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Quantum Gas Cavity QED

Basic Physics

guantum optics: laser cooling & trapping:
light fields confined particle motion controlled by

by fixed classical matter classic optical potentials

in optical setups with ultracold gases:
dynamic (quantum) description of light and particles

v

light induces a
dynamic optical forces
+

particles induce
dynamic diffraction + refractive index




Cavity QED: Jaynes/Tavis Cummings coupling + open system dynamics

He= ﬁw'f(li a + %7).‘}0(7: - ng((/"i‘(f' + aoc™)

spontaneous scattering rate '

i 4 strong coupling

2
& @ ) . Photon O, @y >> g >> (K,Y)

® decay .
rate x 610 - -
) vacuum
— °T Rabi splitting of ]|

first excitation

B~
T

input and output channels :

' measurement + feedback control

M
T

The Transmission spectrum
48]

9

<>

6})99_9 6799 95 6800 &6800.05 680011
Frequency [MHz]

‘ damping + fluctuations + decoherence

* Nonlinear atomic response at less than a single photon

« Single atom splits cavity resonance by more than a line width
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emissions have random directions and cancel
N depends on frequency and intensity
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e dissipative (random) force

e maximum force at resonance F=hk y/2 (~1075 g)
e momentum diffusion due to random emission

-_ Laser light forces on atoms
Two classes of forces:

(absorption + spontaneous re-emission)

(absorption + stimulated emission)
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coherent transfer of momentum,
which depends on relative phases of fields
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e conservative force with no upper limit =>
optical potential U(x) ~ I(x)/(®—®,)
* high field minima for red detuning



Radiation pressure
(absorption + spontaneous re-emission)

Light force basics

Two classes of forces (cCTJD) :
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N-cycles

V= v0+ (hkchKym

* scales as Y/detuning /2

Dipole force
(absorption + stimulated emission)
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coherent transfer of momentum,
which depends on relative phases of fields
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Ous emission

e conservative optical potential ~ intensity
e scales as 1/detuning
e optical tweezers, opto-mechanics



Lightforces on polarizable particles in optical resonators

»|@)p

Light forces of resonatorfield determine atomic motion

l self - trapping

interaction friction + diffusion

T correlation and entanglement

Cavity QED : atoms change resonator field dynamics




Y ... atomic width
A0, -a >y .. cavity lnewidth
eliminate upper atomic state => effective atom-field interaction potential

A
A2 +a ~ g, €0s” (kx) y(X):=

a7/0

Yo
A2a1"'702

U(X):= g¢ cos” (kx)

U(x) = optical potential per photon =
cavity frequency shift per atom
based on dipole force

 Strongdispersive couplinglimits U == x>y

> ¥ (x) = photon loss per particle << x
radiation pressure / photon

—>single atom shifts cavity in & out of of resonance
—>single photon creates an optical trap for an atom



3 regimes of interaction

dispersive interaction

U>>;/

strong coupling re-defined

U >> K>>y

ultrastrong dispersive coupling

U>>Aa)|>>1(

= atom-field interaction via optical potential U
= dipole force dominates radiation pressure

= single atom shifts cavity in or out of of resonance
—> single photon creates an optical trap for an atom

= single mode picture breaks down
= nonlinear coupled multi mode model



Point particle dynamics in optical resonator:

particle moving along axis
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potential

position along axis

Lewenstein , PRL 95: ions

Horak, PRL 97: atoms trapping + CaVity COOling

Vuletic, Chu, PRL 00: atoms
Vitali, PRL 02: mirrors



Experiment confirms:
Single atom can be trapped by single photon

Weak
probe
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Kimble (Science 2000) and Rempe (Nature 2000)



»long“ range interaction:
two particles in a driven optical resonator
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potential

position along axis

friction and ,,long*“ range interaction

H. R., P Domokos, F. Brennecke, T. Esslinger, Rev. Mod. Phys., 2013




Fig. 4: (Colour on-line) Single-particle momentum distri-
bution for A /wr = —14.75|— 12| -7 (ring cavity bosons).

Cooling dynamics
for different particle quantum statistics

fermions ring cavity ---
bosons linear cavity -
fermions linear cavity ---
0 50 100 150 200 250 300 350 400
wrt



Crystallisation of atoms via
collective light scattering

excitation of atoms
from side ! phase of scattered light
depends on position X,z
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collective pump strength R

Field in cavity generated by collective scattering by atoms
R =0 for random atomic distribution
R ~ Ng for regular lattice (superradiance =n ~ N*2)



Two scatterers placed along cavity axis

= Adistance gives maximal field
= for high field seekers
ordering is energetically favorable




optical potential and force field on high field seeking atoms:

Biophysics: Hopfield
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Fi1G. 3. An energy contour map for a two-neuron, two-stable-
state system. The ordinate and abscissa are the outputs of the two
neurons. Stable states are located near the lower left and upper right
corners, and unstable extrema at the other two corners. The arrows
ZZ Sy m m Et ry ! show the motion of the state from Eq. 5. This motion is not in gener-

al perpendicular to the energy contours. The system parameters are
Ty = T3 =1, A = 1.4, and g(u) = (2/m)tan"" (mAu/2). Energy con-
tours are 0.449, 0.156, 0.017, —0.003, —0.023, and —0.041.

picture taken from “old” Hopfield paper



Laser-illuminated Atoms between Mirrors

1 random cloud of particles or BEC
AT B e S S

for strong laser power the particles form a crsytal
which scatters many photons into the resonators

Collective enhancement through order !



Selfconsistent atom-field distribution

Steady-state phase-diagram: breaking of Z2 symmetry
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Normal phase Self-ordered phase
PRL 107, 140402 |
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Selforganisation is an open system phase transition



Selforganisation is an open system phase transition
Is it a quantum phase transition at T =0 ?

experiment at ETH: selforganization of a BECat T~ 0

H— & .i. LIII.I. h dg
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Effective Tavis-Cummings Hamiltonian

H=—6cata+wpS. + fi-y(a,f - ﬂ,)gg-/\/ﬁ
+ua'a (% + S’z/N)

large N => Quantum Simulation
of
,Dicke Superradiant Phase Transition
(predicted by Hepp+Lieb 1973)




Power

compare classical vs quantum phase diagram
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Domokos, Esslinger, Donner 2010
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Experiment ETH 2010

Experiment follows prediction

e of
Dicke Superradiant Phase Transition

IMH

ity detuning A, 2+ IMHZ)

Pump-ca

»,quantum simulation” of T=0 phase transition
with Z2 symmetry breaking
predicted by Hepp+Lieb 1973

K. Baumann et al. Nature 464, (2010)



A
:> oeoé ¢j> « atoms In an optical lattice in cavity
- cavity field from scattered lattice light => interactions

S
Effective Hubbard type Hamiltonian:

H = Z: E;ng/)};,f)g + hUon g Z: ,],i;‘g/)i,/)g + hn' (a + (1';') Z: ,_}";ﬁghi,[)g —h(A, —Uy)a'a
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[ cavity field determined by atomic distribution ]
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Mekhov, |.B. & H.R., Journal of Physics B: Atomic, Molecular and Optical Physics 45.10 (2012), 102001



guantum regime (BH): self ordering phase transition in optical lattice

Detuning, A./2r (MHz)

g 8

10 20 30 40 50 60
A i

20 lattice depth, V., (Ej,

]
~
o

intermediate phase with coherence + diagonal order => , supersolid”



collective scattering in more complex symmetries

4-fold rotation symmetry: self ordering in 4 cavities

) < 6
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- \ -\' ! /| ) W,
PP, ru_ 0038 PP, H_ 0.36 Q
3 — Systems above threshold attains C-8 symmetry
2 =>
S0 quasi-crystal formation
-1
=>

emerging new symmetry

(a)

F. Mivehvar, PRL 2019



Self-ordering with multicolor light ( RGB)

monochrome

regular crytal maximizes
light collection

irregular order optimizes
light collection for all colors
=>,new solar cells ? “



Adaptive dynamics in time-varying illumination

Time evolution of 100 particles in time-

. : P Sum of order parameters:
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adaptive + learning light collection system



,disspative” annealing

slow turn on 2.+ 9. mode illumination

system converges mostly to states optimal for all modes



Interacting trapped quantum particles within a multimode cavity

=—JZ(bH_1b,+b Bierd) e an (i +1)

particle-field
Hamiltonian

e hZ e mamam =4 hz 7]m(avm = am) Z'v i

Effective Hamiltonian after field elimination

= —Jz(bz+lb + bi b,+1) o= Z’"z(nz + 1) — I-LZAanan

i

with the real and symmetric interaction matrix

A= Z fm Re(vm @ vy,)/p

yes, we can engineer general coupling matrices Aij
but: ond needs ~ N2 pump lasers for N sites




general coupling matrix A
can be constructed
via pump mode design

U 2 R 3.
H:= —J;(bﬂ_lbﬁ + b:tfbi+1) -+ 5 Zn,(n, +1)— [.LiZinjninj

with the real and symmetric interaction matrix

A= z fm Re(vn ® ”:n)/ﬂ




l. Gent, C. Jefferson, and P. Nightingale,

J. Artif. Intell. Res. 59, 815 — 848 (2017)



Optimization problem - minimize a cost function.
Minimize f(s) subjectto s € S
f(s):D—>R

D... configuration space
S ... set of feasible solutions (constraints)

Energy E(s) Find the ground state.




Physical system:

=> Atoms
Chess Board => 2D optical lattice between mirrors
Chess rules => Laser beams to create interactions




mirrors / box

interaction lasers




Interaction between lattice site (i,)) and (k,l):
Agjkr = ) _ fn €08(km (Tij — Tar))
m

A

three laser directions

one laser direction
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N Lasers slowly turned on
S | => atoms converge to solution
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VT, P. Aumant., A. Ritsch, and W. Lechner
“A quantum N-queens solver”,
arXiv:1803.00735 [quant-ph] (2018)



Suitable for testing quantum advantage.

N-queens problem:
- there exist hard instances for N > 21

Implementation fits problem naturally:
- No qubit overhead — as many atoms as queens
— Laser resources scale linearly with N




Open source quantum dynamics software

www.gojulia.org

QuantumOptics.jl

Quantum Optics toolbox in Julia

a = destroy(bc) & one(ba)
o = onefbc) @ sigmam(ba)

dipole-dipole package

CollectiveSpins.jl

Simulate Dipole-Dipole Coupled Spin Systems

https://qojulia.github.io/CollectiveSpins.jl/

H = A'dagger(a)®a + g*(dagger(a)*c + a“*dagger(oc })
Yo = coherentstate({bc, a) @ spindown{ba)

# Define list of

T = [0:0,01:35;]

tout, ¢! = txmeevolution.échroedinger(T. Yo, H)

excitation = expect(dagger(o )*c , y:)

Code sample 1: faynes-Cummings model.

QuantumCumulants.jl

Al symbolic & numerical package for
S mra| [ e ’\/\/W\ W‘W"’W automated cumulant expansions


http://www.qojulia.org/
https://qojulia.github.io/CollectiveSpins.jl/




