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Correlations and Entanglement 
Facilitated by Optical Cavity

Use All of Quantum Mechanics: 
 Unitary Dynamics, Quantum Measurement, Dissipation

Explore fundamental science of quantum sensing and simulation

Collective physics with cold-atom cavity QED
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Cavity on Resonant with Atoms:  Superradiance

7.5 kHz Sr transition: Norcia, Thompson Quasi-CW PRX 6 011025 (2016)
                   {ŎƘŅŦŦŜǊΣΧ¢ƘƻƳǎŜƴ tw! млм лмоумф όнлнлύ
375 Hz Ca transition:  Laske, Winter, Hemmerich PRL 123 103601 (2019)   

1S0

3P0

Strontium Clock Transition
1 mHz or 118(3) sec

Short term stability is:   ½  photon shot noise of 
superradiant laser
         ½  from reference cavity

Norcia Cline Muniz

Ye

aŜƛǎŜǊΣΧΣ ¸ŜΣ IƻƭƭŀƴŘ PRL (2009)
.ƻƘƴŜǘΣΧΣ IƻƭƭŀƴŘΣ WY¢ Nature (2012)
bƻǊŎƛŀΣ ΧWY¢ Science Adv. (2016)

Norcia, JKT PRX (2016)
bƻǊŎƛŀΣ Χ¸ŜΣ ¢ƘƻƳǇǎƻƴ PRX (2018)

500,000 x less sensitive
to cavity frequency noise

7 x 10-16 at 1 second

Most precise active atomic clock

bƻǊŎƛŀΣΧ¸ŜΣ ¢ƘƻƳǇǎƻƴ PRX 8, 021036 (2018)

photon
emitted

wc

Which atom decayed?
Cannot tell!

Spontaneous laser pulses
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Meiser, Ye, Carlson, Holland, PRL 102, 163601 (2009)
Jingbaio Chen, Chinese Sci. Bull. 54, 348 (2009)
.ƻƘƴŜǘΣΧIƻƭƭŀƴŘΣ ¢ƘƻƳǇǎƻƴΣ Nature (2012)
Norcia, Thompson PRX (2016)
bƻǊŎƛŀΣΧ¢ƘƻƳǇǎƻƴΣ Science Adv.(2016)

[ŀǎƪŜΣΧIŜƳƳŜǊƛŎƘ PRL 123 103601 (2019)
{ŎƘŅŦŦŜǊΣΧ¢ƘƻƳǎŜƴ PRA 101 013819 (2020)
YǊƛǎǘŜƴǎŜƴΣ .ƻƘǊΣΧZelevinsky, Thomsen, Müller PRL 130, 223402 (2023)



Pulsed Ą Continuous Superradiant Lasing
Goal: Df/f ~ 10-18 at one second

Resolve 1 cm in 1 sec

Geodesy Gravitational Waves Dark Matter

Cline, Schäfer, Niu, Young, Yoon, Thompson PRL (2025)
{ŎƘŅŦŜǊΣ bƛǳΣ /ƭƛƴŜΣΧwƛǘǎŎƘΣ ¢ƘƻƳǇǎƻƴΣ Nature Physics (2025)
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Detune the Cavity: Spin-Exchange Interactions

bƻǊŎƛŀΣΧwŜȅΣ ¢ƘƻƳǇǎƻƴΣ Science361, 6399, 259 (2018)
5ŀǾƛǎΣΣΧSchleier-Smith PRL 122, 010405 (2019)
MunizΣΧRey, Thompson Nature 580 602-607  (2020)
PeriwalΣΧSchleier-Smith Nature 600, 630-635 (2021)
[ǳƻΣΧIƻƭƭŀƴŘΣ wŜȅΣ ¢ƘƻƳǇǎƻƴ Science 384 551 (2024) 

Strontium: Forbidden Transitions

1S0

3P0

Lifetime 118(3) sec or 22 ms

*Muniz, Young, Cline, Thompson PRR 3 023152 (2021)

Momentum labels ƪΣ ƪΩ  Ą Lattice site labels ƪΣ ƪΩ

╝

wc

Atom at lattice site: ƪΩ              ƪ

Norcia

Cline



Spin Exchange versus Superradiance
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Momentum-Exchange Interaction

Experiments with internal pseudo-spin states
Norcia, Lewis-Swan, Cline, Zhu, Rey, Thompson, Science 361 259 (2018)
Davis, Bentsen, Homeier, Li, Schleier-Smith PRL 122, 010405 (2019)
Muniz, Barberena, Lewis-Swan, Young, Cline, Rey, Thompson Nature 580 602 (2020)
PeriwalΣ /ƻƻǇŜǊΣΧSchleier-Smith Nature 600, 630-635 (2021)
CƛƴƎŜǊΣΧDonner, Esslinger PRL 132 093402 (2024)

Theory with matterwaves in ring cavity
Shankar, Salvi, Chiofalo, Poli, Holland, Qu. S&T. 4 045010 (2019)
Wilson, Jäger, Reilly, Shankar, Chiofalo, Holland, PRA 106, 043711 (2022)

Momentum: Chengyi Luo, Zhang, Koh, Wilson, Chu, Holland, Rey, Thompson Science 384 551 (2024)
  Wilson, Jäger, Reilly, Shankar, Chiofalo, Holland, PRA 106, 043711 (2022)
  Shankar, Salvi, Chiofalo, Poli, Holland, Qu. S&T. 4 045010 (2019)
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Exchange Interaction

Luo Zhang Holland Rey



Binding Wave Packets Together

Simulation of |y (Z, t)|2

Position along cavity axis (2l)

Coherence time extended Ą 
 wave packets not separating!
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Collective Recoil Gedanken

Single Photon
1 atom at

ὺ
ᴐὯ

ά
N atoms

No Interactions

Momentum Exchange Interactions
Single Photon

N atoms at

ὺ
ᴐὯ

ὔ ά

The atoms collectively recoil as a single object and Doppler dephasing is suppressed.
      Similar to Mossbauer or Lamb-Dicke spectroscopy.

Observe on narrow strontium transition: bƛǳΣ {ŎƘŅŦŜǊΣ ½ƘŀƴƎΧ wŜȅΣ ¢ƘƻƳǇǎƻƴΣ PRL (2025)

Next: both collective recoil & solitons:  Zhang, Chu, Luo, Thompson, Rey PRL (2025)
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Engineering General Hamiltonians: XYZ

‫

‫ ‫

Å Balanced tones and detuning d

Ὄ … ὐ ὐ ‏ 

Sørensen, Mølmer PRA 66 022314  (2002) 

ὴ ᴐὯ

ὴ ᴐὯ

Momentum exchange
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4-photon processes that conserve energy

Momentum pair lowering/raising
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Luo, Zhang, Chu, Maruko, Rey, Thompson Nature Physics (2025)
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XYZ: Creation of Two-axis Counter Twisting

at ϳɱ ɱ πͯȢπφȡ

Ὄ … ὐ  ὐ … ὐ

Theory proposal with four applied tones:
BorregaardΣΧSchleier-Smith, Sørensen NJP 19 093021 (2017)
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Luo, Zhang, Chu, Maruko, Rey, Thompson Nature Phys. (2025)



Beyond 2-Body Interactions: 3 & 4 Body Interactions

Everything in cavity-QED ensemble systems has been two-body interactions:

Luo, Zhang, Maruko, Chu, Rey, Thompson Science (2025)
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Generating 3-Body Interactions

Maruko

Luo
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Rey
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Luo, Zhang, Maruko, Bohr, Chu, Rey, Thompson Science  390 925 (2025)
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Correlated Hopping in Large Synthetic Dimension

ωȾςωȾς χȾς χȾς
Chu, Orioli, Barberena, Thompson, Rey, PRR 5 (2), L022034 (2023)

{Ǉƛƴ мΥ 5ŀǾƛǎΧSchleier-Smith, PRLмннΣ лмлплр όнлмфύΣ CƛƴƎŜǊΧ Esslinger PRL 132, 093402 (2024)

Spin 1
5ŀǾƛǎΧSchleier-Smith, PRL122, 010405 (2019)
PeriwalΧSchleier-Smith Nature 600, 630 (2021)
/ƻƻǇŜǊΧSchleier-Smith Nature Phys. 20, 770 (2024)
CƛƴƎŜǊΧ Esslinger PRL 132, 093402 (2024)

π ρρ
Seth Chew

ωȾς

ωȾς

Resolve All 10 Ground Nuclear States

Song, Chew, Kwan, Young  Zhang, Padilla, Chu, Rey, Thompson

MAR-U45 Precision Many-Body Physics III: Geometry, Topology, 
and Dynamics

87Sr

Imprecision 20 dB below Projection Noise Level

https://summit.aps.org/smt/2026/events/MAR-U45/10
https://summit.aps.org/smt/2026/events/MAR-U45/10
https://summit.aps.org/smt/2026/events/MAR-U45/10
https://summit.aps.org/smt/2026/events/MAR-U45/10
https://summit.aps.org/smt/2026/events/MAR-U45/10
https://summit.aps.org/smt/2026/events/MAR-U45/10


Entanglement Enhancements Beyond SQL

?
Strontium

Rubidium Hosten et al I (2016)
Cox et al PRL (2016)

Eric Song
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Joyce Kwan



Cavity QED for spin 
squeezing

Clock laser
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QND Spin squeezing in a state-of-the-art Sr optical clock at 10-17

Norcia, Thompson PRA (2016)
Robinson, Tso, Miklos, Thompson, Ye, Nature Physics (2024)
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Clock A

Clock B

Robinson MiklosTso

Ye

Raphael
Kaubruegger

Lieb-Mattis states for robust entangled differential phase sensing
KaubrueggerΣ tŀŘƛƭƭŀΣ {ƘŀƴƪŀǊΣ ΧΣ DƻǊǎƘƪƻǾΣ Molmer, Thompson, Rey, PRX 16, 021052 (2026) 

Poster Tuesday! 
Yang, Miklos, Tso, Kraus, Hur, Ye PRL (2025) 

Yang Yang



Resource for Entanglement-Enhanced 
Matterwave Interferometer

Graham Greve*, Chengyi Luo*, Wu, Thompson Nature 610 472-477 (2022)
Cassens, Meyer-Hoppe, Rasel, KlemptPRX 5 011029 (2025) 

Graham Greve

Chengyi Luo

Rubidium Matterwave Interferometer Next Generation:  Strontium

MAGIS-100, ZAIGA, AION
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Regal, Greiner, Jin PRL 92 040403 (2004)

Regal Thesis

Superconductivity and Superfluids: nano to Mega Kelvin  

Kamerlingh Onnes
Lorentz Center, Leiden

NASA
ORNL

~nK ~MK~K



BCS: Electrons Attract Each Other
Bardeen, Cooper, Schrieffer, Phys. Rev. 106 (1) 162ς164 (1957)

Electron-induced lattice distortions
mediate interactions 

- -

+ + + + + + +
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+ + + + + + +

Phonons
mediate interactions

- -

-k k

-ƪΩ ƪΩ

phonon

Effective interaction after eliminating
phonon modes



Single-Particle Dispersion

Model Bardeen-Cooper-Schrieffer Hamiltonian

k
kFermi

0

1

Attractive Interactions 

via lattice phonons

Electron & HoleP +

Cooper Pair Hole Pair

P

Minimize energy for momentum states k near Fermi-level



Gap dynamics 

Method : Self -consistent non -

equilibrium mean field theory 

(Foster, Gurarie, Yuzbashyan,LevitovΧύ
Å Exact solution to nonlinear classical spin 

dynamics via integrability, 

Three Dynamical Phases 

ά¢ƛƳŜ ŎǊȅǎǘŀƭΩΩ
Higgs Oscillations

Phase I

ȿῳЊȿ π 

time

ῳ
Ô

V. Gurarie, Phys. Rev. Lett. 103, 075301 (2009)

Phase II: BCS

time

Phase II: BEC

time

ῳ
Ô

Phase III

time

ῳ
Ô

ɝÔO Њ ɝ Ὡ

Dynamical Phases of s-wave BCS Model

Quench interaction strength of c Ą Pairing amplitude D behavior

Predictions: Foster, Gurarie, Yuzbashyan,LevitovΧ



Signatures of dynamical 
phases

Experimental Status References

Dynamical phase transition between 
distinct nonequilibrium regimes

ṉ Observed in a quantum-simulator 
platform

{ƳŀƭŜΧwŜȅΣ Thywissen, Sci. Adv. 5, 
eaax1568 (2019)

Higgs oscillations in superconductorsṉ Observed
Matsunaga et al., PRL 111, 057002 
(2013)

Higgs oscillations in ultracold Fermi 
gases

ṉ Observed
Behrle et al., Nat. Phys. 14, 781 
όнлмуύΤ 5ȅƪŜΧ±ŀƭŜ PRL 132, 223402 
(2024)

Higgs-like modes in unconventional 
superconductors

ṉ Observed
Méasson et al., PRB 89, 060503 
(2014); Matsunaga et al., PRL 113, 
247002 (2014)

Finite pairing gap after excitation ṉ Observed
Matsunaga et al., PRL 109, 187002 
(2012)

Universal t-1/2 Phase-II decay ṍ Not established τ

Phase-III persistent oscillations ṍ Not observed τ

Experiment Status in 2024



BCS Hamiltonian:  Anderson Pseudo-Spin Mapping
P.W. Anderson Phys. Rev.  112 6 (1958)

BCS Gap: energy to break
 one superposition state

+

Lewis-{ǿŀƴΧ¢ƘƻƳǇǎƻƴΣ wŜȅ PRL 126 173601 (2021)
¸ƻǳƴƎΣ /ƘǳΧwŜȅΣ ¢ƘƻƳǇǎƻƴ Science (2024)



Engineered Dispersion/Inhomogeneity

EW  , ds

Quench E(k) = 0 to 9όƪύ ґ л 

Weak light field leaking
from cavity

Measuring the BCS gap/pairing amplitude



Phase I to Phase II

Deutsch...Reichel, Rosenbusch, Phys. Rev. Lett. 105, 020401 (2010)
Spin self-rephasingefffect

{ƳŀƭŜΧwŜȅ, Thywissen, Sci. Adv. 5: eaax1568 (2019)
5ŀǾƛǎΧSchleier-Smith PRL. 125, 060402 (2020)
[ǳƻΣ ½ƘŀƴƎΧIƻƭƭŀƴŘΣ wŜȅΣ ¢ƘƻƳǇǎƻƴ Science 384 551 (2024)
bƛǳΣΧ wŜȅΣ ¢ƘƻƳǇǎƻƴΣ PRL (2025)

5Φ WΦ ¸ƻǳƴƎϝΣ !Φ /ƘǳϝΣ {ƻƴƎΧΣwŜȅΣ ¢ƘƻƳǇǎƻƴ Nature 625, 679ς684 (2024)

Observation of Quenches 1 to 2 & 2 to 3

Change …ὔ
by varying N 

Programmable
inhomogeneous 

light shifts

Heterodyne detect light
from cavity to measure D(t)

Phase II to Phase III

Young,,ΧwŜȅΣ ¢ƘƻƳǇǎƻƴΣ Nature 625, 679 (2024)
¸ƻǳƴƎΣΧwŜȅΣ ¢ƘƻƳǇǎƻƴ PRL (2025)

SongYoung

Ana Maria
Rey

Haoqing
Zhang

Chu Rey



BEC-BCS Crossover in Anderson Spin-Textures 

Regal, Greiner, Jin
Phys. Today (2004)

Increasing interaction strength via Feshbach resonance

Maruko Bohr
Zhang

ReyLuoHuzjak


