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Synthetic cavity QED: Raman driving

Tunable coupling via Raman
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news & views

Just as matter is used to control the 
propagation of light waves, light can 
be used to manipulate matter waves. 

In typical situations, such as when light 
is guided by lenses or mirrors or when 
particles are trapped by optical tweezers and 
laser cooling, only one of the two e!ects 
is signi"cant.

However, con"ning a cold gas in a 
high-"nesse optical resonator creates an 
unusual situation in which particles and 
photons dynamically in#uence each other’s 
motion by momentum exchange on an 
equal footing. $e particles create a dynamic 
refractive index that di!racts the light waves. 
$ese interfere and form structured optical 
potentials that guide the particles’ motion. In 
the simple generic case of high-"eld-seeking 
atoms in between two plane mirrors, one 
"nds a well-de"ned threshold illumination 
intensity above which the particles order in 
a regular crystalline structure. $ey form 
ordered patterns with Bragg planes, which 
optimally couple the pump laser into the 
resonator1. $is maximizes the resonator 
"eld and thus minimizes the potential 
energy of particles trapped around local "eld 
maxima. $e scaling of this phase-stable 
super-radiant scattering with the square 
of the particle number has been observed 
experimentally, and is a clear signature of 
such self-ordering2.

Sarang Gopalakrishnan and colleagues, 
reporting on page 845 of this issue3, 
generalize the description of these complex 
coupled nonlinear dynamics by considering 
ultracold quantum gases in a multimode 
optical resonator. Here, photons and 
atoms can dynamically occupy a large 
number of modes. Using a functional-
integral formalism adapted from quantum 
"eld theory, Gopalakrishnan et al. are 
able to derive an e!ective atom-only 
action from which they uncover a wealth 
of new phenomena in this generalized 
con"guration. One important result is that 
the phase transition to a crystal arrangement 
is "rst order and persists down to zero 
temperature. $is represents a genuine 
quantum phase transition that involves 
translational-symmetry breaking. It is 

analogous to Brazovskii’s transition — where 
a uniform spatial distribution abruptly 
transforms into a stripe pattern4. $is phase 
transition at zero temperature is solely driven 
by quantum #uctuations of the particle 
"elds, which are dynamically ampli"ed and 
develop into macroscopic spatial-density 
variations. ($is resembles the way that 
large-scale structures are supposed to have 
appeared from quantum noise in the early 
Universe.) $e spatial correlations and 
the form of the emerging structures are 
determined by the wavevectors supported 
by the optical-resonator geometry. With 
the help of extra con"nement potentials for 
the particles that are introduced by light 
sheets, the dimensions of the emerging 
patterns can be externally controlled. Models 
with several interacting layered planes can 
be implemented.

As an extra bonus, the set-up includes a 
built-in non-destructive monitoring system 
by virtue of analysis of the scattered light 
"elds. In particular, at near-zero temperature 
the scattered light contains clear signatures 

of the nucleation of new atomic quantum 
phases5. $us, real-time non-destructive 
monitoring of the dynamics of a quantum 
phase transition can be foreseen.

As cavity quantum electrodynamics 
(QED) set-ups with single particles 
coupled to super-mirror resonators pose 
severe experimental challenges, theoretical 
considerations invoking degenerate 
quantum gases were long considered to be 
thought experiments only. However, using 
the recent exciting developments in the 
optical manipulation of ultracold gases, 
several teams have now implemented cavity-
QED systems involving Bose–Einstein 
condensates and super mirrors. Up to 
a million atoms at close to T = 0 can be 
trapped in the "eld of a few photons (or 
even a single one)6,7. $ese experiments 
enter the strong-coupling regime where 
coherent quantum coupling dominates 
dissipation by more than three orders of 
magnitude. Here, the optical potentials 
and thus the light forces have genuine 
quantum properties so that the light and the 
particles become dynamically entangled. 
As a consequence, the dynamics can lead to 
superpositions of light-"eld states associated 
with di!erent atomic quantum phases as 
an exotic form of a Schrödinger-cat state. 
$e strong coherent coupling of atoms and 
photons can also be used as a controllable 
prototype interface of photonic- and atom-
based quantum computing.

Whereas ultracold atoms interact directly 
only at close distances, the modi"cation of 
the light "eld induced by a single particle 
in#uences the optical potential for virtually 
all other particles in the system8. $is long-
range interaction can be tailored through the 
mirror geometry, and acts in a similar way to 
acoustic phonons in solid crystals. $is adds 
an extra dimension to optical-lattice physics 
with ultracold quantum gases, which is 
already one of the most fruitful areas at the 
boundary of atomic and solid-state physics9, 
including the physics of phonons, polarons 
or momentum-space pairing of particles.

$e tremendous recent progress 
has now surpassed the limits in readily 
available theoretical models. In complex 

QUANTUM OPTICS

Crystals of atoms and light
Cold atoms and photons confined together in high-quality optical resonators self-organize into complicated 
crystalline structures that have an optical-wavelength scale. Complex solid-state phenomena can be studied in real 
time on directly observable scales.
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Figure 1 | Simulated stationary distribution of 
1,000 high-field-seeking atoms in an optical 
resonator transversely illuminated by laser light. 
The atoms self-order in a crystalline structure with 
Bragg planes (dashed diagonal lines as a guide to 
the eye) maximizing the coherent scattering into 
the resonator mode as predicted and observed in 
refs 1 and 2.
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Multimode cavities

Confocal cavity L = R:

Modes Ξl,m(r) = Hl(x)Hm(y), l + m
fixed parity

Extra distinction:
degenerate vs non-degenerate
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Multimode cavity QED

Hyperfine states:
Full model:

Heff =
∑
µ

(ωµ − ωP)︸ ︷︷ ︸
−∆µ

a†µaµ +
∑

N

ω0

2
σz

n +
Ωg0

∆︸︷︷︸
geff

∑
µ

Ξµ(rn)σx
n(a + a†)

[Gopalakrishnan, Lev, Goldbart. Nat. Phys ’09, PRA ’10]

Can reach δ∆µ < geff
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Degenerate multimode: Liquid crystal physics

Spatial states of atoms
ψ(r) = ψ⇓(r) + ψ⇑(r) cos(kx) cos(kz)

Coupled dynamics of α(r) =
∑

µ〈âµ〉Ξµ(r),
and ψ0,1(r) TEM 03

TEM
02

TEM 00

TEM
06

Degenerate limit, transverse pump:
i∂t Ψk =

[
∆ + λ(|k| − q)2

]
Ψk + Ucontact

∑
k′,q

Ψ∗k′+qΨk′Ψk−q

Smectic Brazovskii transition

[Gopalakrishnan, Lev, Goldbart. Nat. Phys ’09, PRA ’10]

# Modes0 ∞

>>κ Mode spacing 0

?
Normal

1st order

2nd order

Superradiant

P
u

m
p
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Experimental results: supermode density wave polariton
condensation

1 Introduction: Tunable multimode Cavity QED
Many body cavity QED
Multimode cavity QED

2 Experimental results: supermode density wave polariton condensation

3 Theoretical results: Meissner-like effect

Jonathan Keeling Multimode cavity QED DOQS, 2016 10



Superradiance in multimode cavity: Even family
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Superradiance in multimode cavity: Odd family

Dependence on cloud position
21

1

3 4

a b
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y
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y

Near-degeneracy of
(1,0), (0,1) modes broken by
matter-light coupling.

Atomic time-of-flight — structure factor
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Supermode density-wave polariton condensation

Supermode density-wave polariton:
Hybrid cavity photon and atomic density wave
Atoms remix cavity modes→ superposition
Condensation of polaritons remixes again
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Theoretical results: Meissner-like effect

1 Introduction: Tunable multimode Cavity QED
Many body cavity QED
Multimode cavity QED

2 Experimental results: supermode density wave polariton condensation

3 Theoretical results: Meissner-like effect
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Meissner-like physics: idea

Multimode cQED→ local matter-light coupling
Variable profile synthetic gauge field?
Raman-based scheme

I Follow Spielman, PRA ’09.

H =
(
ψA ψB

)(Ea + (∇−Qx̂)2 Ω
Ω Eb + (∇+ Qx̂)2

)(
ψA
ψB

)
I New feature: EA,EB from cavity-light Stark shift

I Ground state ψ−, E−(k) = (k−Qx̂|ϕ|2)2 + . . .

I Reciprocity: matter affects field
See poster by Kyle Ballantine [Ballantine et al. arXiv:1608.07246]
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Meissner-like physics: setup

Atoms: i∂t

(
ψA
ψB

)
=

[
−∇

2

2m
+

(
−E∆|ϕ|2 + i q

m∂x Ω/2
Ω/2 E∆|ϕ|2 − i q

m∂x

)
+ . . .

](
ψA
ψB

)
.

Light: i∂tϕ =

[
δ

2

(
−l2∇2 +

r2

l2

)
−∆0 − iκ− NE∆(|ψA|2 − |ψB|2)

]
ϕ+ f (r).

See poster by Kyle Ballantine [Ballantine et al. arXiv:1608.07246]
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Meissner-like physics: numerical simulations

Atoms

Cavity light

Synthetic field

Consider f (r) such that
|ϕ|2 ∝ y .
Without feedback (E∆ = 0) for
field
With feedback

I Field expelled
I Cloud shrinks

See poster by Kyle Ballantine [Ballantine et al. arXiv:1608.07246]
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Summary
Many possibilities of multimode cavity QED

I Spin glass (XY/Ising); Soft-matter physics with spatial DoF, . . .

Ω
Ω

2 level system

ω
0

∆ ∆

Cavity

Ω

2 level system

ω
0

∆

Cavity

[Gopalakrishnan, Lev and Goldbart. PRL ’11, Phil. Mag. ’12, Nat. Phys ’09, PRA ’10]

Working multimode cavity [Kollár, et al. NJP ’15]

Supermode density-wave polariton condensation
21
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3 4

a b

1 2

3 4

x

y
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x

y

[Kollár et al. arXiv:1606.04127]

Meissner like effect
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[Ballantine et al. arXiv:1608.07246] See poster by Kyle Ballantine
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