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Motivation
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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Motivation: Understanding Entanglement

Useful Entanglement

Known resources for metrology,
computation or communication
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How can we visualize

>1000-atom entanglement!
complex quantum states?



Holographic Duality

Quantum many-body system, PN Spacetime geometry (gravity),
d spatial dimensions d+1 spatial dimensions

Entanglement of boundary
encoded in
geometry of bulk

a=1

Figure adapted from Ramallo, arXiv:1310.4319v3[hep-th].
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Quantum many-body system, PN Spacetime geometry (gravity),
d spatial dimensions d+1 spatial dimensions

Entanglement of boundary
encoded in
geometry of bulk
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-+ Can we probe the emergent geometry experimentally?
...In simple model systems”? ...in cases where not a priori known"?
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Holographic Duality

Quantum many-body system, PN Spacetime geometry (gravity),
d spatial dimensions d+1 spatial dimensions

Entanglement of boundary
encoded in
geometry of bulk

a=1
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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?

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



Quantum Information Scrambling

How fast can an initially localized quantum bit become entangled
with all degrees of freedom, i.e., scrambled?
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Hayden, Preskill, Maldacena, Shenker, Susskind, Stanford ...
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Quantum Information Scrambling

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

st YntNP VIV YLD

Inspiration: information problem in black holes

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

Hayden, Preskill, Maldacena, Shenker, Susskind, Stanford ...



Challenge: Light Cone

...limits propagation of information
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Challenge: Light Cone

...limits propagation of information
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Non-Local Hopping
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Fermions
with non-local hopping
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Black-hole duality:

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

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

Challenge: atoms only hop
to nearest-neighbor sites

But see: Danshita et al., arXiv:1606.02454.
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Non-Local Hopping

Fermions
with non-local hopping
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Natural approach:
spin excitations = bosons,
hopping mediated by light



Photon-Mediated “Hopping”

strong-coupling lattice
cavity control
laser
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Photon-Mediated Interactions

optical cavity
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Photon-Mediated Interactions
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Photon-Mediated Interactions

optical cavity
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=xperimental Toolbox

Image of atoms

e V (F=1)
o T (F=2)

e No atoms

Transmission

Probe Frequency

Spin-dependent shift of
cavity resonance due to
thousands of atoms
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Imaging Atom-Light Interactions

Intracavity light
Makes spins precess

atoms
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Imaging Atom-Light Interactions

Intracavity light Turn on light for variable time
makes Spins precess to measure precession rate
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Imaging Atom-Light Interactions

Intracavity light Turn on light for variable time
makes Spins precess Oto measure precession rate
atoms
Position x

fast slow

cavity ) ”f 1 14

The light generically couples
to a weighted sum of spins.

light shift Q2= |4



Imaging Atom-Light Interactions

Intracavity light Turn on light for variable time
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Non-Local Hopping: Implementation

Fach atom as an “occupied” [ @= *] or “empty” [ O = {}] site

“Flip-Flop” interaction




Non-Local Hopping: Implementation

Fach atom as an “occupied” [ @= *] or “empty” [ O = {}] site
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=Xperiment

Initialize all atoms in ground state eJoJoJoloJoleleJoJoJoJoJeleJelo.
Apply local spin rotation (~11/2) 000000V O®OO000000

region A region B

Turn on control light

Fz Fz
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https://arxiv.org/abs/1809.02114

Spin Excitations Hopping

E. Davis, G. Bentsen, L. Homeier, T. Li,
& M. S-S., arXiv:1809.02114[quant-ph].
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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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s Anything Quantum Happening?

Spin F=1 Suppose we initialize with no magnetization,
(F) =0, by placing atoms in |mr = 0).
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,/ 7 000000000000
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Flip-Flop Dynamics in Rubidium
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Flip-Flop Dynamics in Rubidium

Spin F=1: each atom as a site with up to 2 spin excitations
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Cavity-Mediated Spin Mixing e _} =1

Initialize all atoms in |mg = 0) “T=-T=T=T=T=ToI=T=Y=T=Y I=T=T-T=T=T=

Turn on control light
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Photon-Mediated Pair Creation

Analogies:

- Formation of doublon-hole pairs



Photon-Mediated Pair Creation
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Photon-Mediated Pair Creation

Lucke,...& Klempt,
Science (2011).

Analogies:
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Formation of doublon-hole pairs

- Collisional spin mixing in BECs:---+---
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+ Spontaneous parametric down-conversion - pump
“pumped” by mr= 0 atoms
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Prospects

All-to-all interactions = twin Fock states for quantum sensing

Enhanced sensitivity to perturbations implies entanglement

Richer interaction graphs = more complex quantum states

Detect entanglement via sensitivity to perturbations
= reconstruct bulk geometry?
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PRL 115, 261602 (2015) PHYSICAL REVIEW LETTERS 31 DECEMBER 2015

Distance between Quantum States and Gauge-Gravity Duality

Masamichi Miyaji,1 Tokiro Numasawa,1 Noburo Shiba,1 Tadashi Takayanagi,l’2 and Kento Watanabe'
Yukawa Institute for Theoretical Physics, Kyoto University, Kitashirakawa Oiwakecho, Sakyo-ku, Kyoto 606-8502, Japan
*Kavli Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa, Chiba 277-8582, Japan



Sensitivity to Perturlbations
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Sensitivity to Perturlbations
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“Time reversal” requires switchable-sign interactions



Measuring the Sign of Interaction
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Magnetization Dynamics

Initialize cloud with P e e e S S S K‘L

x- and y-polarized regions region A region B



Magnetization Dynamics

Initialize cloud with P e e e S S S K‘L

x- and y-polarized regions region A region B

Turn on interactions —




Magnetization Dynamics

Initialize cloud with T e KL
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Streﬂgth & Slgﬂ Of |nteraCt|OﬂS E. Davis, G. Bentsen, L. Homeier, T. Li,

& M. S-S., arXiv:1809.02114[quant-ph].
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Vision: Watching Operators Grow
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Vision: Watching Operators Grow

Local perturbation W
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Role of the structure of interactions?
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Symmetric all-to-all interactions yield “single-particle” physics...
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Vision: Programmable Interactions

Photon-mediated interactions for versatile control of spin-spin couplings:

HI:ZJ(i—j)UiU{ + h.c.
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Proposal: Hung, Gonzales-Tudela, Cirac & Kimble, PNAS (2016).
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Vision: Programmable Interactions

Photon-mediated interactions for versatile control of spin-spin couplings:

HI:ZJ(i—j)UiU{ + h.c.
O e € O O 6 O e O e o i>]

(hard—core bosons = spin excitations: O = {}; @ = f]

Approach:
+ Suppress hopping with magnetic field gradient »I )@.@7 BI

- Restore hopping at arbitrary distances /-
with modulated control field

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



Spatial Control of Spin-Exchange Interactions

/\ control field spectrum
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Prospect:

Dispersion Engineering

Efficiently spread information over long distances

by coupling it spin to /=1, i+2, i+4, i£8,..., =2
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Fast Scrambling”? Theory, N = 10 sites

Growth of commutator C = [V, V] between local operators at sites /, |
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See Bentsen, Gu & Lucas, arXiv:1805.08215, for L-R bound on sparse graph.
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Geometrical Interpretation

Collaborator: S. Gubser
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local in real space

local In 2-adic geometry

F. J. Dyson, Commun. Math. Phys. (1969).
S. Gubser et al., Commun. Math. Phys. (2016).
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Geometrical Interpretation

Collaborator: S. Gubser

Bruhat-Tits tree = discrete version of anti de Sitter space

= toy model for quantum gravity

i 0 4 26 41 53 7

Heydeman et al, arXiv (2017). < N sites >

F. J. Dyson, Commun. Math. Phys. (1969).
S. Gubser et al., Commun. Math. Phys. (2016).



Tunable Geometry G. Bentsen, T. Hashizume, A. Buyskikh,

E. Davis, A. Daley, & S. Gubser, MS-S
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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”? tSve a2y

Images contain information about (multi-point) spin correlations...
= signatures of complexity of qguantum states”

= reconstruction of bulk geometry?

Simple toy models will help to explore these ideas

0 4 2.+ 1 5 3
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