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Collective light-matter interaction:
the physics of correlated dissipation

correlated dissipation

shared radiative bath

main idea: dissipation as a resource



A remarkable insight...

Glauber, Les Houches
summer school, 1964

“[...] all of the delicate and
ingenious techniques of optics
are exercises in the

constructive use of noise”
~dissipation



Recent experimental developments
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1D Endres et al., Science 354, 1024 (2016)

43 moves 47 moves

Barredo et al., Science 354, 1021 (2016) Barredo et al.,
Nature 561, 79 (2018)

and many others....



Recent optical experiments in ordered arrays

2D atomic array as a perfect mirror Collective frequency shift in 1D arrays

In-plane position (a)

Probe detuning 8/2n (MHz)

Rui et al., Nature 583, 369 (2020)
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Atomic chains: miniature antennas/waveguides
(at the single-excitation manifold)

Size

~30mx 16 m ~Tcm X Tmm probably the

tiniest possible

“Mammut” Radar, Germany 1944

Steered Output

but quantum for multiple P age Emitters

(Sparse Aperiodic Layout)

excitations!

Courtesy of the Lipson group @ Columbia



1D chains as (quantum) waveguides
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« Purcell: decay rate of an emitter depends on its environment

« An atomic chain can behave as a bath for a “qubit” impurity
(we integrate-out the atoms under Born-Markov approximation)

e It can also mediate interactions between “qubit”
Impurities (“atomic-waveguide QED”)



Recent suggestions in other geometries

2D: Patti et al.,
PRL 126, 223602 (2021)
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Atom arrays as light-matter interfaces

Perfect mirrors and
topological excitations

Exponential improvement in photon retrieval fidelity
when coupled to 1D waveguides
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Many-body physics: emergence of fermionization in the
dark states.
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Many-body dissipative physics:
what happens with many photons in the chain?

Large excitation densities do not support dark states
When photons are packed together, radiation is unavoidable

In the most extreme case, all atoms are inverted

; ; @@@ b(t = 0)) = &) #N
Q0000 OOOCOOEEOE

— —>
d 7

What are the many-body signatures of collective decay?
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Dicke SR: many atoms radiate differently,
not just more

PHYSICAL REVIEW VOLUME 93, NUMBER 1 JANUARY 1, 1954 A

uncorrelated

Coherence in Spontaneous Radiation Processes

R. H. Dicke
Palmer Physical Laboratory, Princeton University, Princelon, New Jersey
(Received August 25, 1953)

N the usual treatment of spontaneous radiation by

a gas, the radiation process is calculated as though
the separate molecules radiate independently of each
other. To justify this assumption it might be argued
that, as a result of the large distance between molecules
and subsequent weak interactions, the probability of a
given molecule emitting a photon should be independent
of the states of other molecules. It is clear that this
model is incapable of describing a coherent spontaneous
radiation process since the radiation rate is proportional
to the molecular concentration rather than to the square
of the concentration. This simplified picture overlooks
the fact that all the molecules are interacting with a

time

correlated

1.Sp/ N (Dicke)

photon emission rate
—>

common radiation field and hence cannot be treated as tlme
independent. The model is wrong in principle and many )
of the results obtained from it are incorrect. Gross, Haroche, Physics Reports 93, 301 (1982)

Example of emergence of macroscopic coherence through dissipation
Dicke solved the problem in a cavity (high-symmetry)

Question: what happens for extended arrays?



In extended lattices, there has to be a crossover
between Dicke SR and exponential decay

lattice constant, d

d >
- critical ™) e
e* @ @”
e ® 2 ®
e~ 7
d<dcrmcal d>dcritical
A Etmax

L

S d—0

- superradiant burst
O

(9]
2

-

)

S

b d—oo
c exponential decay

(el

>

time
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Why is this a hard problem?

Initial state: all emitters inverted

Initially there is no coherence, they start decaying due to vacuum

fluctuations
Decay rates Collective jump operators: photon emission

. N | |
l F A A A A A A
T = (26,06} — p6}6, — 6}6,p)
p h[l A+ PO} — p6] 16,0
. ) r=1
in Dicke’s case,
does not contribute

Lattice States Decay
constant
Zero ~ N Burst
Finite - ?

Infinite ~ N [Exponential

16



We can only do calculations for few emitters (16!)

— with Hamiltonian

N
o

----- without Hamiltonian
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Is this all we can do? No! understanding the physics gives us a hint...
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We can exponentially reduce the complexity:
let’s just look at early dynamics!

Emitters synchronize at the beginning or not at all

“Minimum burst”: the first photon enhances the emission of the second

2 o ~_ P(2 photons)
g( >(T B O> ~ (P(! photon))? > |

eigenvalues of dissipative

Va)r ( {FU} > < | interaction matrix Im{Gq(r;,r;)}

Lo

From solving a differential equation in an exponentially large space to
diagonalizing a NxN matrix

This equation is universal: valid for all geometries

19



Dicke SR is universal... occurs for any lattice as
long as lattice spacing is small enough

1.0
/\ eeceesceee

<
. 0.8 B bt
v A <, it
=
9 0.61
&
Y
c 0.4-
e
T
3 0.2
£

0.0-

50 100 150 200 250
atom number

Expression works for all geometries, potentially also in other baths.
Complexity reduced from 2N to N



Outlook

Physics of correlated quantum dipoles with
dissipation and long range interactions

New playground for multidisciplinary physics

ldeas to explore further:

« Higher dimensions: richer dispersion relations

« Coherent control of single-photon states:
(dynamical) dispersion engineering

« Beyond one excitation: photon-photon interactions
and gates, many-body physics
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