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- & From “Statistical mechanics of Nonequilibrium Processes Vol.2” -

~

_v'<jm (I‘)); o Z v:"Cmn(rt t)'VFn(I‘, t)?

where

0
‘Cmn(rvt) :/dl‘, / dtl estl <Jm(r7t) e‘itlL']n.(rIat)>: (8119)

are the local kinetic coefficients. Equations (8.1.18) imply the following relations
between the average fluxes (7. (r))! and the thermodynamic forces VF,,(r,1):

~

(Fm (@) = (Gm@)E + ) Lonn(r,t) - VE,(x,2). (8.1.20)
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Recent development after Zubarev

¢ From “Statistical mechanics of Nonequilibrium Processes Vol.2”

(@, (r))
ot

= ~V-(Im @) = )V -Lopn(r,t)- VEu(x, 1),

where

0
‘Cmn(rvt) :/dl‘, / dtl estl <Jm(r7t) e‘itlL']n.(rIat)>: (8119)

are the local kinetic coefficients. Equations (8.1.18) imply the following relations
between the average fluxes (7. (r))! and the thermodynamic forces VF,,(r,1):

(8.1.20)

Nondissipative & dissipative transport
(Perfect fluid) (Navier-Stokes fluid)

# Nondissipative part has interesting & rich structure!
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Hydrodynamics is

» Effective theory for macroscopic dynamics
» Universal description, not depending on details

+ Only conserved quantity ~ symmetry of system

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

» Effective theory for macroscopic dynamics

» Universal description, not depending on details

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

¢ Spontaneous symmetry breaking

Micro - Selecting vacuum Macro : Superfluid

¢ Symmetry breaking by quantum anomaly

Micro : m° decay Macro : Anomalous transport

~

[Adller (1969), Bell-Jackiw (1969)] [Erdmenger et al. (2008), Son-Surowka (2009)]
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¢ Chiral Magnetic Eftect (CME)

) =

EML5

A2

B

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




Anomaly-induced transport

o . [Fukushima et al.(2008), Vilenkin (1980)]
¢ Chiral Magnetic Effect (CME) ’

EML5 B

]:27'('2

[Erdmenger et al. (2008), Son-Surowka (2009)]

¢ Chiral Vortical Effect (CVE)




Chiral Magnetic Effect Chiral Vortical Effect



Are these new?
D

o

Chiral Magnetic Effect Chiral Vortical Effect




Are these new?
D

o

Chiral Magnetic Effect Chiral Vortical Effect

YES!



Are these new?
D

o

Chiral Magnetic Effect Chiral Vortical Effect

YES!

They are not covered by
famous two textbooks!!



Are these new?
S

Chiral Magnetic Effect Chiral Vortical Effect

YES!

They are not covered by
famous two textbooks!!




Are these new?
S

Chiral Magnetic Effect Chiral Vortical Effect
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How to construct hydrodynamics

Nakajima (1957), Mori (1958), McLennan (1960)
Zubarev et al. (1979), Becattini et al. (2015)
Hayata-Hidaka-MH-Noumi (2015), MH(2017)

-

Macro

Micro
: Local Thermal equil.

Zubarev’s method
Also applicable to

strong coupling
Physical Properties
EOS

.

QEFT

(QCD/%ED/ 3) Hydro

Origin of Chiral transport?
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Local thermal equilibrium

Determined only by local temperature, local velocity... at that time



How to describe local thermal equil.

Global thermal equilibrium:

Gibbs distribution:

PG = 6_613[_\11[5], V(5] = log Tre #H
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How to describe local thermal equil.

Global thermal equilibrium:

Gibbs distribution:

A

PG = e_ﬁﬁ_qj[ﬁ], U[3] = log Tre P

Localize

Local thermal equilibrium:

Local Gibbs (LG) distribution:

bre = e~ K-VIB @).w()]

K = —/d3$ (ﬁ“(w)fou(a:‘) + V(w)jo(az))
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Introducing background metric

Flat spacetime

t = const.

K = —/dga: (5“(33)5?%(@ + V(:c)jo(m))

Curved spacetime

— Ex. Bjorken coord. -

U A Y.

9w t \/
F=r=t2—22

d¥, < d,t >,

- {

(D Formulation becomes manifestly covariant

(2) Background metric plays a role as external field coupled to TV
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(Local) Thermodynamic Potential

= log Ir exp

LG distributionw/ A = {8* v}

Ult; A] = log Trexp




Variation formula for local equil.
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Hydrostatic gauge fixing

Picture before gauge fixing Picture in hydrostatic gauge

Future time
direction

We can choose the time direction vector t"(z) = Oz

—Hydrostatic gauge fixing

Let us choose t"(x) = " (x)/Bo, Ag(z) = v(x)
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Variation formula for local equil.

[ Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015), MH(2017)]

— Variation formula in “hydrostatic gauge”
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— Proof. Consider time derivative of VPN ]

0N = [ ey (VBT + (T + Fy) (7))
= [ @ tey =g (ST + TuB)EEC 4 (5T, A+ AT )
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Variation formula for local equil.

[ Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015), MH(2017)]

— Variation formula in “hydrostatic gauge”
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- Proof. Consider time derivative of W[\] ~
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Variation formula for local equil.

[ Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015), MH(2017)]

— Variation formula in “hydrostatic gauge”
2 5 — -~ LG 1 5 —

(@) = =gy VAL (T (@) = o= s VIR

— Proof. Consider time derivative of VPN ]

OpU[E; ] = / A1z /—g (V ( WBATH ) S + (Vv + FVMB”)<f”>z)
N / ™2y ~g GWMBV + VB ()i + (B"V Ay + AV ) (J M>t>

= [ @ tav=g (G Lagu TR + £,

On the other hand, since t* = g* , we can express the LHS as

_ ow o
orVU[t; A| = /dd 17 <£ Gy —— ‘|‘°€5Au—>
0A,

09

Matching them gives the above variation formulal ]
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Thermal QFT in a Nutshell

Global equil. 5o

' = const.

Gibbs dist.: pg = — o BH—puN)=V[B,v]

—— Thermodynamic potential with Euclidean action

U[B, v] = log Tr e~ AU =#N) zlog/CM +ple PH=1N)| o)

zlog/ Dpe +Sele , / dT/d3$£E P, Opp)
p(B)==E¢(0)




Thermal QFT in a Nutshell

—— Thermal QFT (Matsubara formalism) —

Global equil- Bo [ Matsubara, 1955 |
QFT in the
[’ = const. Path int. dr BOE flat spacetime
; with size [
XL
e PN )i
Gibbs dist.: pg = G =€ a

—— Thermodynamic potential with Euclidean action

(B, v] = log Tre P =#N) zlog/CM iplePH=1N) )

zlog/ Dpe +Sele , / dT/d3$£E P, Opp)
p(B)==E¢(0)
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QFT for local thermal .ilibrium?

(z), U(x)} Local Thermal QFT

Local equil. {5
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Chiral Magnetic Effect Chiral Vortical Effect
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g
2

-

[ —

Oy — V()

2 0S5 N A
= 090" ¢ + g"" L(¢, 0,0)

I
vV — 9 5g,u1/

Ult; ] = log Trexp -—/dd_lfﬁﬁ“(x)fou(m)-
~ log / Dé exp (S, B]) = log / Dé exp (S5, 3)

6—20 —0

Sle, B"] = /OBO dT/d3£¢fgeau0 {— ()2 — —=

0q/= 0,,~
2uug uug

w0~ 5 (474 e

uU-"up

u’L

> 0;00;0 — V()

_ /OBO dT/d3£\/j§ [—% p P05 — V((b)] (7™ = B(z)/Bo)



\ in terms of thermal metric

W[E; A = log / Dé exp (S5, 3)

Thermal metric , Inverse thermal metric
: —20 —0,.,7
: € € U
. [—e e’ uz\ = =
Jdnv — 071~ i L ~OU uug udup
i Vi g = =T, B i

(€@ = 8@)/80) ug T g




\ in terms of thermal metric

W[E; A = log / Dé exp (S5, 3)

Thermal metric , Inverse thermal metric
I —20 —0,,j
e e “u
s —e? e’ uz\ — =
v = o ) T ulug uOug
e Ui Vi 9 = —0,)i i
€ U 7 u U
olx) — — : A fy ' N
(7™ = B(z)/ o) g udug udug

— o Interpretation of above result
WUlt; A] is described by QFT in "curved spacetime” s. t.

15 = —e2 (df + ayda’)? + yL-dada

(CL; — e_aug, ’7%5 — Yij + Uz U5, df — —idT)
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Case study 2: Dirac field

L= (1ef By~ Due) v — i

Symmetric energy-momentum tensor

T% = 2L — 20" By + 75 BF — Do — D)o

— & Result of path integral

Ult; A] = log Trexp /dZtV (5”(93)TVM

(z) + v(x)J" ()

_ log/DlﬂDw exp (SEWa?ESéD

)




\ in terms of thermal vielbein

W[t; \] = log / DDy exp (Se[t), 1; €])



\ in terms of thermal vielbein

W[t; \] = log / DDy exp (Se[t), 1; €])

— & Euclidean action with thermal vielbein
Bo
o did = [ dr [@ae |50 (e By D) v - miw

~ a a

Thermal vielbein - é(—)a = €Jua, € — € (60 = 5(37)/50)




\ in terms of thermal vielbein

W[t A] = log / DYDY exp (Sgv, ¥; é])

— & Euclidean action with thermal vielbein
Bo ~ _
pl.did = | dr [ d'a { “B—Ewé“)w—mw}

o, Q ~ a a

Thermal vielbein - 60 —e u, ¢ —=¢€; (60 = 5(37)/50)

— & Interpretation of above result

WU(t; A] is described by QFT in "curved spacetime” s. t.
ds? = & napdat da” = —e* (df + azda’)? + ~f-da’ da?

(Clg =e u;, ’7;5 — ’7{5 -+ UZU5, dg . —ZdT)




Local Thermal QFT

Global equil. 5o

' = const.




Local Thermal QFT

—— Thermal QFT (Matsubara formalism) —

Global equil. 5o Matesbare 1051
QFT in the
" = const. Path int. dT Bo’ flat spacetime
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Local Thermal QFT

—— Thermal QFT (Matsubara formalism) —

Global equll. 50 [ Matsubara, 1955 ]
QFT in the
' = const. Path int. dT 50 flat spacetime
: with size [
>
X
, , Local Thermal QFT
Local eqUIlo {6 (CE‘ )7 ”U(CE‘)} [ Hayata-Hidaka-MH-Noumi PRD(2015) ]
. . [ MH (2017) |
QFT in the

B “curved spacetime”
] Path int.

with “line element”

ds* = ds5*(B, )




Symmetry of Local Thermal QFT

d5? = —c (df + ayda’)? + Yy’ da’ ‘ﬁ“"
a; = —e “uj, %{3 = ;7 + uju;, dt = —idr)
X




Symmetry of Local Thermal QFT

5% =~ (df + arde')? + Ay o ‘ﬁ“"
(a; = —e g3, %{3 = ;7 + uju;, dt = —idr) X
X

— Symmetry of “curved spacetime”




Symmetry of Local Thermal QFT

d5? = —c (df + ayda’)? + Yy’ da’ ‘ﬁ“"

_ —0 /! I T :
(CL; —— us , ”)/55 p— /YZ] —+ Uz U7 dt p— —ZdT) R
i
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— Symmetry of “curved spacetime”

(1) Spatial diffeomorphism -

Physics does not depend on the choice of Spatial coordinate system!!




Symmetry of Local Thermal QFT

d5? = —c (df + ayda’)? + Yy’ da’ ‘ﬂm"
(a7 = —e “uz, Vi = 75 + wus dt = —idr)
X

17 (20

— Symmetry of “curved spacetime”

(1) Spatial diffeomorphism -

Physics does not depend on the choice of Spatial coordinate system!!

(2) Imaginary time tran. & Kaluza-Klein gauge -

Parameters A\ (e.g. T) does not depend on imaginary time!!




Symmetry of Local Thermal QFT

d5? = —e%7(dt + a;dx?)? + 7 —dz'dax’

(a; = —e™ “ug, %5 = V7 T Uzu;, dt = —idT)

— Symmetry of “curved spacetime”

(1) Spatial diffeomorphism -

Physics does not depend on the choice of Spatial coordinate system!!

(2) Imaginary time tran. & Kaluza-Klein gauge -

Parameters A\ (e.g. T) does not depend on imaginary time!!

¥

U\ = log / Dzﬂ)we ! should respect the above symmetries!!




Symmetry of Local Thermal QFT

d5* = —e*7 (dt + a;dx’ N2 4 7 ~dz'dax’ »"
(a5 = —e™uz, Vi = 955 + uzu;, dt = —sz
T

— Symmetry of “curved spacetime”

(1) Spatial diffeomorphism -

Physics does not depend on the choice of Spatial coordinate system!!

(2) Imaginary time tran. & Kaluza-Klein gauge -

Parameters A\ (e.g. T) does not depend on imaginary time!!

¥

U\ = log / Dzﬂ)we ! should respect the above symmetries!!

cf. Hydrostatic partition function method

Banerjee et al.(2012), Jensen et al.(2012)




Kaluza-Klein gauge symmetry

~

ds* = —e®? (dt + agdxz)Q + vg{idxgdat; (dt = —idT)




Kaluza-Klein gauge symmetry

~

ds* = —e®? (dt + agdxz)Q + vg{idxgdat; (dt = —idT)

. Parameters )\ don’t depend on
. imaginary time 7.




Kaluza-Klein gauge symmetry

~

—e?7 (dt + azdxg)Q T V;{;dfgdlj (dt = —idr)

én (")

. Parameters )\ don’t depend on
. imaginary time 7.

“Kaluza-Klein” gauge tr.

t —t+ x(x)
r — &
> 0:(2) — () — (%)
U\ = log | DYDyeS¥ ¥ 15




Kaluza-Klein gauge symmetry

~

ds* = —e*? (dt + agdxz)Q + v%dxgdat; (dt = —udT)

. Parameters )\ don’t depend on
. imaginary time 7.

én (")

“Kaluza-Klein” gauge tr.

{f%erx(az)

r — &

a;(x) — a;(z) — Oix ()




Short Summary: Local Thermal QFT

: - Local Thermal QFT
LOCal equllo {5 (CE‘) y v (CC) } [ Hayata-Hidaka-MH-Noumi PRD(2015) ]
. : [ MH (2017) ]

ds® = d5* (B, )

QFT in the
“curved spacetime”
with “line element”
>
X
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Short Summary: Local Thermal QFT

Local equil- {8(z), v(x)} Local Ther?;giagigMH-Noumi PRD(2015) ]
[ MH (2017) |
QFT in the
“curved spacetime”
with “line element”
. = d5%(B, V)

o 2§




Short Summary: Local Thermal QFT

Local Thermal QFT

[ Hayata-Hidaka-MH-Noumi PRD(2015) |
[ MH (2017) |

QFT in the
“curved spacetime”
with “line element”
>
X

Local equil. {5(z), ¥(x)}

ds® = d5* (B, )

Ult; A] = log Trexp /dZt,, (B“(a;)TVH(:B) + V(CE‘)JV(CIZ))

. A 2 0
(D W|A| plays a role as the generating functional: (7" Y(x))" = =3 09 (@) WAl

OR'Y% )\ is written in terms of QFT in curved spacetime

d§2 — _620(d£_|_ agd:vi)Q 4+ ’Yé;dfgdﬂﬁj




Short Summary: Local Thermal QFT

Local Thermal QFT

[ Hayata-Hidaka-MH-Noumi PRD(2015) |
[ MH (2017) ]

QFT in the
“curved spacetime”
with “line element”
>
X

Local equil. {5(z), ¥(x)}

ds* = d5* (B, V)

Ult; A] = log Trexp /dZt,, (B“(a:)T”u(a:) + V(at)J”(a;))

. A 2 0
(D W|A| plays a role as the generating functional: (7" Y(x))" = =3 09 (@) WAl

OR'Y% )\ is written in terms of QFT in curved spacetime
dS o U(dt —|— agdxl) —|— ’Y;;dﬂ?zdajj
Symmetry = Spatial difteomorphism + Kaluza-Klein gauge




Outline

Ed MOT IVAT ION:

Quantum field theory under
local thermal equilibrium? ¥

& APPROACH:
QFT for Local Gibbs distribution ‘ﬂ“.,
2 6 /

(1) Variation formula: (TH (2))HC = VDY

B V=909, ()

2 v [)\] is written in terms of QFT in “curved spacetime”
~2 2 y 1\ 2 | 3.0 3.7
dS — J(dt —|— Cl,gd.flffz) —|— ’V;;dxzda?j
Symmetry = Spatial difteomorphism + Kaluza-Klein gauge

. APPL ICAT TON

Derivation of
Anomalous hydrodynamics
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Ed MOT IVAT ION:

Quantum field theory under
local thermal equilibrium? ¥

& APPROACH:
QFT for Local Gibbs distribution ‘ﬂ“.,
5 /

~ 2
(D) Variation formula: (T"(z))*“ = NI WA

2 v [)\] is written in terms of QFT in “curved spacetime”
~2 2 y 1\ 2 | 3.0 3.7
dS — J(dt —|— Cl,gd.flffz) —|— ’V;;dxzda?j
Symmetry = Spatial difteomorphism + Kaluza-Klein gauge

. APPL ICAT TON

Derivation of
Anomalous hydrodynamics




Parity-even case




Derivative expansion of {



Derivative expansion of {

Non-dissipative constitutive relation

puv LG 20
(T (x)); 550, ()
Jh () \ LG — % 0
S = A

U[t; A = Tioy [AM@)] + T7 A=), VA@)] + - -

V(G A = Jio [M@)] + Jf M (@), VA@)] + - -



Derivative expansion of {

Derivative expansion of {

\:[/[5:“7 y] — \IJ(O) [5#7 V] 4+ \P(l)[ﬁM, v, 8] 4 0(62) 4.

Non-dissipative constitutive relation

puv LG 20
(T (x)); 550, ()
Jh () \ LG — % 0
SN = A,

U[t; A = Tioy [AM@)] + T7 A=), VA@)] + - -

V(G A = Jio [M@)] + Jf M (@), VA@)] + - -



Derivative expansion of {

Derivative expansion of {

\I/[B:“7 y] — \IJ(O) [6#7 V] _|_(\I;(1)[6M7 v, 8]J_|_ 0(82) 4 ...

= (0 Parity-even system

Non-dissipative constitutive relation

puv LG 20
(T (x)); 550, ()
Jh () \ LG — % 0
SN = A,

U[t; A = Tioy [AM@)] + T7 A=), VA@)] + - -

V(G A = Jio [M@)] + Jf M (@), VA@)] + - -



Derivative expansion of {

Derivative expansion of {

\I/[B:“7 V] — \IJ(O> [6#7 V] _|_(\:[;(1)[6M7 v, 8]J_|_ 0(82) 4 ...

— (0 Parity-even system

Non-dissipative constitutive relation

v (2 \\BG 2 0
<T ( )>t \/—795gu,/(513)
T () \ LG — 2 0

Ult; A] = T(‘ég A(x)| +

W[t A] = Jigy[A(@)] +




Derivative expansion of {

Derivative expansion of {

vs", v]

~ [Op

Symmetry property

Non-dissipative constitutive relation

0% LG __ 2 0 T\ = THY )\ (1
TH LG _ 2 0 T _ Tk 7

i\IJ(O) B, y]}—l{\IJ(l)[ﬁu, v, Q]J—I— Od?) + - -

— (0 Parity-even system




Recipe for Masseiu-Planck fcn.

—— Masseiu-Planck functional

[\ = log / Dpe19:9]

[ Banerjee et al.(2012), Jensen et al.(2012) |
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- Building blocks « A = {¢°,
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Recipe for Masseiu-Planck fcn.

[ Banerjee et al.(2012), Jensen et al.(2012) |

—— Masseiu-Planck functional

log/D¢e = O+ N 9] 4+ 0(0%)
Opp”)  O@®)

- Building blocks : X = {e”, a3, u, A;}
- Symmetry « Spatial diffeo, Kaluza-Klein, Gauge
Az ¢ not Kaluza-Klein inv. » A = A: — ua;

- Power counting scheme : )\ = O(p°)
fiz = 005 — 05057 = O(ph)



Recipe for Masseiu-Planck fcn.

—— Masseiu-Planck functional

= log / D¢e

[ Banerjee et al.(2012), Jensen et al.(2012) |

TN+ TDIN, 8] + 063
or’) O

- Building blocks < A = {e“,
- Symmetry « Spatial diffeo,
A; ¢ not Kaluza-Klein inwv.

- Power counting scheme -
fﬁ:({}a——aa——

a;, W, Az}

Kaluza-Klein, Gauge

wmp A; = A; — pa;

A= 0(p")

*ff(’)




Y© : Order O(
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—— Masseiu-Planck functional

log/D¢e = W[\

O(p°)

- Building blocks : A = {¢“, a;, u, A;}
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P© : Order O(p°)

—— Masseiu-Planck functional

log/D¢e = W[\

O(p°)

- Building blocks : A\ = {¢?, a&F, u, A5}
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P© : Order O(p°)

—— Masseiu-Planck functional

log/D¢e = W[\
O(p”)

- Building blocks : A\ = {¢?, a&F, u, A5}

Bo
VACUPY :/0 dT/deWeap(ﬁ,u)

— Pertfect fluid

=) (T (2))§C = (e + p)utu” + pnt

(J4(@)EC = nu




Parity-odd case

UR 7# UL




Anomaly-induced transport

‘ Chiral Magnetic Eﬁ\ect (CM E) [ Fukushima et al.2008, Vilenkin 1980 ]

M5 B
272

] =

¢ Chiral Vortical Effect (CVE) '™ al; 1008, Son-Surowka 2009




Derivative expansion of {

Derivative expansion of {

vs", v]

~ [Op

Symmetry property

Non-dissipative constitutive relation

0% LG __ 2 0 T\ = THY )\ (1
TH LG _ 2 0 T _ Tk 7

i\IJ(O) B, y]}—l{\IJ(l)[ﬁu, v, Q]J—I— Od?) + - -

— (0 Parity-even system




Derivative expansion of {

Derivative expansion of {

vs", v]

~ [Op

Symmetry property

Non-dissipative constitutive relation

0% LG __ 2 0 T\ = THY )\ (1
TH LG _ 2 0 T _ Tk 7

v O ]| w D[, v, o))+ 002 +

— (0 Parity-even system




Derivative expansion of {

Derivative expansion of {

\:[/[5:“7 y] :(\IJ(O) [6#7 V]]—l— \P(l)[ﬁM, v, 8] i 0(62) 1.

~ Bp = (0 Parity-even system
Symmetry property

Non-dissipative constitutive relation

iy () \LG 2 0
<T ( )>t \/—795guy(513)

Jh () \ LG — % 0
MVE YW E)

=

U[t; A = Loy [M@)] H T7 A=), VA@)]+ - -

UG A = Jio [M@)] 4 Tf (@), VA@)] - -



Recipe for Masseiu-Planck fcn.
— Weyl fermion : £ = %5* (en‘jamﬁﬂ — %Ma e ) & —

W[\ = log / DetDeeSEE A = GO 4 T[N 9] + 0(6?)
O@p’) O

- Building blocks : A = {€°, a;, ur, A;}
- Symmetry « Spatial diffeo, Kaluza-Klein, Gauge
A; ¢ not Kaluza-Klein inv. » A; = A; — pra;

- Power counting scheme : )\ = O(p°)

f@:({}a——aa—— * ff= (’)
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P© : Order O(p°)
— Weyl fermion : £ = %S‘L (6#0”13“ — %uﬁm%’f) § —

V(A = log / DEIDeeslet’ - Ad = T[N
O(p”)

- Building blocks : A = {€%, a3, pg, A;}

Bo
PO :/O dT/deﬁeap(ﬁ,uR)



P© : Order O(p°)
— Weyl fermion : £ = %S‘L (6#0”13“ — %uﬁm%’f) § —

W = log [ DEIDESES A= WO
O(p°)

- Building blocks : A = {€%, a3, pg, A;}

Bo
TO[\] = / ir / P2/ e p(B i)
0
— Perfect fluid
(TH (2))EC = (e + p)uru” + pnt”

(J(2));® = npu”

—




Y® : Order O(p)
— Weyl fermion : £ = %S‘L (67#0”7“3“ — %uUmfin’f) § —

W =log [ DeDEeIEE A= 1w
O(p')

- Building blocks : A = {¢7, a;, pr, A;}



Y® : Order O(p)
— Weyl fermion : £ = %S‘L (6#0”13“ — %uﬁm%’f) § —

U =log [ DeDeesiosAd= 11w
O(p")

- Building blocks : A = {¢7, a;, pr, A;}

/ dB35\/7 C1 (B, ur)e " A;0; A

/ A>T/~ Ca (B, MR)GE;E/IE@;OJE



Y® : Order O(p)
— Weyl fermion : £ = %{f (a,#amﬁu - %uUme#f) § —

U =log [ DeDeesiosAd= 11w
O(p")

- Building blocks : A = {¢7, a;, pr, A;}

/dSEWCl(ﬁ,uR EEA‘@ *Ak » s

(:j
/ BNV Co(B, pr)e7* A;050; lm’
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Anomalous transport coeflicients

(D Non-perturbative way (WZ consistency condition ...)
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— (2 Perturbative evaluation of { in external field
[Recall Prokhorov's talk]




Anomalous transport coeflicients

(D Non-perturbative way (WZ consistency condition ...)

[Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015)]

— (2 Perturbative evaluation of { in external field

P+Q [Recall Prokhorov's talk]
2 A A
LY o et gy, IR
5AM5AV Q Q P A2
P
P+Q
52\11 5§/~W Aoz .~ . .
_ = ~ iQ,C (0" ePHOY 4 §;.m"" ePHI%)
5g,u1/614a Q Q) = 12 72
P — TR Z
8r2 24




Anomalous transport coeflicients

(D Non-perturbative way (WZ consistency condition ...)

[Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015)]

— (2 Perturbative evaluation of { in external field

P+Q [Recall Prokhorov's talk]
2 A A
5 W _ M 14 N _ZgO,upl/Q [LI‘R
—> —_—
5AM5AV Q Q P A2
P

24




Derivation of CME/CVE

.. 1T ]
\If(l)[)\] = /dga’jgowk 8V7RA 8 Ap + (Vg:R | 24> Aigngk




Derivation of CME/CVE

N 1 U T .
\If(l)[)\] — /dgai‘gowk 87RA (9 Ap + ( g:QR | 24> Az'@jg()k

L 0w up oy (pk TN
o ARG )><01>_W5A( )_EB +<8772 | 24)“’




Derivation of CME/CVE

| v ", T .
\If(l)[)\] — /d3x€0zgkz S—RQAZC%A]{ - ( g:QR | 24) Aif)’jg()k

A ) N I T S SR
»<J()>(Ol)_\/7514() 47TB_|_(87T2| 24>w

>4 K5 i, HH5
@)y = 25 B+ Lo




Ed MOT IVAT ION

Quantum field theory under
local thermal equilibrium? W

& APPROACH:
QFT for Local Gibbs distribution ‘ﬂ“’,
0 /

~ 2
(D) Variation formula: (T"(z))*“ = NI WA

2 v [)\] is written in terms of QFT in “curved spacetime”
dS — J(dt —|— Cl@dﬂ?z) —|— ’Vg;dﬁlfzdxj
Symmetry = Spatial difteomorphism + Kaluza-Klein gauge

. APPL ICAT ION:

2 & =
Derivation of «AAQ\A/V-} o) = %B

Anomalous hydrodynamics




Outlook

) DISSTIPAT ION AMD FLUCTUAT I0ON:

How to implement dissipation and fluctuation based on QFT?

- Zubarev et al. (1979) - Haehl, Loganayagam, Rangamani (2015-)
- Becattini et al. (2015) - Harder, Kovtun, Ritz (2015)
- Hayata, Hidaka, MH, Noumi (2015) - Crossley, Giorioso, Liu (2015-)

- Jensen et al. (2017-)

:?: MON-DISSTPAT IVE TRANSPORT

Evaluation of Masseiu-Planck fcn. in several situations

s.t. in the presence of magnetic field/vorticity ...

- Hattori, Yin(2016) - Becattinil et al. (2015)

SUPERFLUID / MAGMET O-HYDRODYNAMICS

Extension to cases with other zero modes

s.t. Nambu-Goldstone-mode, Photon, Topological defect




Backup



What is Local Gibbs distribution?

Gibbs distribution

What is the state with maximizing
information entropy: S(p) = —Trplogp

~ under constraints: - ----ccccecaaaaaa- :

AN A

(H) = E = const., (N) = N = const.

Lagrange multipliers: A = {5, v = Bu}

—Local Gibbs distribution —

What is the state with maximizing
information entropy: S(p) = —Trplog p
~ under constraints: - -c---ccccceccacaaa- :

(19,(2)) = pu(x), (J°(x)) = n(z)

Answer:

b = e J AT e (BT IO w8 ]

Lagrange multipliers: \*(z) = {8"(z),v(x)}




