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* Chiral magnetic and vortical effects

® Chiral kinetic theory

®* Recent progress
— Chiral Hall separation effect
— Nonlinear chiral transport phenomena
— Magneto-hydrodynamics

* Summary



~J+1, right handed S
| =1, 1left handed Pin

mOme n




AN If Number of ulL. = Number of uR
No current is observed.

Spin




If Number of ulL # Number of uR
A electric current will be observed.

Spin

current




Spin J o= 5 B B* ;
current
EY = FFuy,,
1
B“ — §€uya'BUVFaIB.

uM : fluid velocity

D.E. Kharzeey, L.D. MclLerran, H.J. Warringa, NPA 803,227
K. Fukushima, D. E. Kharzeev, H. J. Warringa, PRD78, 074033



W Spin j/'L — &'W,UJ

momen I current

Wt = e Pu,0,ug

— (0,V xv)




Magneti -
Charge current ﬁ;ﬁne ° Vorticity

j'u — gBBM _I_fwﬂa
]El': gSBB'u +€5WM7

Chiral current



j'u gBB“+§w“7
j& = &pBY 4 &wh,

* Weakly coupling, Kubo formula
(Fukushima(‘08),Kharzeev(‘11),Landsteiner(‘11),
Hou(‘12), ...)

* Strong coupling, AdS/CFT duality,
(Erdmenger(’09), Banerjee(‘11), Torabian(‘11), ...)



* Kinetic theory: a microscopic dynamic theory
for many-body system, to compute transport
coefficients.

 distribution function, e.g. Fermi-Dirac
distribution f(x,p) p+ Ap




e Chiral Magnetic effect (quantum effect)
VS Semi-classical Boltzmann eq,.

 We try to study these chiral phenomena by
Boltzmann equations, but we failed...

* |t seems that one has to modify the Boltzmann
equations.

SP, J.H. Gao, Q. Wang, Phys.Rev. D83 (2011) 094017
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* Wigner function: a quantum distribution
function, ensemble average, normal ordering

Vasak, Gyulassy and Elze ('86,’87,’89)
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Charge current
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. Massless constant external electromagnetic
fields F!,: , neglecting particles’ interactions

1

[,y/ip“ + 57/ 7#(82 _ QFemtap)]

Vasak, Gyulassy and Elze ('86,87,89)

* First order differential equation, solve it order
by order
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* Gradient expansion to Winger function W and
Its master equation,

— expand all quantities at the power of derivatives
0(8,), 0(83),
— external fields are weak pr gL A ~ O(0Y),
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e 0 order, non-interacting ideal gas

— classical Fermi-Dirac distribution

* Input parameters:
— finite temperature T,
— chemical potential = pz + .,
— chiral chemical potential ps=p; - 1,
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* |t is remarkable that we obtain the chiral
anomaly by Wigner function!
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Consistent with
other approaches!

T: temperature
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Chiral current

momentum jE = jn — jr = Ewt,
ﬁ spin .- -
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Can be observed in both
high/low energy collisions
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What can we learn from these
results?



* Integral over pO and in local rest frame, we obtain
the kinetic theory for chiral fermions.

dt dx dp
aatfR/L -+ d_’T . vx.fR/L =+ E ) VP-]“R/L o 0’
;l_t = 1+QQ-B :4|p|(2-w),
-
VEIOClty d_x _ f) 4+ Q(f) ) Q)B + Q(E % Q) -+ iw,
o p|

force 3—3 = Q(E+p x B) + Q*(E - B)Q
FQIp|(E-w)Q2£3Q(Q2-w)(p - E)p,
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* Neglect all terms proportional to Q, it becomes the
standard Boltzmann eq.

dt dx dp
d_TatfR/L + I Vxfr/L + e Vofr/L =0,
dt
dr 1 fr/: distribution
dx function for right
velocity o = p or left handed fermions

dp R
M B
force 0 Q(E+ p x B)
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Firstly, let us consider an adiabatic process. At each time, the
system is at its eigenstate e.g. U.

Secondly, we assume the Hamiltonian is time dependent
H=H(t). So do those eigenstates U=U(t),

i.e. U(t+At)=U(t)+ At A U.

Finally, the system goes to its initial eigenstate. Then there is
an additional phase factor to the wave function. It is Berry
phase.

Analogy to moving a vector in a curved space.
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e Let us consider the Hamitonlian of Weyl fermions in
momentum space.

H=ia-V—)a-p, HU(p)7:EU(p)7
Ut + At) = U(t) + iAtC;—I; A, a, = —iU)VLU(),

* If the system goes back to its initial eigenstate, then phase
factoris independent on the path. So, it is physical!

ok U(p) exp (z§£ dp - ap) U(p)
okes’s C
theorem
= exp (z’//dS : Qp) U(p) (2, = V) X ay,

D. Xiao, M.C. Chang, Q. Niu, Rev. Mod. Phys. 82.1959 24



* In the absence of external fields, the Berry phase is decoupled
to the dynamics.

* In the presence of electromagnetic fields,

dx ) )
velocity ”YE = p+eExQ+eB(p-Q)
dp A 5
force i eE+p xeB+e“(E-B)Q
: ‘ P
Son and Yamamoto, PRL 12/, 0 = Vp X a, = 2| |37
PRD 13/, P
Stephanovand Y.YinPRL12, Y = 1+eB-Q
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 We used Wigner function to obtain the chiral kinetic
equation with Berry phase.

dt dx d
_8tfR/L — foR/L"‘ > foR/L=0,

j—t 1+Q1-B+4|p|(2-w),
-

dx 1
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d
force % = Q(E-I—f)XB):I:Qz(EB)Q
TQIp|(E- w)Q2 £3Q(2-w)(p - E)p,
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* Chiral Hall separation effect

* Nonlinear chiral transport phenomena

 Magneto-hydrodynamics
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e Assuming according to Hall effect:

jz — UHExBy

* Charge and chirality separation in longitudinal direction
SP, S.Y. Wu, D.L. Yang, PRD 91 (2015) 2, 025011
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 An inhomogeneous chiral system

* In alarge chemical potential limit
e chiral kinetic theory + relaxation time approaches

Je = ogE+o0g,,Vus X E,

( 2_|_ 2)(7Eu5 L @ Independent on
2. :U’5 o T the interactions!

J.W. Chen, T. Ishii, SP, N. Yamamoto, arXiv:1603.03620
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 Magneto-hydrodynamics:

— Relativistic hydrodynamics + Maxwell’s eq.

* Anomalous:

— Chiral magnetic effect + other chiral transport
effects
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* 1D Bjorken + ideal Magneto-hydrodynamics:

— analytic solution

V. Roy, SP, L. Rezzolla, D.H. Rischke, PLB 750 (2015) 45-52
— with Magnetization effects

SP, V. Roy, L. Rezzolla, D.H. Rischke, PRD 93 (2016),074022

 2+1 D Bjorken + ideal Magneto-hydrodynamics
— analytic solution:
SP, D.L Yang, PRD93 (2016),054042
— Simulations:
V. Roy, SP, L. Rezzolla, D.H. Rischke, in preparation
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* We obtain the chiral magnetic and vortical effect,
chiral anomaly by Wigner function.

* We derive the chiral kinetic equation (modified
Boltzmann equation) related to Berry phase.

* We also made some progresses in
* Chiral Hall separation effect,
* nonlinear chiral transport effect
* magneto-hydrodynamics.

32



Thank you!



We do not have those chiral transport termsin a
normal fluid.

Son and Suro wka ('09) pointed out these terms are
crucial to cancel the production of negative entropy
in an anomalous fluid.
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* For massive fermions, a particle can change its spin.
In classical limit, we get,

d o d
velocity d_)t( = p d_It) X 5,82°,
force dp dx
— = eE+ — B
dt B e
spin ds, (dp a)s
=  €abe\ 57 c-
dt Nd P

J.W. Chen, l.Y. Pang, SP, Q. Wang, PRD89 (2014), 094003
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