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Motivation

Systematic setup for non-equilibrium QFT [Kamenev|
» llluminates fundamental symmetry principles

» Action principle for hydrodynamics on SK closed time path contour
[Crossley,Glorioso, Liu; Haehl,Loganayagam,Rangamani]

Understand gravitational dual

» Explicit computations in strongly coupled models

» Complex saddles in quantum gravity/holography [Witten]


https://www.cambridge.org/core/books/field-theory-of-nonequilibrium-systems/CEA995D5C5C7E043E9BAAE6DCA282354
https://arxiv.org/abs/1511.03646
https://arxiv.org/abs/1803.11155
https://arxiv.org/abs/2111.06514

Motivation: Schwinger-Keldysh QFT

» Time evolution of density matrices [Liu,Glorioso]
p(t) = U(t)poUT(¢)
=—> Complex time contours
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» General n-point PO correlators from
eWelsl — /D(j)e"fc Lls] 2/D¢1D¢2e"SEFT[¢1«,51a¢2752] = eWls1,%]
= Direct access to GRAS .

» Various initial states/correlators: Vacuum-vacuum, in-in, thermal,...


https://arxiv.org/abs/1805.09331

Motivation: Schwinger-Keldysh QFT

Features of SK path integrals:
» Doubling of the fields = physical ¢, = % (é1 + ¢2), stochastic ¢, = ¢1 — @2
» ¢1, ¢ are coupled
» Sgrr complex < dissipation

» Unitarity constraints

For thermal states, periodicity in imaginary time = KMS condition

W(s1(t), s2(t)] = W[Osi(t — i0), Osy(t + i(B8 — 0))]

» Schwinger-Keldysh path integrals from holography?
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GCL prescription

» Schwarzschild-AdS1

ds? = —r2F(r)dv? + 2drdv + r2dT?,  f(r)=1— b

GCL prescription for SK contour: [Glorioso,Crossley,Liu]

» Complexify radial coordinate r and analytically continue around the horizon

R(¢) =0 0
;;\N\N\N\NW\/\/‘-
> 001
R(C) =1

» Mock tortoise coordinate with branch cut at r,

a_ 2
dr — iBr2f(r)


https://arxiv.org/abs/1812.08785

For a probe scalar:

> General solution on GCL contour [Jana,Loganayagam,Rangamani; Chakrabarty et al.]
o(¢,w) = cR(w)GR(¢,w) + A(w)GA¢, w)e ¢

with boundary sources

» Find

®le—0,1 = 52,1(w)

(¢, w) = —sr GR(C,w) + 5p GAC, w)e? 10 |
where
s =—[(14 n)s1 — ns)
sp=—n(s1 — %),

n= (eﬁ“’ — 1)_1

> Obtain generating functional by putting bulk action on-shell
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https://arxiv.org/abs/2004.02888
https://arxiv.org/abs/1906.07762
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(i) “Fill in” QFT contour with complexified/mixed-signature bulk [Skenderis,van Rees]
P Real time segments <—> Lorentzian pieces

» Imaginary time segments <> Euclidean pieces
}X ﬁ L

(ii) Impose matching conditions at corners

» Continuity of fields and conjugate momenta

DA


https://arxiv.org/abs/0812.2909

» For thermal state patch together [de Boer Heller,Pinzani-Fokeeval

y

ds? = —f(r)dt? + f1(r)dr? + r2dx?,

ds? = ds?(t — —iT)
» Bulk geometry:

«O>» «Fr « =

Er» «E»

DA



https://arxiv.org/abs/1812.06093

General form of probe scalar

dw .
bm = / ﬁe*""t (c,,’SGR(w, r) 4 cAGA(w, r))

m= 17 g, 27 B
Matching conditions
P(t=T)=¢s(t=T)
bo(t=T—ioc)=¢o(t=T —io)
¢2(t = —io) = ¢g(t = —io)
#p(t = —iB) = ¢1(t = 0)
Sources on Lorentzian boundaries
R(w) + cpw) =sm(w) m=1,2
Ry +Aw)y=0 m=o,p

«O>» «Fr «=)r « =)

DA



Matching at t = T for s; ~ 6(ts):
dw _; i
[ e )=

;—:e_i“’ch (GR _ GA)

Closing the contour integral in the LHP, inhomogeneous term drops out =

of = cF

» Similarly,

f—cf—f
4 = cg =efwef

«O>» «Fr « =

Er» «E»
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SvR construction

Full solution

¢1 = —sF GF +5p GA

$2=e 7" [*SF GR+sp GAeBW]

bo = —sF [GR - GA]

(25/3 = 7eBWSP [GR — GA]

» For o = 0 reproduces GCL on Lorentzian sheets

» For s; = sp recover ingoing boundary conditions at horizon [Skenderis,van Rees; van
Rees| proposed in [Son,Starinets; Herzog,Son]|

» For o # 0 get Son-Teaney analytic continuation proposal [Son, Teaney]

Interpretation: Structure of 2-pt correlators is fixed by thermal/KMS conditions, but
» In SvR, QFT contour is periodic by construction
» In GCL, KMS is implemented by a bulk condition!


https://arxiv.org/abs/0812.2909
https://arxiv.org/abs/0902.4010
https://arxiv.org/abs/0902.4010
https://arxiv.org/hep-th/0205051
https://arxiv.org/abs/hep-th/0212072
https://arxiv.org/abs/0901.2338

Outlook: Beyond global equilibrium




GCL is a bulk condition - extend to any dynamical horizon! [Glorioso,Crossley,Liu]

ds? = —f(r,x)dv? + 2drdv + A;j(r, x)dx’ dx/
But different notions of horizons,...

Does GCL define:

» “Local equilibrium” holographic state?

» “Local dynamical KMS"' with 8 — B(x)?

> “Quantum hydrodynamic” EFTs w/ 38 ~ 17 [Blake,Lee,Liu]

DA


https://arxiv.org/abs/1812.08785
https://arxiv.org/abs/1801.00010

In-in SvR is well defined at boundary - excited states by euclidean evolution
[Christodoulou,Skenderis; Pantelidou, Withers]

—

» How are they related to the GCL states?

Further applications:

» Bulk gauge field and metric perturbations

» Analytic results in AdS2/Fluid gravity

DA


https://arxiv.org/abs/1602.02039
https://arxiv.org/abs/2309.05734
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