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Motivation

Neutron Star (Magnetar)

Microscopic | Macroscopic
- Ouark—Gqun I?Iqsr_na (OGP)

. 2
'+ 3

http://newso

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

QFT ’7

—Question.

d.o.f. How to bridge the gap
Quark, Gluon between micro and macro? T(x), V(x), u(x)




How to construct hydrodynamics

Macro

Micro

(1 O
(QCDIQED/E)

---Conventional way- - -
Only apblicable Expansion around

Kinetic theory
to weak coupling ‘ Boltzmann eq \ some distributions




How to construct hydrodynamics




How to construct hydrodynamics

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

Micro Macro

Local Thermal equil.
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Thermal QFT in a Nutshell

— Thermal QFT (Matsubara formalism) —

GIOba‘I equ”' I 0 [ Matsubara, 1955 ]
QFT in the
T = const. Path int d! o 3at spacetime
; with size€ g
X
L1 (! uN) L
Gibbs dist: Y = - = ¢ (ML

— Thermodynamic potential with Euclidean action
I [1,"]=logTr € ' u®) = joq  gul+#|e !(lﬁ” “P@)‘]#"
: I .

= log DI " Sel'] St ]=  d" dxLe(!,#!)
1 (")=+1 (0) 0




QFT for local thermal equilibrium?

Local equil. {! (x), ¥(x)} Local Thermal QFT

s

Chiral Magnetic E! ect Chiral Vortical E! ect




Outline

Motivation

Quantum Peld theory under
local thermal equilibrium? W

& Approach:
QFT for Local Gibbs distribution

@ Application
Derivation of
Anomalous hydrodynamics




Local thermal equilibrium

Determined only bylocal temperature, local velocityE at that time



How to describe local thermal equil.

Global thermal equilibrium:
Gibbs distribution:

g = € "It logTre 'Y

| ocalize

Local thermal equilibrium:

Local Gibbs (LG) distribution
Bg = e' 111 H(x)," (x)]

=1 Hx)PYL(x)+ " (x)Jﬁ(x)

(%), V(X)}




What Is Local Gibbs distribution?

Gibbs distribution

What is the state with maximizing

information entropy: S(@) = ! Trplog g

Answer .
Fo =g 'HEND! it
Lagrange multipliers: A% = {!," = ! y}

—Local Gibbs distribution —

What is the state with maximizing
information entropy: S(@) = ! Tr@log g
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Answer:
Mg =€ d Tx (P HPO PO R ]

Lagrange multipliers:\?(z) = {6"(x), v(z)}




Introducing background metric

Flat spacetime

t = const.

d*x 1 ¥ (x) P () + " (z) P()

Ooo

dl !

Curved spacetime

— EX. Bjorken coord. -
LA |

N

t

@

g Xx) = const.

e 1OPL00+ 0P ()

f Formulation becomes manifestly covarial

. Background metric plays a role as external beld couple TH’




(Local) Thermodynamic Potential

— I\/Iasseiu-PIanck functional

1 [81]! logTrexp

= log Ir exp

Foo . §
d" g )P () + #)P (%)

A

- [ @xvma (0TS + v 03°0)




Variation formula for local equil.

[ Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015), M
— Variation formula in Ohydrostatic gaugeG

L2 o .1
oo B 00 = e

P (%) = @]




(Local) Thermodynamic Potential

—— Masselu-Planck functional X
- # /
1 [@!]! logTrexp  d"a "*“(X)P,(x)+ #(x)F (X)

A

= log Ir exp -— / d°xv/—g (HW(X)fgIW(X) + V(X)JQ(X))_




Hydrostatic gauge Pxing

Picture before gauge fixin Picture in hydrostatic gaug

Future time

direction

We can choose the time direction vectort" (x) = ! {x*

—Hydrostatic gauge Pxing

Let us choose tH(x) = B*(X)/ By, Ag(x) = v(x)




Variation formula for local equil.

[ Banerjee et al.(2012), Jensen et al.(2012) , Haehl et al. (2015), M
— Variation formula in Ohydrostatic gaugeG

L2 o .1
oo B 00 = e

P (x)"g° = (8]

- Proof. consider time derivative o! [!] —

Ot [t; A] = /dd! 'Xv—g (Vuﬁl (THFS + (Vav + Fry 8 )<JA“>t‘)
/dd' tx’ "_< #l +#y $f“!%@+(!!#!AH+A!#u!!)$JA“%>

/ddI 125\/*( £ 50 (P*")6° + £ A <3]J>‘Z’)

On the other hand, sinct* = 1 * |, we can express the LHS

_ #l #l
| LI dl 1 - .
Lol [t:"] /d x(i’ggu,,# HV—I-DEgAu#Au)

Matching them gives the above variation formul ]




Q. How can we calculaté ! logZ ?



Case study 1: Scalar peld

@
= | 97!,@"! o' 1 V(")

—p D1 22 1S it gt (B
#g!gu!

| [@!]=logTrexp ! d¥ e Tg"*(x)P%(x)

=log D! exp(Sel!,"*) =log | Doexp (Sl

S[g, 8] = / dT/d3 geu{ i —E W igys (v +“Z“]>a;¢aj¢" V()

2u0u; T ulug

= [Cor [envis] Gavaot vial @@ 1 1@y




IN terms of thermal metric

[@!]=log D" exp(Se[", 8

Thermal metric : Inverse thermal metric
: ! " . D
: . 5 e 2 e " uf
_ e eu ] | o
glﬂfb — " | oo _ " UgUg UgUg
e u ! : = C
P op <) # 9 p
5 | e u N u-u
| : . .
(e' (=) I (R’)/! O) UgUg UgUg

— | Interpretation of above result
| [@!] is described by QFT inOcurved spacetimeO s

ds® = | € (dt'+ apdx”)® + ! gdx dx”
(apl e! ! Ug, lﬁpl 'gp+ UgUP, debe= " id")




Case study 2: Dirac Peld

1;; vaeaH!Dg! !%Hvaea“ ! ma

Symmetric energy-momentum tensor

1 . "1 ! !
T%: ! (SQL! Z@(W“Dyzﬁ Vg D | %Mﬂ! %ﬂ%)?ﬁ

— | Result of path integral
1 [@!]! logTrexp  d'a "#(X)P',(x)+ #(x)FP (X)

. B 11 B #
=log D! D! exp Sg|!,!;§

$‘3




IN terms of thermal vielbeln

L[] = log/ D" D" exp (SE[ 7"_56])

— | Euclidean action with thermal vielbeln -
! Bo ' 1 H . - $ y

Selv, #el=  dr d'se —38 Vel Dy — Dyl o — m@y

Thermal vielbein e e@a = e’u”, e@a — e@a (e” 1 B(x)/Po)

— | Interpretation of above result

| [@!] is described by QFT inOcurved spacetimeO s

ds? = -épaébb! bdrPdx? = 1 & (dF+ apda®)? + " épdxgdaip

(apl e! ! Ug, lﬁpl 'gp+ UgUP, de= " id")




Local Thermal QFT

— Thermal QFT (Matsubara formalism) —

[ Matsubara, 1955 ]

Global equil. ! o

QFT in the
T = const. Path int. d! lo Rat spacetime
H with sizd g
>
X

Local Thermal QFT

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

QFT in the
Ocurved spacetime(
with Oline elementt

ds? = ds?(! ,%




Two ways to construct U ! logZ
-1. Use dieo & gauge Invariance

-# is expressed by{0..,,A,} ‘ﬂm"
-# I1s dil eo & gauge invariant!

%
m # is expressed interms of! = 43, !u= A, R, By,

~-2. Use symmetry from imaginary-time naturel

- W |s patial di! eomorphism invariant
- ¥ |sKaluza-Klein gauge invariant!

=) | =logZ should respect these two symmetries!

[cf. Hydrostatic partition function method Banerjee et al.(2012), Jensen et al.(20|12




Two ways to construct U ! logZ

~2. Use symmetry from imaginary-time nature.

- W |s patial di! eomorphism invariant
- ¥ |sKaluza-Klein gauge invariant!

=) | =logZ should respect these two symmetries!!

[cf. Hydrostatic partition function method Banerjee et al.(2012), Jensen et al.(20|12




Kaluza-Klein gauge symmetry

ds® = | € (df+ agdx”)® + ! axdx’ (df= ! id!)

. Parametersy donOt depend on‘
. Imaginary time | .

OKaluza-KleinO gauge tr.
4t t+ ! (9)

., 0! »

% Pala) ! a0 " (0)

I [']=log D'2D" el Il | g %5444

(fgp ' !gap "o Pap) -*\ Ay, aga‘a, aa




Short Summary: Local Thermal QFT

. . Local Thermal QFT
Local eqU”. {I (X)’ V(X)} [Hayata-Ql-IidakaMH-Noumi PRD(2015) |
- ! [ MH (2017) ]

QFT in the
Ocurved spacetime(
with Oline element(

» = dS‘Z(I U

T $*§ """""""

1 [@!]! log Trexp. d' g "H(X)P LX)+ #(X)P (x)

— ) 2 !
W | ioni ! P (x)"C = #
f * ' | plays a role as the generating function (X) $9! 0. (X)

LT

I [! ] is written in terms ofQFT in curved spacetims
ds? = | € (d'+ agdx")? + ! gudx dx’
Symmetry = Spatial di eomorphism + Kaluza-Klein gauge
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Parity-even case




Derivative expansion of#

Derivative expansion of"

IR {1 © L M,"]]{ AN #]J+ O(#°) + aaa

.

' Bp — (0 Parity-even system
Symmetry property

Non-dissipative constitutive relation

. 2 | | N

PRV ()G = HT' W(x)\p[? 1= (O)[)\(x)]+ T(ul)P‘(X)’! A+ 44
. ) | .

(P(x))g” = FlAM(X)\I}[ﬂ ] = Jf I (x)]+ L (@), !(;,[;)])Jr

=



Recipe for Masselu-Planck fcn.

[ Banerjee et al.(2012), Jensen et al.(201.

— Masselu-Planck functional

| [!]:Iog. D" eS8l =1 Of 1+ 1 W[ "1+ 0("?)
O(p’)  O(pY)

- Building blocks e ! = {€', ag, U, Ag}
- Symmetrye Spatial difeo| Kaluza-Klein| Gauge
Ap « not Kaluza-Klein inv. sl 5! Ag" nag

- Power counting schemes ! = O(p°)
fgpl 'pap " 'Pap: O(pl) * it = O(pz)



# 0 e Order O(p°)

— Masselu-Planck functional

![!]:Iog. D" el @1—'@)[0']
O(p°)

- Building blocks o | = {e 25, U, o}
1 O = d' e #'e p($,p
0

— Perfect Buid
—) P (x)"g” = (e+ putu’ + ptH]

| P (x)"5° = nu¥




Parity-odd case




Anomaly-induced transport

! Chlral Magnetlc E' eCt (CM E) [ Fukushima et al.2008, Vilenkin 1980

UR & Hp

_ EM5 .
| =5 2,,2E3 | o B

! Chlral VOrtICal E| eCt (CVE) [Erdmenger:a:;oo& Son-Surowka 20(

a5

_ HH5
i I 2" 2#




Derivative expansion of#

Derivative expansion of"

[ M,"]:(! O 11w ]]+' O e #)+0#) + aaa

' Bp — (0 Parity-even system
Symmetry property

Non-dissipative constitutive relation

. 2 | | N

PV (2)"F = HT' W(x)\p[ﬂ | = (O)[)\(x)]+ TH ), T A)]|+ 44
. ) |

(Frea)e” = FlAu(x)\Ij[ﬂ | = Jo [t @]+ Jyy [ (2), 1 (@) -

=



Recipe for I\/Iasselu Planck fcn.
— Weyl fermion « £ = —5 e“ I““D Eua el & —

\If[!]-log. D" D"eSH ARl= 1 O+ 1 D "1+ O("?)
O(p’)  O(p’)

- Building blocks ¢ ! = {€, as, HUr, A}

- Symmetrye Spatial difeo| Kaluza-Klein| Gauge
Ag * not Kaluza-Klein inv. sl A1 Ag" Lrap

- Power counting scheme ! = O(p°)

fgpl !gapu 'Pap: O(pl) * it = O(pz)



# (0) o Order O(p°)

— Weyl fermion « £ = —5 e“ I““D Eua € & —

\If[!]-log. D" DSt Ael=1 O]
O(p)

- Building blocks ¢ ! = {Ie! , A, UR, b}

|
- 0

1 O = d*  d®w #e p($,Ur)
0
— Perfect Buid
P (x)"5C = (e+ p)utu’ + p! M

—

(Pr(x))° = npu




# = Order O(p)

— Weyl fermion « £ = —5 e*l "D —Epvmem” § —

\I/[l ]:Iog D D 68[!,! A, e]_ + | (1) [I ,u]
O(p)

- Building blocks ¢ ! = {€, as, HUr, A}




Anomalous transport coeb cients

f Non-perturbative way (WZ consistency condition E)

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

- , Perturbative evaluation of) in external Peld
P+Q
2 A Au
SEEEY o gy e
'AHIA| @) Q 4" 2
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l I | . .
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Outlook: Challenge for audience

ﬂ Challenge for Lattician

: S
Q1 CVE coéicient from Lattice QCD [Braguta et al. (2014)@

2 2 2
nlLG — I'l ' l"l + IJ'5 T n |
' (x) 0,1) ~ WBI T 4 2 T 12 |

» Gradient Bow method to evaluate ;| ~ (T J;)

Q2 Thermodynamic properties of rotating/innomogeneous QGP
» Usual Monte-Carlo? Complex Langevin??

H Challenge for non - Lattician

Q1 (Non-)Perturbative calculation witlstrong inhomogeneity
Q2 Find someNew physicscaptured by local thermal equilibrium!!
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