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Multimode cavity QED w/BEC & spins
An	intrinsically	open	(driven-dissipa7ve)	quantum	system



Adjustable-length cavity-BEC apparatus

Confocal	cavity	(103	modes)	with	BEC

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

87Rb	BEC	with	105	atoms



Photon-mediated atom-atom interaction

Single-atom	interac7on	with	light:
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Self-organization in single-mode cavity
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With	BEC	or	spins,	transi7on	is	a	nonequilibrium	superradiant	(Hepp-Lieb)	Dicke	transi7on

with the index i labelling the atoms. Including the reverse processes, the
many-body interaction Hamiltonian describing light scattering
between pump field and cavity field reads (Methods):
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This is exactly the interaction Hamiltonian of the Dicke model that
describes N two-level systems with transition frequency v0 interacting
with a bosonic field mode with frequency v. This system undergoes a
quantumphase transition from a normal phase to a superradiant phase
once the coupling strength, l, between atoms and light reaches the
critical value of24,25 lcr5
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/2. Our system realizes the Dicke

Hamiltonian with v52Dc1U0N/2, v05 2vr and l5 g
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N

p
/2.

Correspondingly, the process of self-organization is equivalent to the
Dicke quantum phase transition where both the occupation of the

cavity field and the atomic polarization, Æ̂JJz 1 ĴJ{æ5 2H, acquire
macroscopic values.

The experimental realization of the Dicke quantum phase transi-
tion is usually inhibited because the transition frequencies by far
exceed the available dipole coupling strengths. Using optical
Raman transitions instead brings the energy difference between the
atomic modes from the optical scale to a much lower energy scale,
whichmakes the phase transition experimentally accessible. A similar
realization of an effective Dicke Hamiltonian has been theoretically
considered using two balanced Raman channels between different
electronic (instead of motional) states of an atomic ensemble inter-
acting with an optical cavity and an external pump field26. It is
important to point out that these systems are externally driven and
subject to cavity loss. Therefore, they realize a dynamical version of
the original Dicke quantum phase transition. However, the cavity
output field offers the unique possibility to monitor the phase transi-
tion in situ as well as to extract important properties of the system26.

Observing the phase transition

To observe the onset of self-organization in the transversally pumped
BEC, we gradually increase the pump power over time while monitor-
ing the light leaking out of the cavity; see Fig. 1 andMethods Summary.
As long as the pump power is kept below a certain threshold value, no
light is detected at the cavity output and the expected momentum
distribution of a condensate loaded into the shallow standing-wave
potential of the pump field is observed (Fig. 3b, c). Once the pump
power reaches the critical value, an abrupt increase in the mean intra-
cavity photon number marks the onset of self-organization (Fig. 3a).
Simultaneously, the atomic momentum distribution undergoes a
striking change to show additional momentum components at

(px, pz)5 (6Bk,6Bk) (Fig. 3d). This provides direct evidence of the
acquired density modulation along one of the two sublattices of a
chequerboard pattern associated with a non-zero order parameter,H.

Conceptually, the self-organized quantum gas can be regarded as a
supersolid33, similar to those proposed for two-component systems30.
This requires the coexistence of non-trivial diagonal long-range order
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Figure 2 | Analogy to the Dicke model. In an atomic two-mode picture, the
pumped BEC–cavity system is equivalent to the Dicke model including
counter-rotating interaction terms. a, Light scattering between the pump
field and the cavity mode induces two balanced Raman channels between
|px, pzæ5 | 0, 0æ, the atomic zero-momentum state, and |6Bk,6Bkæ, the

symmetric superposition of states with an additional unit of photon
momentum along the x and z directions. Primes indicate electronically
excited momentum states. b, The two excitation paths (dashed and solid)
corresponding to the two Raman channels are illustrated in a momentum
diagram.
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Figure 3 | Observation of the phase transition. a–d, The pump power
(dashed) is gradually increased while the mean intracavity photon number
(solid; 20-ms bins) is monitored. After the sudden release of the atomic cloud
and its subsequent ballistic expansion for 6ms, absorption images (clipped
equally in atomic density) are made for pump powers corresponding to
lattice depths of 2.6Er (b), 7.0Er (c) and 8.8Er (d). Self-organization is
manifested by an abrupt build-up of the cavity field accompanied by the
formation of momentum components at (px, pz)5 (6Bk,6Bk) (d). The
weakmomentumcomponents at (0,62Bk) (c) result from loading the atoms
into the one-dimensional standing-wave potential of the pump laser. The
pump–cavity detuning was Dc522p3 14.9(2)MHz and the atom number
was N5 1.5(3)3 105 (parentheses show uncertainty in last digit).
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V. Vuletić; H. Ritsch & P. Domokos; H. Carmichael & S. Parkins; & T. Esslinger et al.

I ∝ Ω2

∝ N → N2
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Posi7on Momentum

NC > 1 C ≡g 2
0 /κγ

density-wave	polariton	condensate

A. Kollár, A. Papageorge, V. Vaidya, Y. Guo, J. Keeling, & B. Lev, Nature Comm. `17

Supermode



Spin-spin interactions in cavity QED
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Double	Raman	pumps	realize	superradiant	(Hepp-Lieb)	Dicke	nonequilibrium	phase	transi7on

87Rb

Dimer … Carmichael PRA `07
S. Gopalakrishnan, B. Lev, & P. Goldbart PRL `11 
S. Gopalakrishnan, B. Lev, & P. Goldbart  Phil. Mag. (2012)
R. Kroeze, Y. Guo, V. Vaidya, J. Keeling & B. Lev, PRL `18

HDicke = −ΔC ̂a† ̂a −δ ̂Jz + η
N

( ̂J+ + ̂J−)( ̂a + ̂a†)

η ≡
NgΩ
ΔA

= ΔCδ

Superradiant	threshold	when:



Spinor self-ordering phase
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Spin-spin interactions in cavity QED
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Spinor	polariton	condensate
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Quantum	Ising	model
In	dispersive	limit																			:ΔC ≫ κ, δ
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Dynamical spin-orbit coupling
Cavity	field	forms	legs	of	Raman	coupling

87Rb
Use	running-wave	pumps
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Dynamical spin-orbit coupling

x

y

(b)

kr x

y

(c)

kr

OD OD0 11

Resultant	state	is	a	spin	helix:

|ψ⟩ = | ↓ ⟩ ± eikx cos(ky) | ↑ ⟩

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

Could	be	used	for	crea7ng	dynamical	gauge	fields
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Engineering spatial control of interactions 

lens CCD	camera

Real	image
w0

TEM00

•Single	mode	cavity:		All	atoms	scacer	into	same,	global	photon	wavepacket	
•This	results	in	a	complete	graph	of	all-to-all	interac7ons	
•Mean-field	physics

BEC

Need		
mul7mode	cavi7es



Multimode cavities provide frequency degenerate modes

Detuning:

a.
u.

a.
u.

δL = 0

δL > 0

~103	modes

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



TEMlm Mode function

Local photon wavepacket in multimode cavity

lens CCD	camera

=∑
lm

∝ e−Δr/ξ

Δr/ξ
Δr

ξ	set	by	number	of	modes

Δr
Real	image
Δr

κ

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

•Single-atom	coopera7vity:	 
100x	single-mode	case		

•Supermode	enhancement:		 
C	>	200!



Observation of superradiant supermode 

Single-mode	cavity

c
w0

TEM00

Mul7mode	cavity

Δr

Spot	limited	by		
BEC	size…

…not	number	
of	modes

2w0

CCD	image:

TEM00	mode	

CCD	image:

2w0

Greiner

Ac9ve	quantum	gas	microscope

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



CCD	camera

Real	image	BEC	#1

Real	image	BEC	#2

Local photon wavepackets in confocal cavity

Mirror	image	BEC	#1

Mirror	image	BEC	#2

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



CCD	camera

Local photon-mediated interactions

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



Tunable-range photon-mediated interaction
• Measure	power	at	superradiant	threshold	
• Power	decreases	when	photon	wavepackets	overlap	due	to	interac7on	
• Plot	inverse	of	this	power	to	obtain	interac7on	energy
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Can	tune					between	~1	μm	to	35	μmξ
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V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollár, J. Keeling, & B. Lev, PRX `18



How does this work with spin-spin interactions?

87Rb

z,	B

x

y,	-g



CCD	camera

ϕ = 0

•Jij	enhanced	by	the	cavity	
•Jij	is	MHz	vs	Hz-scale	for	!

for	example,	
take	AF	Jij

ϕ = 0 → | ↓ ⟩

ϕ = π → | ↑ ⟩

Direct	spin	readout	via	phase	of	local	light	emission

Geometrical picture for spin-spin interactions



From where do the sign-changing interactions come?

ϕ = (1 + l + m)arctan(z /zR)
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Gouy	phases…
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Intuition:  Non-local part of the photon wavepacket

f f

Lens
Fourier	planeObject

R/2	=	f R/2	=	fR/2 R/2

These	fringes	are	the	Fourier	image	of	the	wavepacket	around	the	BEC	

Hnonlocal	 ∝ cos( r1 ⋅ r2
w2

0 )



Observation of sign-changing interactions

z,	B

x

y,	-g

Spa7al	heterodyne	of	cavity	emission

+Jij -Jij

Ferromagne7c An7-Ferromagne7c

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

+1 +1

-1
?

Ingredient	for	
geometrical	frustra7on

•Note:		Data,	not	simula7on	
• Spin	and	checkerboard	pacern	locked
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zσ j
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kr

Spin interactions

Tunable-range interactions

S. Gopalakrishnan, B. Lev, & P. Goldbart PRL `11; Strack & Sachdev, ibid. 
S. Gopalakrishnan, B. Lev, & P. Goldbart  Phil. Mag. `12
A. Kollár, A. Papageorge, K. Baumann, M. Armen & B. Lev, NJP `15  
A. Kollár, A. Papageorge, V. Vaidya, Y. Guo, J. Keeling, & B. Lev, Nature Comm. `17
V. Vaidya, Y. Guo, R. Kroeze, K. Ballantine, A. Kollár, J. Keeling, & B. Lev, PRX `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 

+J +J

-J
?

Endres, et al. Science`16

Create	Jij	with	op7cal	tweezers

All ingredients demonstrated for quantum-optical spin glass

Signed interactions

+Jij -Jij

Read-off	spins	via	
holography
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Tunable-range interactions
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Create	Jij	with	op7cal	tweezers

All ingredients demonstrated for quantum-optical spin glass

Signed interactions

+Jij -Jij

Read-off	spins	via	
holography

Explore	order	of	spin	glass	as	interac7on	range	is	
tuned	from	infinite	to	finite	range:	

Replica	symmetry	breaking	or	droplet	model?



Future directions with multimode cavity QED
We	can	make	a	2D	fully	emergent	op7cal	lance	—>	unusual	“Brazovskii”	transi7on	to	a	quantum	liquid	crystal	state	(also	seen	in	high-Tc’s)…
S. Gopalakrishnan, B. Lev & P. Goldbart, Nature Physics `09, PRA `10

With	mul7mode	cavity	and	Raman	pumping,	we	can	make	dynamical	gauge	fields,	beginning	with	demonstra7ng	a	Meissner-like	effect:
K. Ballentine, B. Lev, & J. Keeling, PRL `17; see also C. Kollath et al.
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We	are	working	toward	making	a	spin	glass	which	may	enable	driven-dissipa9ve	neuromorphic	computa8on:
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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Jij

hard	op7miza7on	problems	



SQCRAMscope	
Fan	Yang	

Stephen	Taylor	
Brandon	Freudenstein	
Steve	Edkins	(postdoc)	

Collaborators:		  
Ian	Fisher	&	Johanna	Palmstrom	(Stanford)

Mul8mode,	Many-Body	Cavity	QED	
Yudan	Guo	

Ronen	Kroeze	
Brendan	Marsh 
Collaborators:			

Jonathan	Keeling	(St.	Andrews)	 
Sarang	Gopalakrishnan	(CUNY)	

Surya	Ganguli	(Stanford)

Quantum	integrability	breaking	with	Dy	
Wil	Kao	
Kuan-Yu	Li	
Kuan-Yu	Lin	  

Collaborators:			
Sarang	Gopalakrishnan	(CUNY)		

Marcos	Rigol	(Penn	St)LevLab.stanford.edu

Dipolar	quantum	Newton’s	cradle	

Imaging	electron	nema7cs	in	pnic7des	with	quantum	gases	


