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QCD matter in extreme situations
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Result :

Schwinger-Keldysh formalism for nonequilibrium open system

Noneq. Ginzburg-Landau expansion

Time crystalline behavior and NG mode for chiral order parameter?

Schwinger-Keldysh based EFT

Outline



Time-evolution of QCD phase diagram

[Cabibbo-Parisi (1975)] [Baym et al.  “Long range plan” (1983)]

Earliest QCD  
Phase diagram

◆ Initial condition [Cabbibo-Parisi (1975)]

◆ Time evolution [McLerran (2003)]



QCD phase diagram in 2010’s

[Fukushima-Hatsuda (2010)]

Possibility for inhomogeneous chiral order parameter!
[Nakano-Tatsumi (2005), Nickel (2009), Kojo et al.(2010), Hidaka et al. (2015), …]



Time crystal & No-Go theorem

Lagrangian: Continuous translational symmetry

Crystalline state
Only discrete translational symmetry

SSB

(Classified by the space group!)

◆ Inhomogeneous phase = SSB of spatial translation symmetry

Lagrangian: Continuous time-translational symmetry

Time crystal?SSB?

Only discrete symmetry

◆ Possibility of time crystal? [Wilczek (2012)]

[Watanabe-Oshikawa (2015)], …

No-Go theorem  
for equilibrium state



Possibility in nonequilibrium system

◆ Continuous time crystal in chemical reaction (BZ reaction)

◆ Discrete time crystal in periodically driven system [Yao et al. (2017),…]



Driven-dissipative condensate

Time-oscillating condensate (≒ time crystal) can be realized!

[From Sieberer et al. (2016)]

◆ Driven-dissipative environment in exciton-polariton system

Q. Do we have something special for the open system?
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NG mode in open system?

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

! [i öQa, ö! i (x)]" # Tr
!
ö! [i öQa, ö! i (x)]

"
$= 0

Spontaneous Symmetry Breaking (SSB)

◆ Spontaneous symmetry breaking & Nambu-Goldstone mode

such that! ö! (x)

öQaFor some conserved charge

※ In open system, charge can di! used to environment!
Total system

Environment

Open  
System

loss

pump
Charge is no longer conserved!

- What is “symmetry and its breaking”?
- Is there Nambu-Goldstone mode?{

[Minami-Hidaka (2018)]
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◆ QCD matter in several extreme situations

Need for real-time formalism

N

S

High-T

High-µB

Strong-B

Equilibrium state: Imaginary-time formalism! Nonequilibrium 
(steady) state

We need to use the real-time formalism of quantum theory!

Driven

dissipative



Real-time formalism of 

Q uantum Field Theory in a Nutshell
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hin|Ô|ini

h'̂i = Tr (⇢̂0'̂)Ex.

Non-equilibrium QFT

Schwinger-Keldysh�in a Nutshell



Doubled symmetry structure
◆ Dynamical degrees of freedom

= System          + Environment{'}
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◆ Doubled symmetry structure in total & open systems

= N

Z
D'1D'2e

i(Ssys['1]�Ssys['2])+i�['1,'2]⇢0(')
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Simple example: Brownian motion
Total system◆ Dynamical degrees of freedom

=Total system 
(G-inv.)

Brownian  
particle

Surrounding  
particles+{X}
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Stot [X, x n ] = Ssys[X ] + Senv [xn ] + Sint [X, x n ]
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- E! ective action (in a simplified case):
iSe! [X 1, X 2] = iSsys[X 1] ! iSsys[X 2]

!
1
2

!
dt

"
i ! (X 1 úX 2 ! X 2 úX 1) + 2 ! T(X 1 ! X 2)2

#
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- Generating functional: 
◆ Key point

Z = N
!

DX 1DX 2eiS eff [X 1 ,X 2 ] ! 0(X )
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is only invariant underSe! [X 1, X 2]
<latexit sha1_base64="fYprH0WXlYxrDNXPlXjsNCthyE4="></latexit><latexit sha1_base64="fYprH0WXlYxrDNXPlXjsNCthyE4="></latexit><latexit sha1_base64="fYprH0WXlYxrDNXPlXjsNCthyE4="></latexit><latexit sha1_base64="fYprH0WXlYxrDNXPlXjsNCthyE4="></latexit>

!
X 1(t) ! X !

1(t) = X 1(t + ✏R)
X 2(t) ! X !

2(t) = X 2(t + ✏R)
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Energy of Brownian particle is not conserved, but we still have symmetry!

-



Towards driven-dissipative QCD

Driven

dissipative

- Driven-dissipative coupling:
(� > 0)

<latexit sha1_base64="9oximsrf4ziGQvxHlPhPtm7I6zs="></latexit><latexit sha1_base64="9oximsrf4ziGQvxHlPhPtm7I6zs="></latexit><latexit sha1_base64="9oximsrf4ziGQvxHlPhPtm7I6zs="></latexit><latexit sha1_base64="9oximsrf4ziGQvxHlPhPtm7I6zs="></latexit>

(� < 0)
<latexit sha1_base64="V5txAebmWxRIpcrwprepCX2Qi1I="></latexit><latexit sha1_base64="V5txAebmWxRIpcrwprepCX2Qi1I="></latexit><latexit sha1_base64="V5txAebmWxRIpcrwprepCX2Qi1I="></latexit><latexit sha1_base64="V5txAebmWxRIpcrwprepCX2Qi1I="></latexit>

for the Brownian particle

- Doubled dynamical degrees of freedom: {'1,'2}
<latexit sha1_base64="k5Re/Iv/Y/BALjXeUqSJu2Fyh1o="></latexit><latexit sha1_base64="k5Re/Iv/Y/BALjXeUqSJu2Fyh1o="></latexit><latexit sha1_base64="k5Re/Iv/Y/BALjXeUqSJu2Fyh1o="></latexit><latexit sha1_base64="k5Re/Iv/Y/BALjXeUqSJu2Fyh1o="></latexit>

◆ Lesson from the simple example

Gr ⇥Ga
<latexit sha1_base64="PJ60DwEgUbmst3yu3ImXOPCNx+0="></latexit><latexit sha1_base64="PJ60DwEgUbmst3yu3ImXOPCNx+0="></latexit><latexit sha1_base64="PJ60DwEgUbmst3yu3ImXOPCNx+0="></latexit><latexit sha1_base64="PJ60DwEgUbmst3yu3ImXOPCNx+0="></latexit>

- Only one (vector-like) symmetry:

- Symmetry: = O(4)r ! O(4)a
<latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit>

(SU(2)R ⇥ SU(2)L)r ⇥ (SU(2)R ⇥ SU(2)L)a
<latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit>

◆ Driven-dissipative 2-flavor QCD in chiral limit

We can discuss SSB of surviving       -symmetry!!Gr
<latexit sha1_base64="kJLocm4dgAH/i4lzuVe/y1d3mj4="></latexit><latexit sha1_base64="kJLocm4dgAH/i4lzuVe/y1d3mj4="></latexit><latexit sha1_base64="kJLocm4dgAH/i4lzuVe/y1d3mj4="></latexit><latexit sha1_base64="kJLocm4dgAH/i4lzuVe/y1d3mj4="></latexit>

[Minami-Hidaka (2018)]

!  Possible SSB for (SU(2)R ! SU(2)L )r = O(4)r
<latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit>

(In general, coupling could be complex!)



Motivation :

Approach:

Result :

Doubled symmetry structure and its breaking in open system

Schwinger-Keldysh formalism for nonequilibrium open system

Noneq. Ginzburg-Landau expansion

Time crystalline behavior and NG mode for chiral order parameter?

Schwinger-Keldysh based EFT

Outline



Two (theoretically) simple situations

Ginzburg-Landau theory

① Near (2nd-order) phase transition point

② Deep inside the ordered-phase

E! ective field theory/Lagrangian

(Linear sigma model)

(Nonlinear sigma model)



Towards driven-dissipative TDGL

- Building blocks: �2 =

✓
�2

⇡2

◆

<latexit sha1_base64="/jp7qJm0qr7XEJ1mP2zO8IwtlDk="></latexit><latexit sha1_base64="/jp7qJm0qr7XEJ1mP2zO8IwtlDk="></latexit><latexit sha1_base64="/jp7qJm0qr7XEJ1mP2zO8IwtlDk="></latexit><latexit sha1_base64="/jp7qJm0qr7XEJ1mP2zO8IwtlDk="></latexit>

! 1 =
!

! 1

! 1

"
,

<latexit sha1_base64="lIrcTWv+TR+ThD+L3rbBxc5dcXU="></latexit><latexit sha1_base64="lIrcTWv+TR+ThD+L3rbBxc5dcXU="></latexit><latexit sha1_base64="lIrcTWv+TR+ThD+L3rbBxc5dcXU="></latexit><latexit sha1_base64="lIrcTWv+TR+ThD+L3rbBxc5dcXU="></latexit>

- Symmetry property 1: 
!

! 1 ! ! !
1 = R1! 1

! 2 ! ! !
2 = R2! 2

<latexit sha1_base64="T1nt4o/oSNUy4OK4Wwqhps21RIM="></latexit><latexit sha1_base64="T1nt4o/oSNUy4OK4Wwqhps21RIM="></latexit><latexit sha1_base64="T1nt4o/oSNUy4OK4Wwqhps21RIM="></latexit><latexit sha1_base64="T1nt4o/oSNUy4OK4Wwqhps21RIM="></latexit>

with R1 = R2 ! O(4)r
<latexit sha1_base64="xK1anpiP/NLLMK/Vni6GTPwy1kQ="></latexit><latexit sha1_base64="xK1anpiP/NLLMK/Vni6GTPwy1kQ="></latexit><latexit sha1_base64="xK1anpiP/NLLMK/Vni6GTPwy1kQ="></latexit><latexit sha1_base64="xK1anpiP/NLLMK/Vni6GTPwy1kQ="></latexit>

- Invariants: 

- Symmetry property 2:  NO Lorentz invariance for mixing terms

, �t
1�2, �t

2�1
<latexit sha1_base64="/2a6PqfGA2YdVx8cLDhK7v/VX8s="></latexit><latexit sha1_base64="/2a6PqfGA2YdVx8cLDhK7v/VX8s="></latexit><latexit sha1_base64="/2a6PqfGA2YdVx8cLDhK7v/VX8s="></latexit><latexit sha1_base64="/2a6PqfGA2YdVx8cLDhK7v/VX8s="></latexit>

! t
1! 0! 2, ! t

2! 0! 1, (! t
2! 1)2, (! t

1! 2)2, á á á
<latexit sha1_base64="6zWe0Cq8RAUu10LAJZuSH9wJwcE="></latexit><latexit sha1_base64="6zWe0Cq8RAUu10LAJZuSH9wJwcE="></latexit><latexit sha1_base64="6zWe0Cq8RAUu10LAJZuSH9wJwcE="></latexit><latexit sha1_base64="6zWe0Cq8RAUu10LAJZuSH9wJwcE="></latexit>

LO ! t
1! 1, ! t

2! 2
<latexit sha1_base64="F34Qiha9RFiKs1iApF5va+136bw="></latexit><latexit sha1_base64="F34Qiha9RFiKs1iApF5va+136bw="></latexit><latexit sha1_base64="F34Qiha9RFiKs1iApF5va+136bw="></latexit><latexit sha1_base64="F34Qiha9RFiKs1iApF5va+136bw="></latexit>

!
<latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit>

NLO ! µ ! t
1! µ ! 1, ! µ ! t

2! µ ! 2, (! t
1! 1)2, (! t

2! 2)2, á á á
<latexit sha1_base64="MGy/BvWutHCgX0O+iGlzhS0vSCw="></latexit><latexit sha1_base64="MGy/BvWutHCgX0O+iGlzhS0vSCw="></latexit><latexit sha1_base64="MGy/BvWutHCgX0O+iGlzhS0vSCw="></latexit><latexit sha1_base64="MGy/BvWutHCgX0O+iGlzhS0vSCw="></latexit>

!
<latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit><latexit sha1_base64="9IzEp17S8+Uwp3pDkRWyWtqXOvI="></latexit>

{

- Symmetry: = O(4)r ! O(4)a
<latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit><latexit sha1_base64="ZcNW1sete2IjyO4I5prJOs/9NAY="></latexit>

(SU(2)R ⇥ SU(2)L)r ⇥ (SU(2)R ⇥ SU(2)L)a
<latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit><latexit sha1_base64="TRD4Y84mgGxGx/Cvh3kU+7Am13M="></latexit>

◆ Driven-dissipative 2-flavor QCD in chiral limit

!  Possible SSB for (SU(2)R ! SU(2)L )r = O(4)r
<latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit><latexit sha1_base64="efyL0M2wc2qswnDkUXuDxg90LLU="></latexit>



Driven-dissipative Time-Dep. GL
◆ Driven-dissipative TDGL action in ra-basis

! r (x) !
! 1(x) + ! 2(x)

2
, ! a(x) ! ! 1(x) " ! 2(x)

<latexit sha1_base64="p7danisUFYRCO25s1ccl1uw00Og="></latexit><latexit sha1_base64="p7danisUFYRCO25s1ccl1uw00Og="></latexit><latexit sha1_base64="p7danisUFYRCO25s1ccl1uw00Og="></latexit><latexit sha1_base64="p7danisUFYRCO25s1ccl1uw00Og="></latexit>

with

Se↵ =

Z
d4x�t

a

�
�@2

0 +r2 � �(1� �t
r�r)@t �m2 � g2�t

r�r

�
�r + · · ·

<latexit sha1_base64="Q3qoh6sgYF3a+lP7IK3wnuz7QpY="></latexit><latexit sha1_base64="Q3qoh6sgYF3a+lP7IK3wnuz7QpY="></latexit><latexit sha1_base64="Q3qoh6sgYF3a+lP7IK3wnuz7QpY="></latexit><latexit sha1_base64="Q3qoh6sgYF3a+lP7IK3wnuz7QpY="></latexit>

◆ Linear analysis in the trivial phase:                                     �(t) = 0 + ��(t)
<latexit sha1_base64="Xae6CFd0IOLYw1dNjH61nYb8c1k="></latexit><latexit sha1_base64="Xae6CFd0IOLYw1dNjH61nYb8c1k="></latexit><latexit sha1_base64="Xae6CFd0IOLYw1dNjH61nYb8c1k="></latexit><latexit sha1_base64="Xae6CFd0IOLYw1dNjH61nYb8c1k="></latexit>

Solution: ��(t) = c1e
� 1

2 (�+
p

�2�4m2)t + c2e
� 1

2 (��
p

�2�4m2)t
<latexit sha1_base64="+AuPNQBmhSirOZUi9H8A8Jj3Le4="></latexit><latexit sha1_base64="+AuPNQBmhSirOZUi9H8A8Jj3Le4="></latexit><latexit sha1_base64="+AuPNQBmhSirOZUi9H8A8Jj3Le4="></latexit><latexit sha1_base64="+AuPNQBmhSirOZUi9H8A8Jj3Le4="></latexit>

with h�r(x)i =
✓
�(t)
0

◆

<latexit sha1_base64="OKiZ9qx5bswixnClJAy65GRmTwg="></latexit><latexit sha1_base64="OKiZ9qx5bswixnClJAy65GRmTwg="></latexit><latexit sha1_base64="OKiZ9qx5bswixnClJAy65GRmTwg="></latexit><latexit sha1_base64="OKiZ9qx5bswixnClJAy65GRmTwg="></latexit>

!
! 2

0 + " (1 ! #$2)! 0 + m2 + g2$2"
$(t) = 0

<latexit sha1_base64="l1sbD9coTobPvFK2g0fRfowivxU="></latexit><latexit sha1_base64="l1sbD9coTobPvFK2g0fRfowivxU="></latexit><latexit sha1_base64="l1sbD9coTobPvFK2g0fRfowivxU="></latexit><latexit sha1_base64="l1sbD9coTobPvFK2g0fRfowivxU="></latexit>

! < 0
<latexit sha1_base64="CyidWKe/JyAqDtM8nVL/4mzpF7s="></latexit><latexit sha1_base64="CyidWKe/JyAqDtM8nVL/4mzpF7s="></latexit><latexit sha1_base64="CyidWKe/JyAqDtM8nVL/4mzpF7s="></latexit><latexit sha1_base64="CyidWKe/JyAqDtM8nVL/4mzpF7s="></latexit>

If (driven nature),  trivial phase is linearly unstable!!

Non-linear terms will be important!

[Talk by Hayata last week]



SSB of time-translational symmetry

Trivial phase  
due to the dissipation

Oscillating "  condensate 
due to drive+dissipation

p
�(t)

<latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit>

p
�(t)

<latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit><latexit sha1_base64="XTu5JOgGL/vpPg8Bz73XscakjBI="></latexit>

mt
<latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit>

mt
<latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit><latexit sha1_base64="3+ZaUUTQcc6p006zJL7MSUJQm10="></latexit>
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!&!#!

!&!#"

! /m = 0 .2 > 0, g2/ (m2" ) = 0 .1
<latexit sha1_base64="/g/YjJ47OAjEhXMXYxzUcjhi13Q="></latexit><latexit sha1_base64="/g/YjJ47OAjEhXMXYxzUcjhi13Q="></latexit><latexit sha1_base64="/g/YjJ47OAjEhXMXYxzUcjhi13Q="></latexit><latexit sha1_base64="/g/YjJ47OAjEhXMXYxzUcjhi13Q="></latexit>

! /m = ! 1 > 0, g2/ (m2" ) = 0 .1
<latexit sha1_base64="HwCpbG/Pyjoh1IcASQphzebY4MM="></latexit><latexit sha1_base64="HwCpbG/Pyjoh1IcASQphzebY4MM="></latexit><latexit sha1_base64="HwCpbG/Pyjoh1IcASQphzebY4MM="></latexit><latexit sha1_base64="HwCpbG/Pyjoh1IcASQphzebY4MM="></latexit>

! (x) =
!

!
"
t + " (t, x )

#

0

$

<latexit sha1_base64="UUV9IWQvvPEz0JOzN6fQzbDw+BA="></latexit><latexit sha1_base64="UUV9IWQvvPEz0JOzN6fQzbDw+BA="></latexit><latexit sha1_base64="UUV9IWQvvPEz0JOzN6fQzbDw+BA="></latexit><latexit sha1_base64="UUV9IWQvvPEz0JOzN6fQzbDw+BA="></latexit> Di! usive NG mode!!

◆ NG mode           associated with SSB of time translation! (x)
<latexit sha1_base64="EhB0KXoB2IK9gV4IkipbBqDjjFU="></latexit><latexit sha1_base64="EhB0KXoB2IK9gV4IkipbBqDjjFU="></latexit><latexit sha1_base64="EhB0KXoB2IK9gV4IkipbBqDjjFU="></latexit><latexit sha1_base64="EhB0KXoB2IK9gV4IkipbBqDjjFU="></latexit>

Dispersion relation:
EOM 

! = ! iD k 2
<latexit sha1_base64="yEUHqKaDok3gLOsa/0k4L1Fm0GY="></latexit><latexit sha1_base64="yEUHqKaDok3gLOsa/0k4L1Fm0GY="></latexit><latexit sha1_base64="yEUHqKaDok3gLOsa/0k4L1Fm0GY="></latexit><latexit sha1_base64="yEUHqKaDok3gLOsa/0k4L1Fm0GY="></latexit>



Two (theoretically) simple situations

Ginzburg-Landau theory

① Near (2nd-order) phase transition point

② Deep inside the ordered-phase

(Linear sigma model)

E! ective field theory/Lagrangian
(Nonlinear sigma model)



EFT for time-dependent condensate

Ex. Driven-dissipative condensate, Dynamics of inflaton, Synchronization

! ! (t, x )" = ø! (t)
<latexit sha1_base64="xPcU6q+sEJPrAGWA5ifg//PFNCI="></latexit><latexit sha1_base64="xPcU6q+sEJPrAGWA5ifg//PFNCI="></latexit><latexit sha1_base64="xPcU6q+sEJPrAGWA5ifg//PFNCI="></latexit><latexit sha1_base64="xPcU6q+sEJPrAGWA5ifg//PFNCI="></latexit>

with úø! (t) != 0
<latexit sha1_base64="Vc2dexPuRsi5wZsqASNNf4yX1Ck="></latexit><latexit sha1_base64="Vc2dexPuRsi5wZsqASNNf4yX1Ck="></latexit><latexit sha1_base64="Vc2dexPuRsi5wZsqASNNf4yX1Ck="></latexit><latexit sha1_base64="Vc2dexPuRsi5wZsqASNNf4yX1Ck="></latexit>

! ! (t, x )
<latexit sha1_base64="VYPAj3soueLZhghg6HtsmtMG0bc="></latexit><latexit sha1_base64="VYPAj3soueLZhghg6HtsmtMG0bc="></latexit><latexit sha1_base64="VYPAj3soueLZhghg6HtsmtMG0bc="></latexit><latexit sha1_base64="VYPAj3soueLZhghg6HtsmtMG0bc="></latexit>

such that

◆ Time-translationally breaking & Nambu-Goldstone field

- Symmetry properties: Time-translation = Nonlinearly realized

! (t, x ) ! ! !(t, x ) = ! (t + "0, x + ! ) + "0
<latexit sha1_base64="6tv9IlrPQU5YgkS7aF0g6SmA04s="></latexit><latexit sha1_base64="6tv9IlrPQU5YgkS7aF0g6SmA04s="></latexit><latexit sha1_base64="6tv9IlrPQU5YgkS7aF0g6SmA04s="></latexit><latexit sha1_base64="6tv9IlrPQU5YgkS7aF0g6SmA04s="></latexit>

! (t, x ) = ø!
!
t + " (t, x )

"
<latexit sha1_base64="ra8xkEwbQzmCpfR1GFh3wc6pvlU="></latexit><latexit sha1_base64="ra8xkEwbQzmCpfR1GFh3wc6pvlU="></latexit><latexit sha1_base64="ra8xkEwbQzmCpfR1GFh3wc6pvlU="></latexit><latexit sha1_base64="ra8xkEwbQzmCpfR1GFh3wc6pvlU="></latexit>

Introducing ! (t, x )
<latexit sha1_base64="9TPxrriSmoAnEpeVxn2JNHMd5ks="></latexit><latexit sha1_base64="9TPxrriSmoAnEpeVxn2JNHMd5ks="></latexit><latexit sha1_base64="9TPxrriSmoAnEpeVxn2JNHMd5ks="></latexit><latexit sha1_base64="9TPxrriSmoAnEpeVxn2JNHMd5ks="></latexit>

as embedding: 

- Invariants: t + ! (t, x )
<latexit sha1_base64="UMWaFrkMqg9FJC9FI+CARz7BCSM="></latexit><latexit sha1_base64="UMWaFrkMqg9FJC9FI+CARz7BCSM="></latexit><latexit sha1_base64="UMWaFrkMqg9FJC9FI+CARz7BCSM="></latexit><latexit sha1_base64="UMWaFrkMqg9FJC9FI+CARz7BCSM="></latexit>

and its derivatives e.g. Pµ ! ! µ
!
t + " (t, x )

"
<latexit sha1_base64="GrXJDZmcDHsKZNFx2h0OWWjYX8o="></latexit><latexit sha1_base64="GrXJDZmcDHsKZNFx2h0OWWjYX8o="></latexit><latexit sha1_base64="GrXJDZmcDHsKZNFx2h0OWWjYX8o="></latexit><latexit sha1_base64="GrXJDZmcDHsKZNFx2h0OWWjYX8o="></latexit>

- General e! ective Lagrangian for in-out formalism:

L e! (! , " µ ! ) = #0(t + ! ) + #1(t + ! )Pµ Pµ +
!

n ! 2

#n (t + ! )(Pµ Pµ + 1) n
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Noneq. EFT and di! usive NG mode

! r (t, x ) !
! 1(t, x ) + ! 2(t, x )

2
, ! a(t, x ) ! ! 1(t, x ) " ! 2(t, x )
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!
! r (t, x ) ! ! !

r (t, x ) = ! r (t + "0
r , x + ! r ) + "0

r

! a(t, x ) ! ! !
a(t, x ) = ! a(t + "0

r , x + ! r )
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which transforms as

◆ ra-basis NG fields and transformation properties

◆ Part of e! ective Lagrangian in slow-roll limit (                           )úø! (t) = const .
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+ i
!
! 1" 2

a ! (! 2 ! ! 4) ú" 2
a + ! 2(#i " a)2

"

<latexit sha1_base64="GVE16fL/xHUgTu+x7aKoG0y3/KM="></latexit><latexit sha1_base64="GVE16fL/xHUgTu+x7aKoG0y3/KM="></latexit><latexit sha1_base64="GVE16fL/xHUgTu+x7aKoG0y3/KM="></latexit><latexit sha1_base64="GVE16fL/xHUgTu+x7aKoG0y3/KM="></latexit>

L (2)
e! = ( ! 1 ! 2! 2) ú" a ú" r ! ! 1#i " a#i " r ! 2$1" a ú" r
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csk ! !
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In the low-energy limit,
- One di! usive NG mode:
- One gapped mode{ ! ! " i

c2
s

" 2 k 2
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Motivation :

Approach:

Result :

Doubled symmetry structure and its breaking in open system

Schwinger-Keldysh formalism for nonequilibrium open system

Noneq. Ginzburg-Landau expansion

Time crystalline behavior and NG mode for chiral order parameter?

Schwinger-Keldysh based EFT

Summary

Di! usive NG mode!

} ! = ! iD k 2
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sOutlook

DERIVATION   OF  DRIVEN- DISSIPATIVE   MODEL:

Integrating out environment (cf. Lindbrad equation for heavy quarks)

MODEL  ANALYSIS   of   NJL- MEAN   FIELD   AND   BEYOND :

Solving time-dependent gap equation: DCDW vs Kink in real-time 

application   to   dense   system :

Equation of state, transport properties, quantum anomaly …


