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Motivation: holography

Strongly correlated
 quantum matter Quantum gravity

In this Review, we are mostly concerned with 
‘matrix- type’ systems whose duals have an Einstein grav-
ity regime. In this section, we first highlight some terms 
in the dictionary between the members of a dual pair and 
then elaborate on some key features. We take the bound-
ary spacetime dimension to be d, without restricting  
to a specific dimension.

Basic dictionary
The classical action for the bulk gravitational theory, 
Sbulk, can be written as

S S S= + (1)bulk grav matter

with Smatter the action for possible matter fields, and Sgrav 
the gravitational action with a negative cosmological 
constant
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In equation (2), ℓ is a length scale and Newton’s constant 
GN is inversely proportional to the number of degrees 
of freedom N  of the boundary theory; g denotes the 
(determinant of the) spacetime metric, with R its Ricci 
scalar. Thus gravity is weak if N  is large. The spectrum 
of matter fields and the specific form of Smatter vary with 
the specific dual boundary system, whereas the gravity 
action Sgrav is universal to all systems with an Einstein 
gravity dual.

The gravity discussion is restricted to the semi- 
classical limit, that is, treating the gravitational theory 
perturbative in powers of ħGN → 0 with the leading order 
being the classical gravity. On the boundary system, this 
corresponds to expanding in N1/  with N → ∞.

The classical bulk action in equation (1) is also cor-
rected by higher- derivative terms, suppressed by the 
inverse powers of the Planck mass or, if present, further 
dimensionful parameters, such as the string tension 
in many well established examples of dual pairs. It is  
important to understand whether certain qualitative 
physical phenomena deduced in holography are stable 
under such corrections, albeit perhaps with potentially 
small corrections to the numerical values of physical 
parameters. We shall have occasion to comment on such  
potential corrections in later sections.

Correspondence between quantum states. The equiva-
lence in BOX 1 means that there should be a one- to- one 
correspondence between the quantum states of the bulk 
and boundary systems. On the gravity side, the states are 
represented in the classical limit by solutions to equa-
tions of motion of equation (1) with appropriate bound-
ary conditions, each of which thus should correspond 
to some quantum state of the boundary system. As an 
illustration, let us look at some simple solutions to equa-
tion (1) with no matter excited (which then reduce to 
solutions of equation (2)). The boundary descriptions of 
these solutions are independent of specific systems and 
thus are universal among all systems with a gravity dual.

The simplest and most symmetric solution is the AdS 
spacetime,
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which corresponds to the vacuum of a dual conformal 
field theory. Below, we use the notations xM = (z, xμ), 
where xμ = (t, xi) run over the coordinates of the bound-
ary theory. z ∈ (0, +∞) is the extra ‘holographic’ coordi-
nate, with the AdS boundary located at z = 0 (as z → 0, the 
overall prefactor 1/z2 in equation (3) blows up, analogous 
to the infinite radial distance limit of a flat Euclidean 
metric in spherical coordinates), while large values of 
z can be considered as the ‘interior’ of AdS (BOX 1). The 
metric in equation (3) has a large number of isometries 

Box 1 | Basic notions

In holographic duality, a quantum gravity system defined in a (d + 1)- dimensional anti- 
de Sitter spacetime is equivalent to a many- body system defined on its d- dimensional 
boundary. Anti- de Sitter spacetime is a curved spacetime of constant negative 
curvature. It has a radial direction z which runs from 0 to+∞, with a d- dimensional 
Minkowski spacetime at each constant value of z. z = 0 is the boundary of the whole 
spacetime (often referred to as the ‘bulk’ spacetime) and is where the many- body system 
is defined (see the figure, panel a). At a heuristic level, the radial direction z in the bulk 
can be interpreted as corresponding to the size of structures in the boundary many- 
body system. For example, two objects in the bulk (the cows in panel a) that are identical 
except for their radial coordinate z correspond in the boundary system to two objects 
that are identical in all respects except for their size — one can be obtained from the 
other by magnification. This correspondence, with larger structures on the boundary 
corresponding to deeper structures in the bulk, is the key to how the boundary system 
can describe all the physics within the bulk even though it has one dimension less.  
By analogy, the boundary system is referred to as a ‘hologram’ of the bulk system (since 
in laser physics a hologram is a 2D representation of a 3D object), and we say that there 
is a ‘holographic duality’ between the boundary many- body system and the bulk 
quantum gravity system.

The absence of quasiparticles in a generic holographic system can be understood 
heuristically from a simple geometric picture. Local disturbances applied to the 
boundary systems correspond to excitations of the gravity systems near the boundary. 
Once generated, such excitations rapidly fall towards, and are absorbed into, the black 
hole horizon (see the figure, panel b). From the point of view of the boundary system this 
means that the disturbances are rapidly dissolved into the ‘quantum soup’ surrounding 
them: that is, before they are able to propagate to any appreciable distances, they have 
already dissipated. Technically, this means that the width of any excitation is so large that 
it cannot be treated as a long- lived quasiparticle.
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Motivation: holography

Strongly correlated
 quantum matter Quantum gravity

- No quasi-particles

- Good large-N limit

- Maximally chaotic

Does such a material exist ?
A. Legros et al, Nature Physics 15, 142 (2019)

J. Zhang et al, PNAS 116, 19869 (2019)
See for example:



Motivation: holography

Strongly correlated
 quantum matter Quantum gravity

Sachdev-Ye-Kitaev model:

ĤSYK = ∑
ijkl

Jijkl ̂c†
i ̂c†

j ̂ck ̂cl

D. Chowdhury, A. Georges, O. Parcollet, S. Sachdev, Rev. Mod. Phys.  94 035004 (2022)

See for example:

JT gravity in 1+1 dimensions

Degenerate Fermi gas
All-to-all, fully random interactions

M. Franz and M. Rozali, Nat Rev Mater 3, 491–501 (2018)
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See for example:
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Proposals in various contexts

Condensed-matter devices (topological systems, graphene dots)

Ultra-cold atoms

A. Chen, R. Ilan, F. De Juan, D. Pikulin, and M. Franz, Phys. Rev. Lett. 121, 036403 (2018)  
A. Chen, R. Ilan, F. De Juan, D. Pikulin, and M. Franz, Phys. Rev. X 7, 031006 (2017)

M. Brzezińska, Y. Guan, O. V. Yazyev, S. Sachdev, and A. Kruchkov, arXiv:2208.01032v1 

A. Chew, A. Essin, and J. Alicea, Phys. Rev. B  96 121119 (2017)

C. Wei and T. A. Sedrakyan, Phys. Rev. A 103, 013323 (2021)
I. Danshita, M. Hanada, and M. Tezuka, Prog. Theor. Exp. Phys. 2017 083I01 (2017) 

Direct digital simulation

R. Babbush, D. W. Berry, and H. Neven,  Phys. Rev. A 99, 040301 (2019)
 L. Garcia-Alvarez, et al, Phys. Rev. Lett. 119, 040501 (2017)



Experiments

NMR implementation (4 spins)
 Z. Luo, Y.-Z. You, J. Li, C.-M. Jian, D. Lu, C. Xu, B. Zeng, and R. Laflamme,  

Npj Quatum Inf. 5, 53 (2019)  

Superconducting circuit implementation (7 qubits)
D. L. Jafferis, et al,  

Nature 612, 51 (2022)

Explicit programing of all the couplings

B. Kobrin, T. Schuster, and N. Y. Yao, 
arXiv:2302.07897 
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Cavity QED in a nutshell
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Cooperativity η =
Ω2

κΓ
=

24ℱ
πk2w2

H. Tanji-Suzuki et al,  
Adv. At. Mol. Opt. Phys. 60 201 (2011)



Photon-mediated interactions



Rayleigh scattering channelled into the cavity mode



Vcav =
g2

0

Δa

α2

Δa

1
Δc ∫ drdr′￼ ̂n(r) ̂n(r′￼)gp(r)gc(r)gp(r′￼)gc(r′￼)

Interaction mediated by 
cavity photons :

P. Münstermann et al, PRL 84 4068 (2000)



Pump and cavity modes

Interaction mediated by 
cavity photons :

gp,c(r) = cos(kp,c ⋅ r)
Infinite-range, all-to-all
‘Local in  space’k

Vcav = D0 ∫ drdr′￼ ̂n(r) ̂n(r′￼)gp(r)gc(r)gp(r′￼)gc(r′￼)



Dissipation-induced phases

ETHZ, MIT, Tübingen, Berkeley, Hamburg, Stanford, JILA, Singapour, 
Shanghai, Vienna, Beijing…

A. Periwal et al. Nature 600, 630–635 (2021).

Y. Guo et al. Nature 599, 211 (2021) 
V. D. Vaidya  et al, Phys. Rev. X  8 011002 (2018)

Review: F. Mivehvar, F. Piazza, T. Donner and H. Ritsch, Advances in Physics 70 1-153 (2021)

Superradiant Mott-insulators

Long-range spin systemsP. Kongkhambut et al, Science 377 670 (2022)
D. Dreon et al. Nature 608, 494 (2022)

Multimode cavity

R. Landig et al, Nature 532 476 (2016)
J. Klinder et al, Phys. Rev. Lett. 115 230403 (2015)

N. Sauerwein, et al Nature Physics 19, 1128 (2023) 
D.J. Young et al. Nature 625, 679 (2024)

Quantum dynamics
Z. Wu et al, Phys. Rev. Lett. 131 243401 (2024)

T. Zwettler et al, arXiv:2405.18204 (2024)



Density-wave ordering induced by light in a unitary Fermi gas

Prospects for realizing the SYK model

Competition between photon-mediated interaction and disorder



Density-wave ordering induced by light in a unitary Fermi gas

Theory: H. Ritsch, E. Colella, F. Mivehvar (Innsbruck) 



Experiment 



Experiment

671 nm 1064 nm / 532 
nm

Linewidth 77 kHz 1.4 MHz

Finesse 47’000 2’800

Cooperativity 2.02

Waist 45 µm 50 µm / 38 µm

g 0.479 MHz K. Roux, V. Helson , H. Konishi and JPB, New J. Phys. 23 043029 (2021) 

High-finesse cavity

K. Roux, H. Konishi, V. Helson and JPB, Nature Communications 11 2974 (2020)



Experiment

Unitary Fermi gas 
▪ 300’000 6Li atoms 
▪ T = 0.1 TF K. Roux, V. Helson , H. Konishi and JPB, New J. Phys. 23 043029 (2021) 

K. Roux, H. Konishi, V. Helson and JPB, Nature Communications 11 2974 (2020)



Self-organization transition
Uniform unitary gas   ‘uniaxial’ charge Density Wave Order⟶
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V. Helson et al, Nature 618, 716 (2023)



Self-organization transition

Thermal atoms : A.T. Black et al, PRL 91 203001 (2003) 
BEC : K. Baumann et al, Nature 464 1301 (2010) 

Non-interacting Fermi gases: X. Zhang et al, Science 373 1359 (2021)
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Self-organization transition
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V. Helson et al, Nature 618, 716 (2023) BEC : K. Baumann et al, Phys. Rev. Lett. 107 140402 (2011)
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6.3. Measurement of the density wave susceptibility 123

Divergence of the static density wave susceptibility
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Figure 6.15: Divergence of the density wave susceptibility when the strength of the long-range
interactions approaches the critical value. Each color corresponds to a value of the contact
interaction parameter for extreme points of the BEC–BCS crossover and the overlapping data
suggest an identical variation of the density response with the long-range interaction strength
for all short-range interactions. The scaling of the susceptibility is, up to D0/D0C = 0.9, well
captured by equation (6.58) displayed as the dashed black line. The gap around D0/D0C = 0
comes from the inability to resolve oscillations of the cavity field for low values of �(0). The inset
shows the same data in log scale to further emphasize the divergent scaling of the susceptibility.

To observe the divergence of the susceptibility as the critical point is approached, we repeat the
measurement from above by systematically varying the strength of the long-range interactions
D0 up to 0.9D0C, both for attractive and repulsive interactions. In the repulsive case D0C is not
defined, but we still consider its value to correspond to the same absolute value of the pump
power as for the attractive case. We perform the measurements for �c = ±6�c and 1/kFa = �0.75,
0, and 0.69 and present the results in figure 6.15. There, we display the rescaled quantity

D0C�(0) =
4D0�(0)

4 D0
D0C

, (6.57)

which features, from equation (6.32), a surprisingly simple and universal form

D0C�(0) =
1

2
⇣
1� D0

D0C

⌘ , (6.58)

where we used D0C = �1/2�0. We observe an increase of the susceptibility over more than one
order of magnitude with increasing D0, which is the expected feature of second order phase
transitions. This was observed for self-organization and supersolid transitions in non-interacting
BECs [262, 264]. For repulsive photon-mediated interactions, no ordering is expected nor

Divergence of the susceptibility
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Divergence of the susceptibility

D0C =
1

2χ0

χ0 ≃ χR
nn(k−,0)

RPA result for the threshold: 

Divergence of the susceptibility

χDW ∝
1

D0 − D0c



Ordering dynamics

Theory: L. Skolc, S. Chattopadhyay, F. Marijanovic, E. Demler (ETHZ) 
C.M. Halati, T. Giamarchi (Geneva) 
S. Uchino (Waseda)

T. Zwettler et al, arXiv:2405.18204 (2024)



Ordering dynamics

T. Zwettler et al, arXiv:2405.18204 (2024)

Instantaneous quench across the transition
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Z. Wu et al, Phys. Rev. Lett. 131 243401 (2024)
See also :



Ordering dynamics

T. Zwettler et al, arXiv:2405.18204 (2024)

exponential rise 
rate α



Ordering dynamics

T. Zwettler et al, arXiv:2405.18204 (2024)

Quench in the unitary Fermi gas

No speed limit at the Fermi time



Ordering dynamics

T. Zwettler et al, arXiv:2405.18204 (2024)

Quench in the unitary Fermi gas 
Early-time linear instability analysis 
RPA theory for the unitary gas

1 =
D0

4 ∑
q=k±

∫
∞

0

dω
π

ωIm[ χR(q, ω)]
α2 + ω2

,

RPA density response function: 
L. He, Annals of Physics, 373, 470-511 (2016)

F. Marijanovic et al, arXiv:2406.13548 (2024)



Ordering dynamics

T. Zwettler et al, arXiv:2405.18204 (2024)

Quench in the BEC-BCS crossover

- Constraints by sum-rules at the largest 
pump-power 

- Weak dependence on interactions 
close to critical point



In-situ observation

Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

Preliminary



Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

Correlation : cavity field and stripes
Linear ramp of the long-range interaction strength over 1ms

In situ imaging of the SO phase

In-situ observation
Preliminary



Competition of photon-mediated interaction with disorder

Theory: P. Uhrich, S. Bandyopadhyay and P. Hauke (Trento) 
F. Mattiotti and G. Pupillo (Strasbourg)











Spin exchange mediated by 
cavity photon

Ĥint =
g2

0

Δ ∑
i, j

f (ri)f (rj) ̂σ+
i ̂σ−

j + hc

M. Ueda, T. Wakabayashi, and M. Kuwata-Gonokami , Phys. Rev. Lett. 76,  2045 (1996)
Ian D. Leroux, Monika H. Schleier-Smith, and Vladan Vuletic ,́ Phys. Rev. Lett. 104, 073602 (2010) 



Spin exchange mediated by 
cavity photon

Ĥint =
g2

0

Δ ∑
i, j

f (ri)f (rj) ̂σ+
i ̂σ−

j + hc

=
g2

0

Δ
̂J+ ̂J−Collective spin description ̂J± = ∑

i

f (ri) ̂σ±



2S1/2 F = 1/2

2P3/2

671 nm



2S1/2 F = 1/2

2P3/2

4D5/2

671 nm

Bz

461 nm |e⟩

|g⟩



Disorder



Disorder



Response



Response

Photonic response
 χc ∝ ⟨ ̂a† ̂a⟩



Lipkin-Meshkov-Glick model

Ĥint =
g2

0

Δac

̂J+
̂J− + Δpa

̂Jz

Muniz, Juan A., et al. Nature 580 602-607 (2020) 
Lewis-Swan, Robert J., et al. Physical Review Letters 126 173601 (2021)



Lipkin-Meshkov-Glick model

Ĥint =
g2

0

Δac

̂J+
̂J− + Δpa

̂Jz

Ferromagnetic gap

Muniz, Juan A., et al. Nature 580 602-607 (2020) 
Lewis-Swan, Robert J., et al. Physical Review Letters 126 173601 (2021)



Lipkin-Meshkov-Glick model

Ĥint =
g2

0

Δac

̂J+
̂J− + Δpa

̂Jz

Ferromagnetic gap



Lipkin-Meshkov-Glick model

 Ĥint =
g2

0

Δac

̂J+
̂J− + Δpa

̂Jz +∑
i

Bi,z ̂σi,z

Broad response



Break-down of collective coupling

Ferromagnetic gap  for 

- For fixed atom number: disappearance of 
energy resonances 
Ferromagnetic    paramagnetic crossover

⟶ 0 W ⟶ ∞

⟶



Break-down of collective coupling

Ferromagnetic gap  for 

- For fixed atom number: disappearance of 
energy resonances 
Ferromagnetic    paramagnetic crossover

- For fixed  : infinite number of resonances at 
the thermodynamic limit
No disorder induced phase transition

⟶ 0 W ⟶ ∞

⟶

W



Prospects for realizing the SYK model

P. Hauke (Trento) 
J. Sonner (Geneva)



Prospects for realizing the SYK model

Fermionic motional 
degrees-of-freedom

Disorder in the excited-
state manifold

2S1/2 F = 1/2

2P3/2

4D5/2

671 nm

461 nm



Prospects for realizing the SYK model

Fermionic motional 
degrees-of-freedom

Disorder in the excited-
state manifold

Engineering of the density-density interaction



Cavity-microscope

High-finesse cavity mirrors

F. Orsi et al, arXiv:2405.03550



Cavity-microscope

0.37 NA aspherical lens pair
Optically contacted on the mirrors

HR 671 + 1342 nm, HT 780 + 461 nm

F. Orsi et al, arXiv:2405.03550



Cavity-microscope

F. Orsi et al, arXiv:2405.03550

Spatial programing of photon-atom coupling



Cavity-microscope

F. Orsi et al, arXiv:2405.03550

Example: scanning probe-microscope



 independent random couplings 

Photon-exchange interactions lead to 
correlations

∼ N4

SYK simulation: challenge

ĤSYK = ∑
ijkl

Jijkl ̂c†
i ̂c†

j ̂ck ̂cl

Jijkl = fij fkl ⟶
M

∑
α

f (α)
ij f (α)

kl

1 + δα

J. Kim, X. Cao and E. Altman, Phys. Rev. B 101, 125112 (2020)



 independent random couplings 

Photon-exchange interactions lead to 
correlations

∼ N4

SYK simulation: challenge

ĤSYK = ∑
ijkl

Jijkl ̂c†
i ̂c†

j ̂ck ̂cl

Jijkl = fij fkl ⟶
M

∑
α

f (α)
ij f (α)

kl

1 + δα

Use multimode structure of the cavity

P. Uhrich et al, arXiv:2303.11343 (2023)

Time-dependent disorder

P. Pelliconi, R. Baumgartner et al, (in preparation)



- Fermions with strong, long-range, all-to-all interactions are available in the lab

- Controlled disorder with all-to-all interacting systems is available in the lab

- Blue-print for the implementation of the SYK model
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