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MOTIVATION

1. Understand open quantum dynamics where environments are strongly coupled
and have long-term memory.

Deriving local open EFTs in perturbative settings is challenging. AdS black holes provide fast
scrambling environments which allows a Born-Oppenheimer approximation.

2. Derive an effective field theory of relativistic hydrodynamics from gravity, using
the fact that planar AdS black holes have long-lived hydrodynamic modes.

Much of the insight into hydrodynamics from AdS/CFT has been at the level of retarded
response and transport. This has inspired an independent construction of hydrodynamic EFTs.
Direct derivation of hydrodynamic effective actions from gravitational path integral?

3. Algorithm to compute real-time response functions and associated quantum
statistical (Hawking) fluctuations for thermal holographic CFTs.

How does one see that black holes have thermal behaviour respecting fluctuation/dissipation
relations without recourse to Euclidean techniques?



OPEN GFT 'PAD!C,

Joint Environment-Probe dynamics is unitary:

Pep T Z/[EP Prp ng

system
environment (probe) Integrating out environment, probe dynamics

described by a quantum channel

Pp = TrE(IOEP) CE : pp (O) = Pp (t)

* The open quantum effective field theory of the probe has non-trivial information
packaged in the influence functionals (IF).

/[D\P][DX] ei(SE+SP+SEP) — /[D\PR] [D\IJL] 6z'(S[\IJR]—S[\IJL]+SIF[\IJR,\IJL])

Influence functionals constrained by microscopic unitarity (>

Feynman, Vernon ‘63

What is the effective field theory of such quantum channels?



* Quantum Brownian motion: free probe coupled to a thermal environment
Caldeira, Leggett ‘83
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* Effective dynamics of probe is Langevin, captured by a Schwinger-Keldysh action

with non-trivial influence phase Martin, Siggia, Rose '73, de Dominicis, Peliti *78, Janssen ‘76
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= Non-Gaussian environments can be analyzed in quantum mechanics, and the problem can be studied
holographically as well (string probes of AdS black holes).

de Boer, Hubeny, MR, Shigemori ‘08 Caron-Huot, Chesler, Teaney ‘11 Chakraborty, et. al. ‘19

Son Teaney ‘08 Chesler, Teaney ‘11



GENERAL ] FLUENCE FUNCTIONALS

* Focus on coupling a simple quantum field to a thermal CFT

Sep =  d% [Lepr + L' ]+ ! Ocer]

lep = (1 )err P (]OH0]),
* The probe field acts as a source for the CFT

operator. Gsk R 15
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* Open field data can be obtained from the ' .

generating function S, [! r,! ] of thermal

correlators for the thermal CFT. e

* CFT correlators should respect SK collapse and KMS (fluctuation-dissipation).



GENERAL FEATURES

Keldysh basis KMS adapted retarded/advanced basis
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* Details of the open EFT depend on the nature of the CFT operator, and the
analytic structure of the retarded Green'’s function.

* Two broad classes behaviour (inferred from holography, but quite general)

O = Tu! =

/’ moduli fields
4
[T [

Markovian non-Markovian

generic operator: gapped QNMs conserved currents: ungapped hydro QNMs

Horowitz, Hubeny ‘98 Policastro, Son, Starinets ‘01



* Non-Markovian (long-lived) operators have moduli, integrating out which would

lead to a non-local open EFT.

. ..
I | i =
Toc ()T (1, K#S -, D= =

* Global currents of a CFT

% vector polarizations transverse to direction of
propagation are short-lived (Markovian)

+ longitudinally polarized modes exhibit diffusive
behaviour
* Energy momentum tensor of a CFT
+ transverse traceless tensors are Markovian
% vector polarizations are diffusive

% scalar polarization leads to (attenuated) sound
propagation

s

rotations transverse to momentum



E FUNCTIONAL

* Physically we should not integrate out the moduli fields, but retain them in the
open EFT.

* To achieve this we can Legendre transform the generating functional of CFT
correlators, replacing the sources for the operators by corresponding operator
expectation values.

* The resulting gadget, the Wilsonian inBuence functional, is manifestly local (and, as
we will argue later, natural from holography).

S (0,012 Spentd, 4,11 St Blie) | Bk, )

/ \ kqi,ko nB (l 2) nB (' 2)

moduli fields ! O" sources for O

"(k1 + k2)

* The open QFT effective action is therefore a function of the sources for the
Markovian modes, our probe fields, and field values (moduli) for the non-Markovian

modes. | |
Ghosh, Loganaygam, Prabhu, MR, Sivakumar, Vishal ‘20



GENERAL STRUCTURE OF OPEN BFT

* Exemplar: a simple scalar field coupled to both Markovian and non-Markovian
operators of a thermal CFT

Sse = ! dIx!, ! M+ Seer + diX["y! O+ "yl P].

* Preceding discussion says we should treat the probe as a source for the Markovian
operator, but we should retain the non-Markovian moduli in the open EFT.

Sy [9:,3,, 8 8 1= Syep J,.,3.,0, 1" K, M J 1" K_ U +non-contact corrections.
* The WIF follows from general structure of Legendre transforms of effective actions,
to leading order we just replace sources by Green'’s functions acting on operator

(and corrections for non-contact interactions)
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Loganaygam, MR, Virrueta '22
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ANALYTIC STRUCTURE O

* For a planar CFT with finite coupling, expect the correlation functions to be
meromorphic with a set of discrete poles:

Can be verified in certain holographic models, but would be interesting to prove generally.
| F...F (k11 ééékn) = P...P (k1’ é‘é-é-kn) =0

* Insertion of F-type (retarded) operator leads to analytic behaviour in upper half
frequency plane, while P-type (advanced) operators are lead to analytic behaviour
in the lower half-plane.

Retarded 2-point function has quasinormal poles; advanced has anti-quasinormal poles.
* There is factorization properties in the composite channels (FF, PP and FP):
* Fusing two F-type operators leads to only quasinormal poles, or poles at imaginary
Matsubara frequencies in the lower half plane.

* Fusing P&F leads to poles in both half planes (and Matsubara frequencies).



HOLOGRAPHIC THERMAL ENVIRONMENTS

* Thermal environment modeled as a holographic CFT (semi-holographic models)
Faulkner, Polchinski ‘10

What is the gravity of a boundary Schwinger-Keldysh
i contour in a thermal state?




LEOMETRI

* grSK geometry: a two-sheeted spacetime, with

copies of domains of outer communication of
the black hole glued across the future horizon. o >

ds® = r2f(r)dv?+ i" r?f (r)dvad#t+ r®dx?

dr i" , | U
g _rzf(r)’ no_ '4$ F(re)= fira)(r! ry)+ aé Glorioso, Crossley, Liu ‘18
da# 2 fr(rs+)
\’mock tortoise coordinate f\
: : : . R
* The geometry effectively gives a geometric contour prescription, L)
exchanging the complex time path of SK, for a radial keyhole
contour encircling the horizon.
Re(")=0 L
< orc+il Im(r)
l°+ L Re(r)
) orc! il Jana, Loganayagam, MR ‘20
Re(")=1 R

Earlier work: Son, Starinets ‘02 Herzog, Son '02 Skenderis, van Rees ‘08 van Rees ‘08 Arnold, Vaman, Wu, Xiao 11

= nb: complex grSK geometry distinct from the double cone geometry (which captures ramp of the spectral form factor).
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* Basic input necessary is the boundary-bulk propagator: infalling at horizon with unit

source at boundary:

G =1, 4 !
0

dr in horizon

G, (!," k) : lim =

r [

G,(!," k)= Kret (", k)G, (1," ,K)
* To obtain the outgoing solution we can exploit the time reversal (TR) involution in
grSK geometry: v I" 11" # v

dr dr :
Tangent basis: D, | i d%-l_ (;j—v ddv’ d()j(i Cotangent basis: r2f dv! 2 dx’

* Wave equations for linearized fields have nice TR invariant, eg.,

i - - )
5 Ds 3Dy + 121 K2f+r2f " ("1 d) ! =0

minimally coupled scalar KG eqn

Jana, Loganayagam, MR ‘20
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* Full boundary-bulk propagator on grSK geometry includes the outgoing solution,
which is obtained by exploiting TR involution

' ] ] 1 ]
G, (,", k=G (,!'" ke " LK) = G (T K Jat S G (T K) J
: #Il D1y ) #Il
GH (' ," ,k) — COth 7 Gin (' ," ,k) I e 2° CSCh 7 Gout (I ," ,k)

non-trivial thermal monodromy from circumnavigating the branch point

* Bulk-bulk propagator can similarly be obtained from the ingoing solution

1"
G (11570 = T GG (! Y G NG e ]
N = el I
GL = N e’ (Gin | Gout) G, =1 n .Gin | e’ G

The monodromy in the bulk-bulk propagator is important for the bulk exchange diagrams to
respect the SK and KMS conditions.

* All the data necessary to implement a GKPW dictionary is completely captured
from the ingoing boundary-bulk propagator.

Arnold, Vaman ‘11 Loganayagam, MR, Virrueta ‘22
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* Boundary real-time thermal correlators are computed by Witten JAJL
diagrams with these boundary-bulk and bulk-bulk propagators with @

suitable sources on the left and right grSK boundary.

Re(")=0

¢ retil Im(r)
,°+ L} Re(r)
> ret it
Re(")=1

* Generically, every such diagram can be collapsed to a single-sheet; the contour

integral reduces to picking up (multiple) discontinuities of the integrand.

: ' | o
eg., contact diagram dl - TgF(l) = TR (D) + 1) " F((0)]
with simple bulk vertex r

* Exchange diagrams pick up two sets of discontinuities, from going around the cut,
and from the radial ordering step-functions.

* This contour prescription is important, as one encounters bulk vertices that have
poles at the horizon, leading to localized contributions.

Result consistent with QFT Schwinger-Keldysh causality and thermal KMS constraints.

Jana, Loganayagam, MR ‘20 Loganayagam, MR, Virrueta ‘22 Loganayagam, Martin, Sharma ‘25



CHALLENGES OF B

Strategy: instead of computing the generating function of correlators with fixed
sources, compute a Wilsonian influence functional parameterized by the modulsi
fields (vevs of the boundary operator) corresponding to the long-lived modes.

Challenges:
A. Conserved current operators have Markovian and non-Markovian components.

B. Conserved CFT current = bulk gauge field.

' Radial Hamiltonian/Gauss constraint forces difference (L-R) part of the current
on-shell.

C. Radial gauge, traditionally employed in the analysis, does not play well with the
time-reversal involution (which relates ingoing and outgoing solutions).

Open EFT should retain non-Markovian modes off-shell; short-lived Markovian modes
should be integrated out.
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* Gauge invariant decomposition of perturbations addresses aforementioned issues.

* Claim: Can repackage data into a set of designer scalars obeying non-minimally
coupled linear wave equations, with gravitational interactions are modulated by a

radially varying auxiliary dilaton field (and a radial potential).

e!

L "
ST x #g% $al $A1 + Vo (1)! 2 + Spay
M# 3

im € =r
ri

M > 1 1 with Dirichlet bc: Markovian

M < 1 with Neumann bc: non-Markovian
* The bcs specified for computing the generating function of correlators.

* Wilsonian influence functional, can be computed by using Dirichlet bc for non-
Markovian fields (the Legendre transform flips boundary conditions).

= Both quantizations are admissible forM ! (" 1,1). Analogous to standard vs alternate bcs for scalars.



. 5 I oy . 4 ' oy . 4 I ooy n n 1' #ll 4$
Sgrav =  d’X g(R+12)+2 d™x K+  d'X ! 6 E-R+O
. l an
* Two Markovian transverse traceless tensors - ij M = 3 Diderlen Be
* Two non-Markovian transverse vectors Pj M=13 Neumann bc
* One non-Markovian longitudinal scalar E M=0 Neumann bc
Ghosh, Loganaygam, Prabhu, MR, Sivakumar, Vishal ‘20 He, Loganaygam, MR, Virrueta ‘22
* Equations of motion for the three sectors were derived long ago. Kodama, Ishibashi *03

* Boundary conditions are inherited from the parent Einstein-Hilbert action with
Gibbons-Hawking boundary term.

* The bcs specitfied are for computing the generating function of correlators.

= Variational principle for the designer scalars has interesting features, eg., gauge invariant variables involve field
redefinitions with radial derivatives, but result in two-derivative equations of motion (signal of gauge redundancy).



QMANT!ZAT!ON CONDITIONS ?‘

floppy near the boundary (and hence long-lived).

2 ' dy
I (r,! =0,k=0)=J + = (J,
) | s g.o yM*2f (y)
analytic mode monodromy mode
Markovian fields non-Markovian fields
I Quantize with double Dirichlet bc to compute |1 Difference source leads to non-normalizable
generating function of correlators (1Pl solution manifesting the fact that we are
effective action) integrating out moduli fields.
fim =3, | Legendre transform generating function to
it 10 obtain a Wilsonian object parameterized by

(1" k)= G (1, k) Ja %G; (0" K) 3, boundary operator vevs.
I|m (! +cterms)= O I R

L (1," k)= G (1" k)#a+}GH (1" K) #4

= non-Markovian bulk-boundary (inverse) Green’s functions obtained by analytic continuation M!I" M



* The influence functional schematically takes the form

- - ] O -

SWlF [‘JRv‘]L’!Rv!L]: ! k‘JdK,i\;: Ja"‘ Ng + é ‘Jd ! . !dK!inM !a+ ng + é !d + ac
/ g non-Gaussian
non-Markovian bdy terms

Markovian bdy Green’s function , ) ‘
inverse Green’s function

* Linearized gravitational perturbations about planar-Schwarzschild AdS background
(probe field coupling to stress tensor of CFT)

SW”: [I a,d s Pa,d ) Ea,d] = Sideal t ST [I a,d] + SV [Pa,d] + Ss [Ea,d] + éé

K L ——— moduli

sources

* The kernels for the moduli fields are related to dispersion relations for the linearized
waves in the hydrodynamic system.



HYDRODYNAMIC EFFECTIVE ACTIONS

* The ideal part is the equilibrium free energy of the black hole, along with
hydrodynamic Class L corrections. Such contributions are adiabatic, viz., don't
produce entropy and are L/R factorized (veritying an earlier conjecture).

! 2 N 2 " # <
Ligear = 'ENH(TH TH ! ——— T2 "R+ "{ | log2#g, ! R" L
Haehl, Loganayagam, MR ‘15

* The remaining terms are correspond to tensor, vector (shear), and scalar (sound)

sectors. They are of the general WIF form, with boundary kernels: (W, q) = %( k)
Transverse traceless K = !2:2T4 | iw CI22+ i |209 2 24 a4,

tensors

Transverse vectors Ky = IZEI;IZT“ Liw + (f ! L |2092w2+ aa:

Longitudinal scalar Knt !2:2 T4 w? + %" iwgz . W q (log2" 1)+ 4éa:

= Markovian boundary (thermal) retarded Green'’s function K" obtained by supersymmetric localization.

Dodelson, Grassi, lossa, Panea Lichtig, Zhiboedov ‘22



* The codimension-1 locus where the kinetic operator for the non-Markovian fields
vanishes defines the physical dispersion relation for the Goldstone modes.

2
Kr=0 =t w="]| qZ + aé shear mode, momentum diffusion
A, O,
Khr=0 =!I w==+= 2 # 5 + ac sound mode, energy transport

Policastro, Son, Starinets ‘01

* On this locus the ingoing solution is normalizable, as expected.

* The novel feature is that taking the Goldstone off-shell forces the non-
normalizable mode to be turned on, a signal of non-Markovian behaviour.

* The phonon mode has a propagating piece, which is part of the ideal fluid, but
dissipative corrections lead to sound attenuation.

I This behaviour is captured very elegantly in the designer field, with part of the
solution being inherited from the Markovian minimally coupled scalar solution,
underneath which lies the attenuation part.

= Explicit results for the kernels and bulk solutions obtained to quartic order in boundary gradients.



EXAMPLE 2: FINITE DENSITY

e e —————

* Consider a CFT at non-zero temperature and chemical potential:

| TW = F 3., 1 ,d%=0

* Non-trivial dynamics, with mixing between different modes of energy-momentum
tensor and charge current.

Two Markovian transverse traceless tensors M =3 Dirichlet bc
Two non-Markovian (shear modes) and
two Markovian (charge propagation) M=1 3 Neumann bc
transverse vectors
Two non-Markovian longitudinal scalars

2 M=0 Neumann bc

(energy transport and charge diffusion)
He, Loganaygam, MR, Virrueta ‘21 and ‘22

* The physical modes can be decoupled at Gaussian order and identify the
hydrodynamic modes: shear/energy transport/charge diffusion modes.

* Generalizations: 't Hooft anomaly contributions to hydrodynamic action
MR, Virrueta, Zhou ‘23

¥ Exact correlators from semiclassical Liouville blocks.



* The equations for the designer scalars are Fuchsian differential equations with

regular singular points (the sound equation has an additional apparent singularity)
Loganayagam, MR, Virrueta ‘22

* Such equations appear naturally in the study of 2d CFTs, as the large c limit of BPZ
equation for conformal blocks. Bonell, lossa, Panea Lichtig, Tanzini '22 Lisovyy, Naidiuk ‘22

* This has been exploited to draw the connection to black hole quasinormal modes

in a series of works. Aminov, Grassi, Hatsuda ‘20 Dodelson, Grassi, lossa, Lichtig, Zhiboedov ‘22

* One can exploit this to give a uniform treatment of stress tensor retarded Green'’s

function in N=4 SYM Jia, MR ‘24
! | 1' |W + " + ||| .
Gret | L __#e W
A I degenerate

operator

\ | boundary (1’3)—_7 boundary
" \ / e
w i% horizon

singularity |5 horizon singularity




SINGULARITY STR

Lir y

Markovian transverse traceless
tensors + shear modes

Lir 2
charge transport (longitudinal scalar)

Loganaygam, MR, Virrueta ‘22



A COMMENT ON POLE SK.!PPth

* For the energy density correlators in the e
Schwarzschild-AdS black hole
background it has been observed that y
the collision of the apparent singular " T\ ) Q >
point with the horizon singular point can
lead to the phenomenon of pole
skipping. I B2
Grozdanov, Kovtun, Starinets, Tadic '19 Blake, Davison, Vegh ‘19
* On a fine-tuned codimension-2 locus one finds oK)= 28T (1’: '2(o|0!I 1')).

an exponentially growing mode at the horizon.

Grozdanov, Schalm, Scopelliti *17 Blake, Davison, Grozdanov, Liu ‘18

* For RNAdS the apparent singularity is in the energy density field for small charges,
but transitions into the charge diffusion operator above Q7 = 3dC|I 7
Notethat 2 " Q" & . |

* One loses the connection between the exponentially growing mode propagating at
the butterfly velocity above this critical charge (there is no growing mode).

Loganayagam, MR, Virrueta ‘22



SUMMARY § OPEN RUESTIONS
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* grSK geometry computes real-time correlators, consistent with Schwinger-Keldysh
and KMS constraints, in the thermal state of the dual CFT.

* Derivation of Open EFTs for couplings to both short-lived and long-lived operators.
Wilsonian influence functional parameterized by sources for the Markovian modes,
and non-Markovian moduli is the physical framework to obtain local open EFTs.

* Holography is a useful paradigm for exploring the structural aspects of open QFTs,
and has been especially instructive to disentangle the physics of long-lived modes.
Provides a derivation of hydrodynamic effective actions from gravitational dynamics.

Open Questions:

* Non-linear (in amplitude) solutions incorporating fluctuations?
* Schwinger-Keldysh in gravity for non-equilibrated states?

* Gravitational computation of out-of-time-ordered observables?



FLUID/ C;RJA(\/(TY VS GRSK O io':RVAB LE

Fluid/gravity correspondence Hydrodynamic grSK observables
* Constructs non-linear gravitational * Aimed at answering: "What is the
solutions parameterized by gravity dual of a fluctuating plasma?”

hydrodynamic data.

* Works to linear order in amplitudes,

* Engineered to capture the dissipative but captures retarded response and

dynamics, notably the 1-point function associated stochastic (Hawking)

of the stress tensor. .
fluctuations.

* Preserves full rotational invariance * Sacrifices rotational invariance, since

along boundary. different polarizations have physically
different behaviour.

Bhattacharyya, Hubeny, Minwalla, MR ‘07

* In both scenarios, the hydrodynamics is off-shell.

* The ingoing part of the grSK solution is a small amplitude expansion of the fluid/
gravity. Full solution is parameterized by the seltsame bulk functions, suggesting it
should be possible to bootstrap to the non-linear solution.



AMICS

* Hydrodynamic long-time tails, which lead to breakdown of hydro EFT are an artifact
of working with 1Pl effective action. The physical framework should not integrate out
the Goldstone modes, and instead work with the WIF. v

* Hydro EFTs constructed in recent years focus on writing down actions which are
designed to give conservation equations from a dynamical principle. Achieved by
regarding the physical degrees of freedom in sigma model terms, mapping an
auxiliary reference manifold into the fluid. EFT is constrained by Schwinger-Keldysh
and KMS symmetries formulated as a topological BRST symmetry.

Kovtun, Moore, Romatschke ‘14 Haehl, Loganayagam, MR '15-18 Crossley, Glorioso, Liu '15-16 Jensen, Pinzani-Fokeeva, Yarom '17-18

* Gravitational derivation trivializes the conservation equation but takes the physical
Goldstone mode off-shell.

* One has to allow the background to adjust itself while taking the Goldstones off-shell
(viz., off-shell non-Markovian modes turn on non-normalizable modes)

* The two formulations are related by a field redefinition, since they lead to the same
physical answers, but the precise dictionary remains to be fully fleshed out.
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