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Introduction

Anomalous fluid in 3+1 dim
— Chiral Magnetic Effect (CME)
— Chiral Vortical Effect (CVE)

Anomalous fluid in 2+1 dim
— Hall conductivity

Summary
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e Fluid dynamic is an effective theory for any
interacting theory at finite temperature in

long wavelength and low frequency limit.

e L.D. Landau (1953) first proposed to apply
fluid dynamics to describe the hadronic

fireballs.
e “RHIC physicists sever up the prefect liquid.”
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 Energy-momentum conservation

0, TH =0,

Energy-momentum
tensor

e Charge current conservation

0,j" =0

Charge current
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e Knudsen number

K= gmicro/gmacro ™ mfpau

e Leading order
|deal fluid dynamics
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e Relativistic Navire-Stokes (NS) equations

™ = eu'u” — (P + A" + 7t
ju’ = nut 4+ * : AMY = gtV — yty”
€ P ut [
energy pressure | velocity | bulk viscous
density pressure
THY n pH
shear stress | number | diffusion
tensor density | current
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e Open question

@ Israel-Stewart (/S) equations,

» simplest version (IS 1979),
» complete version (D. Rischke 2008, 2010),

@ Conformal fluid (D.T. Son 2007),

» includes the gravity, no bulk viscosity,

@ Others,

» memory function effect (T. Koide 2008, etc.)
» extended thermodynamics (T. Koide 2008, etc.)
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™ = eu'u” — (P 4+ THA* + 7ot

o= nut 4+ P,

e Why can these simple expression describe a
very complicated system?

e We only describe the collective motions of
the fluid cells.

e Can we use these to describe all relativistic
system in “some” limit?



Anomalous fluid dynamics
in dim=3+1
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No Magnetic Field: No polarization

Spin
X A~ For massless
u "dR | .
\\if /. ferimons, the

momentum

helicity is fixed.
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In the non-central Au-Au collisions, Byt if number of left- and right-
there are strong magnetic fields. handed quarks are the same,
10— there will be no special effect.
: b=8fm -=veeeer
] =12 fm
10t [§ T Magnetic field: Polarization

B

~ I\ Au-Au ﬁ
T g0 _ L
N ....................... .

10[} i L i A Ty
0 05 1 15 2 25 3
T(fm) |_ a |
R/
Pancake approximation

Kharzeev, McLerran & HJW ('08) 12
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Q < -1: Positively charged particles move parallel to magnetic field,
negatively charged antiparallel

... = Electromagnetic Current
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* How to describe this effect by the standard
fluid dynamics?

T = eutu” — (P + MAM 4 7" ?
JH = nu" + ",
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Chiral Vortical Chiral Magnetic
Effect (CVE) Effect (CME)

no_ G;L.vaf)’

W Uy, Oa Ug -

Vorticity
Effective magnetic field
(Larmor precession)
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Single charge anomal
D.T. Son et. al (2009, 2010) consid-
ered the fluid dynamics with the triangle
anomalies
8” y R Fr; J-)\ j
(‘-:)!u_j“ — CE * B . (8)

The entropy production rate is given by

__ 1 .
Oy = —(MPa®+ A, 1,) - C‘[—;E*E’f

__ (9)
f E- B is large enough, 0,,s" < 0.

O

c fliniA
O I1TUIU

C: anomalous
constant

Chemical potential

Temperature

16
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SdQINgie Cnadrge Case
In order to satisfy the 2" law of thermal dynamics,
we have to modify

st = normai + Dw" + DB B )
o= gt 4+ Ew +EgBt L (12)
i o 2 B g npt-
< =t ( 3+ P) "

._ 1 nu
_ (1-2 |
SB C“( 2E+P>
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For massless Fermions, one finds
that

0" = 0u( jf" — j,%) =0,
81-1:./. é{, — (;)H (J. E o J: lfi)

— CFH..V Eﬂ*” ] (7)

L — _~>2 )
where _jf — '@U’"}’H (1 2,}/ ) W, JE —

— o [ 1+%\ :
Lﬁﬁ‘(—%gi)*u and C is a con-

stant. ”
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a9 K
d,UJS — CE * B .

where j** = jp +j" and j§ = jp —j;'. We
assumed that

J.,U. _ J'f;rma! + £UJ“ + 588“ 5
 [L 15 - L
Jé — :wrma! + £A T+ SAB B .

e SP, J. Gao and Q. Wang, Phys.Rev. D83 (2011) 094017

19



To keep 0,,s" > 0, we get

nyt

= =2Cuup (l — P) ,

. 2NnAfllA
= —Cp?
A M( E+P>

njt
B —CHA( ﬁ )
e+ P
@ Insmall g = g — ¢ limit, the

Eag = —Cp (1 — nAlLA) solution (16) is identical to the
ot results from CME (Fukushima
2008, Kharzeev 2010).

@ This results are also independently
obtained by other groups
(Sadofyey 2010, Amad 2011)
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e We also use the classical Boltzmann equations
to investigate the quantum anomalous fluid.

e However, we have to use entropy principle to
obtain the new coefficients even if we have
used the “kinetic theory”.

e Classical Boltzmann equation cannot be the
kinetic theory of anomalous fluid.



CME and CVE: pure quantum effect
Boltzmann equation: semi-classical theory

9
O.Js = CE-B.
J.:u. — J.afijﬁrmaf i gwﬁf- T gBB” :
o1 . ;_5 1 L
Jé — merma:" o 5,4@..;‘ T gABBg :

We have put everything by hand or by using
entropy principle.

How to obtain the triangle anomaly from kinetic
theory? How to describe the CME and CVE in a
kinetic theory?



PO A PN

M\ ' ~+ +hhAAn
Wudadliltulil i I11ITL LIITC UV

¥\ 7
|

y

IC

* Gauge invariant Wigner function
guantum ferimon distribution function

. dy . .
Was = | e ().
i
1 1

- iyt [ —lyte
Wop = Yp(x + 52})736_&”“ Jo dsA(z=gyt: y):l/)a(fﬁ — 52})

Gauge link

* J.H. Gao, Z.T. Liang, SP, Q. Wang, X.N. Wang, arXiv:1203.0725 .
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* In a homogenous external electromagnetic
field,

(v- K—m)W =0,

]' exr v 1 ’
F ta p'u) _1_ §Zv“ ’

...
K](L — 528‘1) _l_p,u, T 2 HJ/

v}u — ar Fcrfay

v



e Compared with no gauge link case, we can easily find

Energy-momentum tensor

1

T 1y - e . 4 AT
1 pro — 5 <: (0 h’ugﬂ — T d,u} (0 :> =t / A" ppuy W

Charge current

o= / E Yo (VY 1) 05 =€ / d*ptr (y'W)

Chiral current (axial current) ° !f WE can 50|V_e the
Dirac” equation for

5 4 M. [k~ BTH Wigner functions, we
J = /d pTr [y W] can get the everything.
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Assumption
* In massless and homogenous external field
limit, we ignore the interaction between

particles.
* Gradient expansion

W = Wy+ Wi+ 0(82),

e The leading order should be correspondent to
the ideal fluid
f : Fermi-Dirac

d>p S
M 1 distribution
.]() /(27{_)3p f7




The leading order

* |n homogenous (constant) external field limit, we
ignore the interaction between particles.

e All dissipative terms vanish.

,, 2
AMQAI/,S (aau,ﬁ’ + aﬁucx — gAQHAPCTapuU) — O

TAM, 2=+ QE" =0, u-u' = A9, InT =0,

o M5 La M - 1 -
(),u,? — 0 u! 0“,? — 0 w- 0T -+ gTA’O Opu.g — 0(13)

v

e Equation of motion of ideal fluid

27
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Jt? _ nﬁu,u, 4 55(«0'“' 4 fBSBHrg
g i Q: charge
These results are § = s,
consistent with
Landsteiner, Megias and Ep = 515,
Pena-Benitez’s work (Phys. 27
Rev. Lett. 107, 021601) - L5 1 5 9
’ 5 = —17° 4 1=+ s
é 6 ! 27{-2 (! !Q
{Bs = M
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B N N Baryonic
baryon __ baryon __ C y
— = .
§ » €53 sl zf: Q. current
EM _ EM _ Ne 2 Electromagnetic
£ = Z Qr. €5 =555 ) Q.
f current
In three flavor case, > Qs =0, Ne:
fundamental
é- baryon EEI\-’I — 0 color charges

e CME/CVE dominates the electromagnetic/baryonic current.
e |tis consistent with the result of D. E. Kharzeev and D. T. Son
(Phys. Rev. Lett. 106,062301)

29
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T 2 2 -
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e |t is similar to the global one.

e The LPE is protected in both
high and low energy heavy-ion
collisions at either low baryonic
chemical potentials and high
temperatures or vice versa.
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§ = —gHits
q+k
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- Q e
s = 52 q

 We obtain everything without
the entropy principle!

* The Wigner function can describe
particle distribution in a quantum
system.

Landsteiner, Megias and
Pena-Benitez’s work
(Phys.Rev. Lett. 107,
021601)
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e We obtain the triangle anomaly by kinetic theory!

8,(LTHU — QFUpjpﬁ

8@].” —

YO
8@]5 —

0,

Triangle anomaly

QQ

GHVGBF;LU F&B

1672
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= / dpTr [y~ W] |
" v, a_m('1+ u)Pc y" fo dsAu(@—guts)y, (l—éu)
Gauge link

r— _____I

1 . ﬁ 1
lim i (x + —€)y" ~Otpe—i€ Jo dsAu(@— E**’E]w(az‘ — —¢)
e—0 2 | I 2

N = nnll B
lim (2 + 56) YHYOIP exp[—i / dz - A(z)lz//'(.r -~ 56),

e—0 L____!i?—E/Q o

We define a Regularized chiral current with gauge link, which is
as the same as it in the quantum field theory.

33



Triangle anomaly in quantum field
theory

 The key to obtain triangle anomaly with an
external field is to regularize the two point
Green function.

Contribution from gauge link

T o

e o)

-
— e T . S S G S . —— —

é ik . —
d;;_..?ﬁ "Y' = symm lim {1,’;(1: + 5)

e—0

.3'.1 .3'.1 —_ - ' Y B - ] - 9 »
wy)w(z) = 3 : + 3 >t : t
afuy (. i :F_’?-
traceless, 20¢ | Tan(®) (87r2 e ) High order of €
~0 o ~ vanishing

Finite 34



* However, we do not regularize the fields! We
just solve a “Dirac” equations in gradient
expansion!

(v- K —m)W =0,

IR ' D 7
j;u.) _ /dLler hﬁp ’}311}



Our system is

— Massless fermion in an homogenous external field
— No interaction between particles

We only consider two reasonable assumptions:
— Gradient expansion

— Oth order is ideal fluid

We do not

— Regularized current

— Calculate the loop diagrams

However, we have obtained the same results as

— Regularization from quantum field theory
— Loop calculations at finite temperature



* Why can we use so simple assumptions to
obtain the triangle anomaly without
regularization and loop calculations?

e There must be some deep physical “things” in
the anomalous fluid!



In my opinion, the reason might be the
Wigner function obeys the Dirac equation in
an external field.

(?:ﬁ;r}i 8}1. _I_ eﬁr}fﬂAﬁ_)@b — O

» i
lim (y)v(z) = -
2 l i
— i i A
— ; €7y — + ..
v L d“. 7 ()H ,.} L d“




Anomalous fluid dynamics
indim=2+1



e The differences in

T e dmen

mass massless massive, massless

Anomaly Chiral anomaly Parity anomaly,
mass term breaks the parity

Current No Yes
conservation .5 . _
Current Normal expression , e m
I = ——EuaBFan
81 |m|
Effect in CME and CVE Hall effect

experiment
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mirror image mirror Real world
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*S. Deser, R. Jackiw and S. Templeton, Ann. Phys. 281, 409449 (2000)
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 We also obtain the Hall effect by the Wigner
function.

e At zero temperature and large chemical
potential limit, our result is the same as the
one from loop calculations.



e Up to 15t order, the “complete” expression for
fluid dynamics in dim=2+1 with parity
violation is

T,UIJ E “,u “ + (]:)[:] o CV[};“H L {BB L {QQ) A’U"U o ”(}_,UU o _?"_}("}"_,U.I/ :
Jt = pou! + oVF + oVF + XEEF + x7e"Pu,V ,T .

1
L L/ 0
Q — —E't / "U.-,U_Vpu'pr B — _§E’t J(u'f-t P‘I)’_,O.‘
b 'il
E}'J- p— F’UIV ;U"V_‘ -‘I !U- —_— E‘i-lt - .TAJU-VVI} %_‘
AMY = uFu” + gH”, ot = AFCAVP (Vau.;g + Vgt — gapV ,\u.)‘)
BV = P, E, VI = ey, V, .

5 1 N
oa— 5 (E""“;f*’-u.&r:r Y L VYo *“) .

P P

* Kristan Jensen, Matthias Kaminskib, et.al, JHEP 1205 (2012) 102 44



* The quasiparticles
in graphene were
2+1 dimensional
massless Dirac

o fermions!
é

W

S S L S

e D. P. DiVincenzo, E. J. Mele, Phys. Rev. B 29, 1685-1694 (1984).
e K.S. Novoseloy, et.al, Science 22 October 2004: 306 (5696), 666-669.
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 We investigate the CME and CVE by quantum
kinetic theory. Without any regularization and
loop calculations, we obtain the triangle anomaly
and some new transport coefficients.

 The local polarization effect is protected in both
high and low energy heavy-ion collisions at either
low baryonic chemical potentials and high
temperatures or vice versa.

e Our method can also reproduce the Hall effect in
2+1 dimension system, i.e. graphene.



Thank youl!
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The complete transport coefficients up to the second order of the Grad 14-moment expansion

are

.

TS — T SV 4 21 VS gY

+2T»;.—qq<“£}“> + 2TwW§#wF'/>A — 2-?;({27?“”9
—2TWWA<“J"’>)‘ — 2 rgq H VY7 a4+ 2\ Nt
qns — TaAM Gy + Ign VI — IC,NA““E)}‘TFV)\

. . K

A

—Agg"" qu + AgnNV e + Agr """ Viya |

Mys — Tnﬁ —Ing? - q

+1r1qq - i1 — (oMo

+Angq - Vo + An-7"ouu | (29)

where the coefficients are the functions of the mass and the chemical potential of
particles, A = C%A and 7. qhs. ns are given by the Navier-Stokes (NS) equations

J'J,.T./
TNs

; n
2nat” | qhe = _%:,_—V”G: , Mys = —C0O . (30)
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— conservation law

e Symmetry

4

— C. P. T. invariance

Oplly — Oyty)
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e Entropic principle

)an

T ~ (P —u
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Conclusions: P- and CP-odd effects
in heavy ion collisions

/1

f' - : ane |
/ = +,+ - , e
(cos(p; +p. ™ (A2)>0, '._A+ ri‘-*.!-’ <0

Figure: Copy from H. Warriga's talk on Hirschegg 2010.,



STAR, 200 GeV

—a&— same charge, AuAu

—&— opp charge, AuAu
~— same charge, CuCu

—&=— opp charge, CuCu
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 We only consider the static solutions

u-out = A*Y9,InT =0,
1

> 2, T = 0
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Chiral vortaic effect and neutron asymmetries at NICA

Oleg V. Rogachevsky, %% * Alexander S. Sorin,"* 1 and Oleg V. Teryaevt 33

YJINR, 141980 Dubna (Moscow region), Russia
*PNPI RAS, 188300 Gatchina (Leningrad district). Russia
IDubna International University, 141980 Dubna (Moscow region), Russia

(Dated: August 28, 2011)

Abstract
We study the possibility of testing experimentally signatures of P-odd effects related with the
vorticity of the medium. The Chiral Vortaic Effect is generalized to the case of conserved charges
different from the electric one. In the case of baryonic charge and chemical potential such effect
should manifest itself in neutron asymmetries at the NICA accelerator complex measured by the
MPD detector. The required accuracy may be achieved in a few months of accelerator running. We
also discuss polarization of the hyperons and P-odd correlations of particle momenta (handedness)

as probes of vorticity.
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