

QFT approach

Propagator (Wigner function)

S<(p,X) = |[d*se"P{y" (Mwx))U(x, y)

(p, X) = | d*se Py’ () U(x, y)




QFT approach

Propagator (Wigner function)
S<(p,X) = Jd“se“"’ (W' My (x))U(x, )

Sl X0 Jd“seis"’ (@' () U(x, y)

_|_
where szTy S =X —w

EOM (Schwinger-Dyson equation)
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EOM Up to order hbar
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Lorentz invariance

Chen, Son, Stephanov ('15), YH. Pu, Yang ('16)

Talk by Jian-Hua Gao (Parallel 11.1)
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Application
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(local) Equilibrium

d*p

(2m)*

o J=nu+ozB+o0,0
CME CVE

Current:j# = ZJ S<*(p, X)



Dissipative current

CKE with relaxation time approximation

Gorbar, Shovkovy, Vilchinskii, Rudenok, Boyarsky, Ruchayskiy ('16)
Chen, Ishii, Pu, Yamamoto ('16)
YH, Pu, Yang ('17)

Vu,VT correction
0J=CEXVu+GCEXVT+CVuxVT
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CKE with relaxation time approximation
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Dissipative current

YH, Yang ('18)

Shear and bulk correction
oJ' = Cyn"B; + Csn'w;

+Ce(V -u)B'+ C(V - u)w'




Dissipative current

YH, Yang (

Shear and bulk correctlon
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Dissipative current
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Out of equilibrium transport

Kharzeev, Stephanov,Yee(’17)
CKE with relaxation time approximation

2
w dependence of CME o(w) = (70(1 = ' )

3 @+ itp!

Kharzeev, Stephanov,Yee Phys. Rev. D 95, 051901 (2017)

solid: CKE
dashed: AdS/CFT




Dilepton production

Gongyo, YH, Tachibana ('18)
P1

QGP
)(\Nq\/"< Lepton pair

P>

Photon polarization funciton
LIS4LO o) Jd4seiq's(j”(X — s/2)JH(X + 5/2))
Dilepton production rate
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Di-lepton production

Gongyo, YH, Tachibana(’18)

dr _dr, drt, . dT, e
dtq  diq " atg W g T wé "
Q =——
g
1),

.10« angle dependence

@l
ﬁfé
q




Puzzle?

CKE from on-shell effective theory
Carignano, Manuel, Torres-Rincon (*18

l
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reproduces consistent anomaly 0, j5 = :
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Summary

Chiral kinetic theory:

Effective theory
reproducing chiral anomaly

Novel dissipative anomalous transports are found.
Application to HIC and cond-mat

Quarks have mass. What is mass correction to CKE?
Mass correction to CVE cf. Flachi, Fukushima (’17), Lin, Yang (’18)

e m?>
]g = < 6 47[2)&)/‘

Analysis with collisions without relaxation time
approximation




