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‘traditional’ guantum optics

. atom in a cavity
atom in free

space

changing the electromagnetic bath
affects atom-photon interactions



quantum theory group in Palermo
Post Docs

staff
= ') EWALE

..... ) : research lines

!/ =
" »
T i : >
2 | 4 it |
" - Y
u | .
b ® £
s . .
. B " S
o7 2§ o B
i ¥ s
S——
. M H
e t2 oz




quantum optics in artificial photonic lattices

photonic lattice: coupled cavities/resonators
o
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cavity

(atom)

implementations: circuit QED, ultracold atoms etc giant atoms

«atom» coupled
non-locally at
many coupling points

M Scigliuzzo, G Calajo, F Ciccarello, D Perez Lozano, A Bengtsson,
P Scarlino, A Wallraff, D Chang, P Delsing & S Gasparinetti,
PRX 12, 031036 (2022)
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cavity OED: dispersive regime

atom/cavity population

atom in a cavity
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two atoms in a cavity
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atom coupled to a coupled-cavity array
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two atoms coupled to a coupled-cavity array

atom i atom j E
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exponential inter-atomic potential

Douglas et al, Nat. Photon 2015

A experimentally tunable E> A\ experimentally tunable

Sundaresan et al, PRX 2019; Scigliuzzo et al PRX 20223
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shown to be a resource for
variational quantum simulators

Tabares et al., PRL 2023



ohoton bound state

general model of an atom coupled to a photonic bath:

H=wyoro_ +Hpg+g(o_bl +H.c.)

with Hp = weblby + > Joarblbas
x rxFx!

atom

single-excitation sector: |e)|vac) — |e), |g) bl |vac) — |z)
excitation excitation
on the atom on cavity x

general (single-excitation) «dressed state»:
W) o [€) + glip) with H|U) = w|T)
single-photon state: |77/J> = Z Ozx|l‘>

atom-photon bound state: ~ |W) normalizable
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normalization

factor in fact: |¢> spatially localized state

example 1: BS in cavity-QED
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JC dressed states:
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example 2: BS in a coupled-cavity array
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connection to fractional decay

exponential decay

atom population
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weak-coupling BS

«— (WRBS

[WBs) =~ |e) + g |¥Bs)

very small g : - (to the lowest non-trivial order)
WBSs — Wo

general property (provided that BS exists)



' decoherence-free Hamiltonian & BS

set of atoms coupled to a photonic bath:

H = wy Zoj+(7j_ + Hp + gZ(J_bLj + H.c.)
J J
with HB = Zwmblbx + Z Jxm’bl;bm'
x TF#x!

master equation in the Markovian regime:
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Theorem
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there exists a
weak-coupling BS
for each atom
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decoherence-free evolution

b= —i[Hog, p] witr [Cppr = g2 (|00

L. Leonforte, X. Sun, D. Valenti, B.

Spagnolo, F. llluminati,

A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025)




glant atoms

@, _giant atom E
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BS in the
continuum!

many giant atoms:
decoherence-free Hamiltonian in the continuum

Kockum, Johansson, Nori, PRL 2018 (theory)

Kannan et al, Nature 2020
(MIT experiment)
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previous theory can be generalized:

there exists a
’Y]]’ — O <:> weak-coupling BS for each atom

p = —i[Heg, p] with JCjir = g*(x;lfs)

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. llluminati,
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025)




glant atoms

serial
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2D example:

1 giant with 4 coupling points 2 giant atoms
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BS in the continuum
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glant atoms

2D example:

serial
-
/o _ giant atom with 2 coupling points 2 giant atoms
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general criterion to find (giant) atom BSs
based on «vacancy-like dressed states»:
Leonforte, Carollo, Ciccarello, PRL 2021

L. Leonforte, X. Sun, D. Valenti, B. Spagnolo, F. llluminati,
A. Carollo, F. Ciccarello, Quantum Sci. Technol. 10, 015057 (2025)
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take-home messages

an atom coupled to a photonic bath can form BSs

BSs can mediate decoherence-free Hamiltonians
(under weak coupling)

any decoherence-free open dynamics occurs
because atoms form BSs

if so, when BSs overlap atom sites a non-zero
decoherence-free interaction (DFI) occurs

a giant atom can seed BSs and DFls unattainable with
normal atoms, in particular BSs in the continuum and in 2D



