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Origin of chiral transport (Chiral Magnetic Effect)?

E‘} APPROACH

Mori’s method as a generalization of current algebra

Anomalous commutation:

RESLULT

Chiral Magnetic Effect in operator formalism:

Anomalous superfluid



- Existence of extremely strong magnetic field

- Chirality drastically aftfect hydrodynamic transport




Hydrodynamics is

» Effective theory for macroscopic dynamics

 Universal description, not depending on details

» Only conserved quantity ~ of system

Quark-Gluon Plasma Hydro: {5(x), v(z)} Neutron Star

http://www.bnl.qov/rhic/news2/news.asp?a=1403&t=pr




Hydro with symmetry breaking

¢ Spontaneous symmetry breaking

Micro - Selecting vacuum Macro : Superfluid

¢ Symmetry breaking by quantum anomaly

Micro : m° decay Macro : Anomalous transport

~y

[Adller (1969), Bell-Jackiw (1969)] [Erdmenger et al. (2008), Son-Surowka (2009)]




Parity- chiral transport

[Fukushima et al. (2008), Vilenkin (1980)]

¢ Chiral Magnetic Eftect (CME)
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Anomaly and chiral transport

— Quantum anomaly — CME

________ i=p
$

Can we understand this based on current algebra (CA)?

— & Advantages

- Only based on universal symmetry structure (cf. Kinetic theory)

- Easy to generalize the situation including other massless modes

— & Problem
Not vacuum! — Need generalization of CA for T # 0, u # 0
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— & Current algebra for SU(N)r x SU(N)p,

[QL,@, jg,b(x)} — ifcabjg,c(x)v [QL,CL? j}%’b(x)} =0

[@Rw j}’%b(x)} = ifcabj}%,c(@a [QR,a, jfb(x)} =0

- Soft Pion theorem, *°°

- Goldberger-Treiman relation
Low-energy theorem

Universal results for process with low-energy pion scattering!

If current algebra satisfies the above relations,
it does not matter whether UV theory is QCD, NJL model, or anything!




Current algebra and

- & Current algebra in external EM fields for U(1)y X U(1) 1—

SOt @), Ot y)] = [J3(t, @), 3 (t,y)] =0

Proof. oz

Definition of Noether current gives

. oL - - A
J () = W = —iT(gT), J5(x) = —ift(x)y50(x)
((9o¢)
Using canonicgles fimutation relation o(t, ), 7 (t,y)| = id(x — y)
anon | |

_—=we can directly show the above current algebraic structure!




Current algebra and

- & Current algebra in external EM fields for U(1)y X U(1) 1—

SOt ®), J(ty)] = [J3(t, @), J5 (8, y)] =0

A

JI(t,x), JO(t, y)]

|
(\)
Sy
=
<
Q
S
=%
8
|
<

Sketch of Proof. @ weeeee

Ward-Takahashi identity is not (J,,JL (z))4 = 0 but
(Oudg (2))a = C"P7F,, (1) Fpo (r) ~ CdAdA
Variation w.r.t Ay gives 8M<J§ (z)JO (y))AN CddA ~ CdB

“Corr. function = T-product in operator formalism” gives the above
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projection operator method

A method to write down

Equation of Motion (EoM)

only focusingon A, ()

— & EoM given by Mori’s projection operator method

A

[
0o An(t) = iQnmflm(t) — / ds®, M (t — S)Am(s, Y) + Rn (t)
0

Reversible Dissipative Noise
)y ™M z A Am - \T A Am
<” 19,7 = = ([ 4,(0). A7 (0)) + iu((N, A, (0)), A7 (0))
_ Fluctuation Dissipation relation: @;7*(t — s) = (}A%n(t — ), Rm(()))




projection operator method

A method to write down

Equation of Motion (EoM)

only focusingon A, ()

— & EoM given by Mori’s projection operator method

A

oA, (1) =iQ, ™A, (1)
Reversible
7

g 12, = —B<[121n(0)7121m(0)]>
<
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- Derivation of anomalous hydrodynamics

- New(?) perspectives on CMW

- Anomalous mixing of neutral pion & CMW
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and current algebra

— & Leading Order term in EOM

A

0o A, () = —ix"™ ([ A, (0), A (DA (8) + -+ - (X' :inv. suscep.)

— & Current algebra related to relativistic hydrodynamics

Choose An (t) as conserve charges: An (t) = {TOO (t, ), TOZ (t, )}

» EoM(LO) is controlled by energy-momentum density algebra!

i [Too(ta x), T (t, y)| = —i(T% (t, ) + Th(t, Y))Okdé(x — y)

SMIERE (70 (1, @), 70t y)] = —i (17, (t,2)0; — T (t,9)0)d(@ — y)
algebra - ) : ) )
_ _TQL- (t, ), T%- (t,y)| = —z’(T% (t,x)0; + Toi(t, y)f?j)(S(az — 1Y)

» EoM for perfect fluid (Sound wave) is derived!!



Pertect fluid from

— & Relativistic hydrodynamic from Mori’s method

00T = — ik'6T" [Minami-Hidaka (2013)]
000TY, = —ikiheq x0T,

_ S d—3 7 ok M | e0 | 7
— |k k" | k26 0T° + R
i (heq d— 1 heq ' " heq _ o

— & Green-Kubo formula for transport coefhicients (viscosity) —

¢ = Beg / dt / 112221 O55(0, z), O55(0, 0))
0

B Beq
T dr)d—2)

/ dt / 41 2(e 2 Q6744 (0, @), O 11(0, 0)) AY AR
0

» Reversible — Sound wave / Dissipative — Diffusion mode



from anomalous commutation

A

For EoM: Oy A, (t) = —ixlm<[An(()), Am(O)DAl (t) + - -
Choose A, (t) = {T%(t,x), T°(t,x), J°(t,x), JO(t,x)}

8 :TO'(t, T), JAO(t,y): = —iJ(t,2)0;0(x — y)

+ Current algebra - Z ) _ ) :
anomalous fg(t x), ) (t,y)| = —#Bi(t Y)0F6(x — y)
commutation rel. . JO(t, ), JO(t,y)| = [JO(t,x), Jo(t,y)] =0

— ¢ EoM for JO(t, x)

s 8

00 () + 07 | 4




from anomalous commutation

R nns j() .
0o J" (x) + OF {X > (7) BZ(:E)} L=
2772
= J'()
— & Summary of result
- Conservation law: (7M j H (aj‘) =0
. a¥ Xnn5 j g (QZ ) ' Chiral Magnetic Effect
- Const. relation: .J* — B’
onst. relation (:13) 5 (:C) « Ml




- Derivation of anomalous hydrodynamics

- New(?) perspectives on CMW

- Anomalous mixing of neutral pion & CMW




Chiral Magnetic Effect

"Z' Xnn5 j()
J'(z) = 27Tg

Chiral Separation Effect

> Xn5nj0(37) ;
i) = XL i

propagation
along B :

| E
Collective

excitation

Analogue of Charge density wave

» Chiral Magnetic Wave = in Tomonaga-Luttinger liquid
[Kharzeev-Yee, (2011)] J%(t, ), J%(t, y)] = —iCO0(x — y)




Interpretation as

— ¢ Spontaneous symmetry breaking & Nambu-Goldstone mode —

For some conserved charge (),

3 (x) suchthat ([iQu, & ()]) = Tr(p[iQu, i(2)]) £ 0
Spontaneous Symmetry Breaking (SSB)

» Massless mode = Nambu-Goldstone (NG) mode appears!

[Hidaka (2012), _
Watanabe-Murayama(2012)]

— & Classification of NG mode

i - Type-A NG mode - \V/Qb satisty <[iQa, Qb]> =0
_ - Type-B NG mode : - Qb such that <[i@a, QbD + 0

» Generalization of Nambu-Goldstone’s theorem for type-B NG mode




Sound & CMW =

AN A

- Type-B NG mode : Qb such that ([i1Q,, Qp|) # 0

Hydrodynamics of chiral plasma contains

- Sound wave

massless collective excitation known as {
- Chiral Magnetic Wave (CMW)

— ¢ Origin of Sound wave and CMW
([Tt 2), T5(t,y)]) = - '(<Tj-(t z))d; — (T'5(t,y))) Od(x — y)# 0

<[j§(t,w),j0(t,y)]> — _ﬁBZ( 7y)(9ac ( )# 0

» The above definition states they are a friend of Type-B NG mode!
Do An(t) = —ix"([A,(0), A (0)]) As(2) +



- Derivation of anomalous hydrodynamics

- New(?) perspectives on CMW

- Anomalous mixing of neutral pion & CMW




Anomalous superfluid?

¢ Spontaneous symmetry breaking

Micro - Selecting vacuum Macro : Superfluid

¢ Symmetry breaking by quantum anomaly

Micro : m° decay Macro : Anomalous transport

~y

[Adller (1969), Bell-Jackiw (1969)] [Erdmenger et al. (2008), Son-Surowka (2009)]




Symmetry of OCD under

¢ Symmetry structure of chiral limit QCD under magnetic field

Explicitly broken by magnetic field Spontaneously broken

SU2)r x SU(2)r = Uy x U(1) — U(1)3
Original symmetry of QCD

» 1 SSB =1 NG mode = 7j (=Neutral pion) appears!

—cf. Spontaneous symmetry breaking & Nambu-Goldstone mode —

For some conserved charge (),

3y () such that ([iQq, 7:(2)]) = Tr(p[iQu, 7:(2)]]) # 0
Spontaneous Symmetry Breaking (SSB)

» This can be also captured by the projection operator method!



Towards anomalous

A\ A A

For EoM: 80141”(?5) — _Z-le<[ 2 (0), A (0) )AL (t) + - - -

Current algebra

. with < ([J(t, @), 7 (L y)]) = o0d(@ — y)
+ Anomaly & SSB

| Others: the same as before

aoj‘O/(ZE) T (9@ (CXAABijA) +---=0
)

00 () + 0;(CxVV Jy (2) B' (%) — 000;7(z)) +--- =0
Aot (x) + xogJa+ - =0

» w? = i E? + O?*xVV x4 (k - B)? : Mixing CMW and NG mode!



Summary

7| MOT IVAT TON:

Origin of chiral transport (Chiral Magnetic Effect)?

E‘} APPROACH

Mori’s method as a generalization of current algebra

Anomalous commutation: [jg (t, ), J °(t, y)}

RESLULT

Chiral Magnetic Effect in operator formalism: J'(z) =

Anomalous superfluid: mixing between CMW and NG mode




— & Chiral vortical effect?
- o <u2+u§ , T2> }

J — —B i
R W + 42 12

From chiral anomaly From where?

— & Path-integral treatment?

Operator formalism Path-integral formalism
QCD : :
(T=0) CA w/ Anomalous CR Chiral pert. w/ Wess-Zumino term
Hydro Mori’s projection w/ MSR]JD eftective action w/ -
Anomalous CR [Crossley et al. (2015)] Paolo’s talk

— & Effect on critical dynamics? — [MH-Sogabe-Yamamoto arXiv: 1803.07267] —
QCD (2-flavor chiral limit) without EM tensor: Model E — Model A







