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Understanding many-body entanglement 

—insights from holographic duality? 

Experiments with cold atoms and photons 

What kinds of models can we engineer? 

What are our experimental observables? 
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Quantum Control
Known resources for metrology,  
computation or communication

optical cavity

cold atoms

McConnell et al. 
Nature (2015).

Hosten et al. 
Nature (2016).

>1000-atom entanglement!

Quantum Simulation
Generic states of interacting 

many-body systems

How can we visualize 
complex quantum states?
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Holographic Duality
Quantum many-body system, 

d spatial dimensions
Spacetime geometry (gravity), 

d+1 spatial dimensions

Figure adapted from Ramallo, arXiv:1310.4319v3[hep-th]. 

• Can we probe the emergent geometry experimentally?  
…in simple model systems?  …in cases where not a priori known?

• Can models with a simple holographic description provide a starting point for 
understanding & visualizing a wider range of quantum many-body systems?

d=1

Entanglement of boundary 
encoded in 

geometry of bulk
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How fast can an initially localized quantum bit become entangled 
with all degrees of freedom, i.e., scrambled?

Quantum Information Scrambling

Inspiration: information problem in black holes

Hayden, Preskill, Maldacena, Shenker, Susskind, Stanford …

Resolution: black hole as a quantum system where information  
spreads exponentially fast across all degrees of freedom



Foss-Feig, Gong, Clark 
& Gorshkov, PRL (2015).

Challenge: Light Cone

…limits propagation of information

Cheneau, … & Kuhr, Nature (2012).
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Non-Local Hopping
Fermions

with non-local hopping

Black-hole duality:

S. Sachdev, PRX (2015). 
Kitaev, KITP (2015).

Implementation??

Fermionic atoms in optical lattice?

Image: Cheuk, …, & Zwierlein, PRL (2015).

But see: Danshita et al., arXiv:1606.02454.

Challenge: atoms only hop 
to nearest-neighbor sites
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Non-Local Hopping

Black-hole duality:

S. Sachdev, PRX (2015). 
Kitaev, KITP (2015).

Natural approach: 
spin excitations = bosons, 
hopping mediated by light

Spin excitations 
with non-local hopping

= ⇩ 

= ⬆

Fermions

with non-local hopping
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Photon-Mediated “Hopping”

• Sign of interaction (ferro/antiferromagnetic) controlled by detuning δ
• Optical control of couplings Jij

• Coherent interactions for δ≫κ and strong coupling η ≡ 4g2/(κΓ) ≫ 1

Pairwise correlated spin flips:
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Photon-Mediated Interactions
optical cavity

cold atoms

Quantum simulations
supersolids

Léonard et al. 
Nature (2017).

Entanglement for metrology

Gopalakrishnan, Lev; 
Strack & Sachdev, 
PRL (2011).

spin glasses?
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Leroux, MS-S & Vuletic, PRL (2010). 
Hosten, … & Kasevich, Science (2016). 
Norcia, …, Rey & Thompson, Science (2018).

Standard approach: 
Measure collective  
observables via the 
outgoing light

Our approach: 
Real-space observation 
of spin dynamics
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Experimental Setup

• Strong coupling: 

• Optical access for imaging & addressing

⌘ ⌘ 4g2

�
⇠ F�2

w2
� 1

102 - 105 atoms

Lens

cavity g
κ

Γ

⇒   Near-concentric resonator 
Waist w ~ 12 μm 
Finesse F ~ 6 × 104 

Non-degenerate modes

}

A
BC

D

d

aligned

50 μm

5 cm

Interaction-to-decay ratio ηmax ~ 50



Experimental Toolbox

cavity

viewport

b

200 μm
Probe Frequency

Tr
an

sm
is

si
on

Spin-dependent shift of 
cavity resonance due to 
thousands of atoms

Image of atoms



Experimental Toolbox

Spin texture

Ax
is 
Φ

0

2π
SΦ/S

0.0

0.6

Position x
100 μm

cavity

viewport

b

200 μm
Probe Frequency

Tr
an

sm
is

si
on

Image of atoms

Imaging spin precession 
in magnetic field gradient



Experimental Toolbox

Spin texture

Ax
is 
Φ

0

2π
SΦ/S

0.0

0.6

Position x
100 μm

cavity

viewport

b

200 μm
Probe Frequency

Tr
an

sm
is

si
on

Image of atoms

Imaging spin precession 
in magnetic field gradient



Imaging Atom-Light Interactions

atoms

cavity

Intracavity light  
makes spins precess

|"i

|#i

Δ

light shift



Imaging Atom-Light Interactions

atoms

cavity

Intracavity light  
makes spins precess

Turn on light for variable time 
to measure precession rate

|"i

|#i

Δ

light shift



Imaging Atom-Light Interactions

atoms

cavity

Intracavity light  
makes spins precess

Turn on light for variable time 
to measure precession rate

Position x
0

2π

Ti
m

e 
(m

s) 0

2

Phase

|"i

|#i

Δ

light shift



Imaging Atom-Light Interactions

atoms

cavity

Intracavity light  
makes spins precess

Turn on light for variable time 
to measure precession rate

Position x
0
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Ti
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2

Phase

fast slow

The light generically couples 
to a weighted sum of spins.
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Imaging Atom-Light Interactions

atoms

cavity

Intracavity light  
makes spins precess

Turn on light for variable time 
to measure precession rate
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“Flip-Flop” interaction

Each atom as an “occupied”  [    = ⬆] or “empty” [    = ⇩] site
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• Initialize all atoms in ground state

• Apply local spin rotation (~π/2)

• Turn on control light

Experiment
. . .

Ω
g

Ω
g

. . .

( )

( )

( )

region A

Fz

region B

Fz
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Model: Faraday effect couples magnetization to Stokes vector of light 
             & light acts back on atoms

c.f. Kohler, Gerber, Dowd, and Stamper-Kurn, PRL 120, 013601 (2018).
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Is Anything Quantum Happening?

F=1

Spin F=1

Ω Ωg
g-1

0
+1

Suppose we initialize with no magnetization,  
〈F 〉 = 0, by placing atoms in |mF = 0〉.

0 0 0 0 0 0 0 0 0 0 0 0

Will anything happen?



Flip-Flop Dynamics in Rubidium
Spin F=1: each atom as a site with up to 2 spin excitations

Flip-flop interaction

+ spin mixing?

spin exchange ✔
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Cavity-Mediated Spin Mixing F=1
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Photon-Mediated Pair Creation

Analogies: 

• Formation of doublon-hole pairs 
 

• Collisional spin mixing in BECs 
 

• Spontaneous parametric down-conversion 
“pumped” by mF = 0 atoms
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Also: Chapman; Oberthaler; You

Lücke,…& Klempt, 
Science (2011).



Evidence for Pair Creation
Rapid amplification of side mode population  
while population difference remains fixed
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Distance between Quantum States and Gauge-Gravity Duality
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We study a quantum information metric (or fidelity susceptibility) in conformal field theories with
respect to a small perturbation by a primary operator. We argue that its gravity dual is approximately given
by a volume of maximal time slice in an anti–de Sitter spacetime when the perturbation is exactly marginal.
We confirm our claim in several examples.

DOI: 10.1103/PhysRevLett.115.261602 PACS numbers: 11.25.Hf, 11.25.Tq, 04.60.Cf

The microscopic understanding of black hole entropy in
string theory by Strominger and Vafa [1] implies that
quantum information plays a crucial role in understanding
gravitational aspects of string theory. Indeed, quantum
information theoretic considerations have provided various
useful viewpoints in studies of AdS=CFT [2] or more
generally holography [3]. Especially, the idea of quantum
entanglement has turned out to be crucially involved in
geometries of holographic spacetimes, as is typical in the
nontrivial topology of eternal black holes [4]. To quantify
quantum entanglement we can study the holographic
entanglement entropy [5], which is given by the area of
codimension two extremal surfaces. In AdS=CFT, this area
is equal to the entanglement entropy in conformal field
theories (CFTs).
It is natural to wonder if there might be some other

information theoretic quantities that are useful to develop
studies of holography. As pointed out by Susskind in [6]
(see also [7]), it is also intriguing to find a quantity in CFTs
which is dual to a volume of a codimension one time slice
in anti–de Sitter (AdS). The time slice can connect two
boundaries dual to the thermofield doubled CFTs, through
the Einstein-Rosen bridge (see Fig. 1). In [6], it is
conjectured that this quantity is related to a measure of
complexity.
The main purpose of this Letter is to point out a quantum

information theoretic quantity that is related to the volume
of a time slice. This quantity is called quantum information
metric or Bures metric (see e.g.[8]), which we will simply
call the information metric. Here we mainly consider the
information metric for pure states, though it can be defined
for mixed states. Consider one parameter family of quan-
tum states jΨðλÞi and perturb λ infinitesimally as
λ → λþ δλ. Then Gλλ is simply defined from the inner
product between them as follows:

jhΨðλÞjΨðλþ δλÞij ¼ 1 −GλλðδλÞ2 þO(ðδλÞ3): ð1Þ

This metric measures the distance between two
infinitesimally different quantum states. Since the

left-hand side of (1) is called the fidelity, Gλλ is also called
the fidelity susceptibility. This quantity gets divergent at
quantum critical points and thus can be used as an order
parameter of quantum phase transitions (see e.g. the
review [9]).
We will argue that Gλλ when a dþ 1 dimensional CFT is

deformed by an exactly marginal perturbation, parame-
trized by λ, is holographically estimated by

Gλλ ¼ n d
VolðΣmaxÞ

Rdþ1
; ð2Þ

where n d is an Oð1Þ constant and R is the AdS radius. The
dþ 1 dimensional spacelike surface Σmax is the time
slice with the maximal volume in the AdS that ends on
the time slice at the AdS boundary(boundaries). See also
[10] for other holographic interpretations of information
metric.
Now we introduce the information metric for

quantum states in CFTs on Rdþ1, whose Euclidean time
and space coordinates are denoted by τ and x. We consider
the inner product hΩ1jΩ2i between two states jΩ1i and
jΩ2i. jΩiiði ¼ 1; 2Þ are ground states for the two
Hamiltonians Hiði ¼ 1; 2Þ. We define their Euclidean
Lagrangians by Liði ¼ 1; 2Þ and their partition functions
by Ziði ¼ 1; 2Þ. The inner product is described by the path
integral:

FIG. 1. A time slice in the Penrose diagram of eternal AdS
black hole which connects the two boundaries dual to the
thermofield doubled CFTs.
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“Time reversal” requires switchable-sign interactions



Measuring the Sign of Interaction
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about the mean field of 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Routes to fast scrambling? 

Role of the structure of interactions?
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Symmetric all-to-all interactions yield “single-particle” physics…  
 
Inhomogeneous couplings Jij ∝ Ωi Ωj  
offer a richer phase diagram…

Non-Local Interactions for Fast Scrambling?
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More broadly: how does the 
structure of interactions… 

 
…govern whether and how fast 
quantum correlations spread?
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= ⇩; = ⬆hard-core bosons = spin excitations: 

Proposal: Hung, Gonzales-Tudela, Cirac & Kimble, PNAS (2016).

Approach:
• Suppress hopping with magnetic field gradient
• Restore hopping at arbitrary distances i-j 

with modulated control field

B
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Summary & Outlook

• Can engineer all-to-all spin models with non-trivial couplings 

• Switchable sign + local addressing + imaging 
⇒ watch operators grow? 

• Images contain information about (multi-point) spin correlations… 
⇒ signatures of complexity of quantum states? 

⇒ reconstruction of bulk geometry? 

• Simple toy models will help to explore these ideas
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