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Multimode cavity QED w/BEC & spins

An intrinsically open (driven-dissipative) quantum system




Adjustable-length cavity-BEC apparatus

Confocal cavity (103 modes) with BEC

87Rb BEC with 10> atoms

A. Kollar, A. Papageorge, K. Baumann, M. Armen & B. L. Lev, NJP 15



Photon-mediated atom-atom interaction
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Photon-mediated atom-atom interaction
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Self-organization in single-mode cavity

V. Vuletic; H. Ritsch & P. Domokos; H. Carmichael & S. Parkins; & T. Esslinger et al.

With BEC or spins, transition is a nonequilibrium superradiant (Hepp-Lieb) Dicke transition

superradiant emission
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Supermode density-wave polariton condensate
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T. Esslinger et al., Nature 10
A. Kollar, A. Papageorge, V. Vaidya, Y. Guo, J. Keeling, & B. Lev, Nature Comm. 17



Spin-spin interactions in cavity QED

Double Raman pumps realize superradiant (Hepp-Lieb) Dicke nonequilibrium phase transition

Hpicke = — Acd’a — 67 4 HN J, +J_)a+ah
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Spinor self-ordering phase




Spin-spin interactions in cavity QED

Double Raman pumps realize superradiant (Hepp-Lieb) Dicke nonequilibrium phase transition

Hpicke = — Acd’a — 67 HN J, +J_)a+ah
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Dynamical spin-orbit coupling

Cavity field forms legs of Raman coupling

Use running-wave pumps

5°P3/, 87Rb
A




Dynamical spin-orbit coupling

Cavity field forms legs of Raman coupling

Use running-wave pumps

0
Resultant state is a spin helix:

lw) = | ) £e™cosky)| 1)

‘Could be used for creating dynamical gauge fields I

R. Kroeze, Y. Guo, & B. Lev, arXiv:1904.08388




Engineering spatial control of interactions

e Single mode cavity: All atoms scatter into same, global photon wavepacket

e This results in a complete graph of all-to-all interactions
e Mean-field physics

V

lens

CCD camera

Need
multimode cavities
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Multimode cavities provide frequency degenerate modes
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A. Kollar, A. Papageorge, K. Baumann, M. Armen & B. L. Lev, NJP 15



Local photon wavepacket in multimode cavity

e Single-atom cooperativity:
100x single-mode case

Real image

e Supermode enhancement:
C > 200!
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V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollar, J. Keeling, & B. Lev, PRX 18



Observation of superradiant supermode

Single-mode cavity Multimode cavity

Active quantum gas microscope
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V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollar, J. Keeling, & B. Lev, PRX 18



Local photon wavepackets in confocal cavity

V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollar, J. Keeling, & B. Lev, PRX 18

CCD camera

Mirror image BEC #1

Real image BEC #2

Mirror image BEC #2

Real image BEC #1




Local photon-mediated interactions
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V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollar, J. Keeling, & B. Lev, PRX 18



Hint = Hself + Hocal [Eg]
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Tunable-range photon-mediated interaction

e Measure power at superradiant threshold
e Power decreases when photon wavepackets overlap due to interaction
e Plot inverse of this power to obtain interaction energy

Can tune & between ~1 um to 35 um
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V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollar, J. Keeling, & B. Lev, PRX 18

Cavity Transmission (arb.)
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How does this work with spin-spin interactions?




Geometrical picture for spin-spin interactions

e Jiienhanced by the cavity
¢ Jijis MHz vs Hz-scale for y

Direct spin readout via phase of local light emission
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From where do the sign-changing interactions come?

Gouy phases...
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Intuition: Non-local part of the photon wavepacket
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R/2=f ~ R/2=f

These fringes are the Fourier image of the wavepacket around the BEC
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Observation of sign-changing interactions

Spatial heterodyne of cavity emission

R. Kroeze, Y. Guo, V. Vaidya, J. Keeling & B. Lev PRL 18

Y. Guo, R. Kroeze, V. Vaidya, J. Keeling & B. Lev PRL 19
Y. Guo, V. Vaidya, R. Kroeze, R. A. Lunney, B. Lev, & J. Keeling PRA 19
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Anti-Ferromagnetic

e Note: Data, not simulation
e Spin and checkerboard pattern locked



All ingredients demonstrated for qguantum-optical spin glass

| |
Spin interactions

Read-off spins via
holography
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All ingredients demonstrated for qguantum-optical spin glass
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Read-off spins via
holography

Spin interactions
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Explore order of spin glass

as Interaction range is
tuned from infinite to finite range:
Replica symmetry breaking or droplet model?
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Future directions with multimode cavity QED

We can make a 2D fully emergent optical lattice —> unusual “Brazovskii” transition to a quantum liquid crystal state (also seen in high-T/’s)...
S. Gopalakrishnan, B. Lev & P. Goldbart, Nature Physics 09, PRA 10

With multimode cavity and Raman pumping, we can make dynamical gauge fields, beginning with demonstrating a Meissner-like effect:
K. Ballentine, B. Lev, & J. Keeling, PRL "17; see also C. Kollath et al.

We are working toward making a spin glass which may enable driven-dissipative neuromorphic computation:
S. Gopalakrishnan, B. Lev, & P. Goldbart PRL "11; Strack & Sachdev, ibid.
S. Gopalakrishnan, B. Lev, & P. Goldbart Phil. Mag. 12

B. Marsh, Y. Guo, S. Ganguli, S. Gopalakrishnan, J. Keeling, & B. Lev in preparation
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