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MOTIVATION: OPEN RUANTUM SYSTEMS

-2 Open quantum systems are ubiquitous: systems interacting with
environment.

-& Techniques to analyze effective dynamics while available in principle, have
been challenging to implement in practice.

-& Challenges: constraining influence functionals which need to encode of
microscopic unitary evolution of system+environment.

-& Identifying fluctuations associated with the dissipation: non-linear
fluctuation/dissipation relations.



MOTIVATION: HORIZON DYNAMICS

-& Horizons in general relativity behave effectively open: things fall in.

-® Horizons induce thermal behaviour: dissipation well understood,
fluctuations encoded in Hawking quanta generically suppressed.

-® Scattering Hawking quanta off infalling matter?

-& Implementing Schwinger-Keldysh in gravitational systems?

Use holographic systems to model and derive the general structure of
open QFTs & obtain quantitative predictions for strongly coupled
thermal baths.



. OPEN RFT PARADIGM

environment system

SS[\I]] + Se [Xz] + Ss—e[\lja Xz]

/[D\If] /[DXi]ei(Ss[\IJ]—I—Se[Xi]-FSS-e[\IJ,Xi]) _ /[D\PL][D\IJR]6i(Ss[‘I'R]—SS[\I’L]—I—SIF[‘IJR,\IJL])

/

influence functionals

constrained by .

microscopic unitarity

Feynman, Vernon; Caldeira Leggett



HOLOGRAPHIC BATHS

-& Story for Gaussian environment is well understood and leads in QM to
effective Langevin dynamics.

-® Fluctuation/dissipation relations follow from common microscopic origin —
induced by the Gaussian environment.

-2 Non-Gaussian baths understood in QM cf., Chaudhuri, Chakrabarty, Loganayagam
-& But challenging in QFT... Avinash, Jana, Loganayagam, Rudra
Study open QFTs semi-holographically Faulkner, Polchinkski

Influence functionals for a scalar EFT computed by holographic Schwinger-
Keldysh observables.

S = /ddx (L‘[\If] + L[X] + ¥(z) O(:c)>

orobe quantum system / \/y holographic bath



1. SCHWINGER-KELDYSH OBSERVABLES
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V. INTERLUDE: TFD VS SK HOLOGRAMS
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Holographic SK geometry:
to be obtained by filling in
the boundary SK contour

TFD construction from
the Euclidean QG path
integral



V. SCHWINGER-KELDYSH HOLOGRAMS

Glorioso, Crossley, Liu

/{3 Skenderis, van Rees

Two sheeted complex geometry
glued across future horizon

Son, Starinets  Herzog, Son de Boer, Heller, Pinzani-Fokeeva



V. SCHWINGER-KELDYSH HOLOGRAMS
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V. BOUNDARY-BULK PROPAGATORS
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G (w, k, ()
future ingoing/retarded
regular on future horizon ot =1 et
re dC . -
outgoing/advanced G (w, k, ()

| solutions related by time reversal
v il -, W W implemented by an involution on the

geometry
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V. OPEN SCALAR DYNAMICS

Scalar operator: dual scalar dynamics in the holographic SK geometry

1 1 A
S¢:—§£dC/ddx\/—g ligAB(‘?A(I)(‘?BCI)—FimQCI)Q—FE(I)ZL

Standard Dirichlet boundary conditions asymptotically. General
solution on the holographic SK geometry given by Green'’s functions:

1
®(w, k,¢) = Gt (w,k, ) (Ja(w, k) + (nw + 2> Ja(w, k)) — n,, 2079 G (w, k, ) Ja(w, k)
1
YT efw 1
/ Thermal structure built in
Hawking Green'’s function (transported into the bulk via

the mock tortoise coordinate).



V. SCHWINGER-KELDYSH HOLOGRAMS
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Witten diagrams on the
holographic SK geometry




V. OPEN SCALAR DYNAMICS: RESULTS

1. Quadratic terms in the influence function: d=2 CFTs

retarded Green'’s function with the quasinormal spectrum

A . 5 Son, Starinets
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Birmingham, Sachs, Solodukhin
fluctuation counterpart related by fluctuation/dissipation:
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2. Quadratic terms in the influence function: general d CFTs (dimension d scalar)

Jad(w, k) = M‘Z Lw, Jad(w, k) = Erg 1



V. OPEN SCALAR DYNAMICS: RESULTS

Quartic terms in the influence function (gradient expansion):
general d marginal scalar operator
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cf., Barnes, Vaman, Wu, Arnold



VI. OUTLOOK

-& Black holes are great environments for getting intuition about strongly
coupled thermal baths.

-&- Existence proof for sensible non-Gaussian effective open QFTs.

- Many potential generalizations/issues to ponder:

@ deriving horizon dynamics using fluid/gravity in real-time
@ imprints of out-of-time-order observables

@ beyond geometry...



