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Realising holographic systems

Many body systems with a holographic gravity duals have very
Interesting properties

e black hole physics probed by thermal states (more generally
horizons),

e maximal Lyapunov exponent,

e |]ate time RMT behavior.

General hope to understand new features of Quantum Gravity.



Realising holographic systems

Realising them is quite difficult:

e Some examples require dense disorder and all-to-all connectivity
(e.g. SYK),

e Some require Matrix Quantum Mechanics and large-/V (e.g.
BESS),

 Other more challenging examples (e.g. N' =4 SYM).

This makes them interesting also for experimentalists.



The Sachdev-Ye-Kitaev model

We will be interested in the Sachdev-Ye-Kitaev (SYK) model, dual
to two-dimensional models of gravity

H=(@)> Y Jj.j¥y-.-%,  Majorana SYK

H — Z le.”jp;kl,,,kp C;l o« .. C;pckl v Ckp COmpleX SYK

[Sachdev, Ye 1993] [Kitaev 2015] [Sachdev 2015]



Some analogue proposals

Solid state platforms

e Majorana zero-modes at the edge between 3D TI and ordinary
superconductor |Pikulin, Franz 2017]

e Quantum dot coupled to topological superconducting wires
(hosting Majorana zero modes) [Chew, Essin, Alicea 2017]

e Graphene flakes with irregular boundaries |Chen et al. 2018]



Some analogue proposals

Analog quantum simulators

e Optical kagome lattices with strong disorder |\Wei, Sedrakyan
2021]

 Cold atoms in optical cavities:

» Lattices of atoms and molecules |Danshita, Hanada, Tezuka
2016]

» Multimode cavity-QED (cQED) [Uhrich et al. 2023]
» Single mode cQED |Baumgartner, PP et al. 2024]



SYK in cQED
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. [Uhrich et al. 2023]
Ca\"ty QED plathrmS [Baumgartner, PP et al. 2024]
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. [Uhrich et al. 2023]
Ca\"ty QED plathrmS [Baumgartner, PP et al. 2024]
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Experimental couplings
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Low rank SYK models
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Relation with A/ = 1 supersymmetric SYK

Q=1 Z Cijk Vi vn

i<j<k

H = Q2 = ko + Z Jijki Vi Vi

i <j<k<l

E : zyk ’ijl A E Cazgcak:l

1<g<k

[Fu, Gaiotto, Maldacena, Sachdev 2016} compare with Z i1k Jisks



Bilocal operators

1 = /DGDZ exp

] = /DDDH exp




Effective bilocal G22DI11 action
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Schwinger-Dyson equations

X(7) =~ J°G" (1) D(r)

D(iw) = ( —1— H(iw))



Solution in the conformal limit

G(1) = Asgn(T) \T\_QA - pA 4+ Ay =1
H |7_|2(pA 1) /
(7) = 4J2 AP sin® (mpA)T (1 — 2pAT (2pA — 1)
_2(1—A)
S(r) = sgn(7) |7
4A cos?(mA)'(1 — 2A)'(2A — 1)
2 AD . 2 -
M(r) — J°A R _ sin (mpA) T'(1 —2pA)T'(2pA)

D K pcos?(mA)I'(1 — 2A)T'(2A — 1)



Scaling dimension
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Scaling dimension (general p)
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Solution at large p
0

D(r) =~ 5(r)
(r) =

Valk

J = op—1




Lyapunov exponents



Out of Time Order Correlators
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Ladder diagrams
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Bosonic kernel
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Fermionic kernel
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Eigenvalue equation for the kernel
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[Kitaev 2015]



Real-time correlation functions in conformal limit
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Conformal kernel eigenvalues
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Conformal kernel eigenvalues
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Large p
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Ladder kernels at large p
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Ladder kernels at large p
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OTOCs at large p

At large p the ladder kernel expectedly reduces to that of large p
SYK.

The Lyapunov exponent is

— for oJ > 1

27 for BJ < 1



Summary and future directions



Summary

e Shown how the (complex) SYK model can be realised in an
optical cavity introducing disorder through light speckle
patterns,

e Explored the physics of low-rank SYK models:

» Interpolation SYK, «— SYKj, in conformal limit,

» Recovered large-p SYK,

» Studied Lyapunov exponents.



Future directions

“Experimental” future directions

* Dissipation e.g. random Lindbladians

 Monitoring the photons leaving the cavity

e Large temperatures of effective model: interesting?

e Realistic measurable quantities holographically meaningful?



Future directions

Theoretical future directions

e Double scaled limit?

2p

) p—>o0, N300, R— oo With )\ = ~

 Schwarzian theory?

* Connections with physics of de Sitter?

p d(7) as a clock?







Backup slides



Converging couplings




Converging couplings
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Bounds on trotterization error
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Dynamical determination of N
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How many R’s?

a < 1

Free fermions +
no condensation

SYK,, + boson condensation

Interpolation SYK, to SYK5, + no condensation

SYKs,

no condensation

[Kim, Cao, Altman 2019]



