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Holography at 30 [Maldacena 1997

In 1ts first go years, the study of holographic dualities has had a significant impact on
many areas of physics, including of course

* String theory and quantum gravity

e Strongly coupled QF'I's and gauge theories

* Black holes, the origin of the B-H entropy and the black hole interior
but also, quite remarkably, on

* Quantum information

* Non-equilibrium physics

* Quantum chaos and integrability...

This suggests that many important lessons remain to be discovered.



Holographic systems in the lab

Realizing a quantum system with a holographic gravity dual 1s rather challenging, as it
involves

e Large number of degrees of freedom

e Strong coupling, in order to have Einstein-type weakly coupled bulk gravity

* Precise control over interactions, to generate symmetry algebra or at least disorder
* When it reduces to a quantum mechanical system, all-to-all connectivity

One of the simplest systems to realize is the Sachdev-Ye-Kitaev model [Sachdev, Ye 1993
| Kitaev 2015
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Why cavity QED?

Optical cavities are arrangements of mirrors /7 Y\
that confine light waves.

s

Optical cavities in the QED regime naturally \A U

realize several of the ingredients listed before:

e Large number of degrees of freedom

Depend on number of atoms and

o St I
rong Couplng tunable parameters

e Precise control over interactions

* All-to-all connectivity } Mediated by cavity photons

See also: [ Danshita et al. 2016], p-adic AdS/CF'T" [ Bentsen et al. 2019 ], tensor networks | Swingle’s talk], ...



Complex, Yukawa & low rank SYK models

Complex SYK: H = Z Sk c c CLC]

-y | Sachdev 2015

Yukawa SYK: H = Z Apal ay, + Z Z chjc] (ar, +al)

n=1 1 : :
/ | Esterlis, Schmalian 2019 ]
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(complex) low rank SYK: H = — Z Z JoJL lc C; ckcl 'Marcus, Vandoren 2018
nikl Kim, Cao, Altman 2019

Main part of the talk: how to realize this model(s) in a cQED setup?
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Cavity QED setup
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Several ingredients:

 Harmonic trap

 [1-6 atoms
* QLD interaction

* Pump drive

n
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'Uhrich et al. 2023}
Baumgartner et al. 2024, & 2025]




Cavity QED setup
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Several ingredients:

 Harmonic trap
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'Uhrich et al. 2023}
Baumgartner et al. 2024, & 2025]
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Very shallow trap. The i ’s will be SYK sites



Cavity QED setup
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Several ingredients:
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Dafferent regimes

'Uhrich et al. 2023}
Baumgartner et al. 2024, & 2025]

H = Hia |+ He +Hy + Hu + Had

Multimode  [Uhrich et al. 2023]

can be considered:

Single-mode [Baumgartner et al.
2024, & 2025 |



Cavity QED setup
I/
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Several ingredients:

e |.1-6 atoms

'Uhrich et al. 2023}
Baumgartner et al. 2024, & 2025]

e H. — / Q27 wa(r) Y1 (r) e(r)
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Speckle pattern
(additional blue light)



Cavity QED setup
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Several ingredients:

* QLD interaction
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'Uhrich et al. 2023}
Baumgartner et al. 2024, & 2025]
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Uhrich et al. 20245}
CaVity QED SEtllp Baumgartner et al. 2024, & 2025]
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Several ingredients:

H.q4 :Qd/d2r (ga(r) e alahT (r)apy (1) + h.c.)

(Going to rotating frame: measuring frequencies wrt W g

e Pump drive We — Acg

Wy —2 Aa,d

We — Wd } Detunings

Wa — Wd | «— (largest energy scale)



Uhrich et al. 20245}
The fllll picture Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023




Uhrich et al. 20245}
The fllll picture Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023




Speckle patterns

Disorder 1n the additional blue light
1s obtained through speckle patterns

oenerated via Spatial Light
Modulator.

Numerically, it can be implemented
via a Fourler Transform of a
random-phase mask.

Red halo represents the physical
size of the harmonic trap’s
fundamental length.




Uhrich et al. 20245}
The fllll picture Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023

— - — —  AC Stark shift




Uhrich et al. 20245}
The fllll picture Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023




Uhrich et al. 20245}
The fllll picture Baumgartner et al..2024 & 2025 |

See also [ Sauerwein et al. 2023




Uhrich et al. 20245}
The fllll picture Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023
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. Uhrich et al. 2023]
Dlagrams Baumgartner et al. 2024, & 2025]

See also [ Sauerwein et al. 2023
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1 1 [ Baumgartner et al. 2024, & 2025]
Experimental couplings
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Number of interacting sites N [Baumgartner et al. 2025]
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Number of interacting sites N [Baumgartner et al. 2025]

. — 6 S Main takeaway: the number of SYK
— N Iinteracting sites N 1s not equal to the

0 No ~ 20 No ~ 120 number of atoms N, in the cavity.

510 NSO ~ 31 N5O ~ 129

100 |, Nigo = 46 | Nigo =~ 101 [t is directly related to the speckle
200 /] Nogg = 806 | Nogg = 170 pattern.



Trotterization to densify disorder — ik
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| Baumgartner et al. 2024, & 2025]

Dissipation
Photon scattering Lr(r) = VD (24 ga(7)

7 F/«//, M Aoa(r) + i /2

S
\A U Photon loss L, = \/Eﬂd,QC )/dzr Agd(r)go(r) wT(r)wg(r)

w; (7)g(r)

Survival fidelity F(7) vs coherent
fidelity F(¢) for photon loss.
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Recent activity on: how much do
quadratic Lindblad jump operators
affect chaotic features of SYK?
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Kawabata et al. 2022 |[ A.M. GGarcia-Garcia et al. 2024,] ...




Summary

Holographic systems are interesting states of matter whose exploration will deepen our
understanding of many areas of physics.

Realizing the SYK model 1s a first step towards scalable quantum simulations of more
complicated holographic systems.

In cQED platforms, we showed that it 1s possible to have
* Tunable (large) number of interacting degrees of freedom
* Programmable control over couplings, at least to generate disorder

* (Generate the all-to-all connectivity by cavity photons



Future directions

Many near-term goals and forthcoming challenges:
o Upgrade the cavity with additional speckle (@ LQG-EPFL by Brantut’s group)
* (ool down the system to reach strong coupling

* [ind observables that can be realistically measured in the lab and have a holographic

interpretation. Some examples to explore: [Garcia-Alvarez et al. 2016]
1. Correlation functions: 2pt universal, 4pt related to OTOCS [Swingle et al. 2016
2. SYK thermodynamics? | Vermersch et al. 2019

3. Statistical approaches, as e.g. | Zhou et al. 2025 & 2025/ ?

* Address interplay between dissipative dynamics and quantum chaos. s there any
lessons to be learned from the bulk?






Backup slides



| d=4 2 gravitons
n. of gravitons: ;7 _ g topological

Low dimensional gravity dd-3)12 5 1 dof
By AdS4+:/CE'T4 the gravitational theory 1s two dimensional

: 1 1
JT gravity: [ = —yS 60 /M d°z /g P(R + 2) e 7{)/\4 d0 Vh d(K — 1)

Adding the dilaton @, the theory 1s topological. On closed manifolds it 1s actually trivial.
'To add dynamics we need a boundary.

Schwarzian action weighs
boundary reparametrizations.
It appears also in SYK
as the action for the
pseudo-(Goldstone bosons
for broken conformal symmetry

| Kitaev 2015] [Maldacena, Stanford 2015}



How many R’s?

a < 1 -
a =1 >
a > 1 >

Free fermions
no condensation

SYKp + boson condensation

Interpolation SYK,; to SYK,, + no condensation

SYK.,

no condensation

| Eisterlis, Schmalian 2019 ]
| Kim, Cao, Altman 2019]



Bounds on trotterization error
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Converging couplings
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Converging couplings




| Eisterlis, Schmalian 2019 ]

Scaling dimension [Kim, Cao, Altman 2019}
0.9
SYK5

0.4 1
A = 0.35058467 ...

0.3- SYK,

R=~N a4 F———"—=——— - - - /= =

0.2 1
N=1,A=1/6

0.1- | Fu, Gaiotto, Maldacena,

Sachdev 2016]
0.0
105 10~ 10~ 10! 103 10°



