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Thème 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Axe 1 : Systèmes 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élémentaires et corrélés  

  �Axe 2 : 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lentes 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En 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case, vous autorisez le LabEx 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Use experimental control to

Implement many-body Hamiltonians
(including “mathematical” ones…)

Larger tunability than « real » systemsHé
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Open questions: Phase diagram, dynamics (hard for N>40…)
Topology, disorder, entanglement,…

Many-body physics with synthetic matter
Goal: Understand ensembles of interacting quantum particles

superfluidity superconductivity magnetism neutron star

R.P. Feynman



Ising

XY model

Interacting spin ½ particles on a lattice:

Spin models: one of the “simplest” many-body systems 

Magnetism

excitons

photosynthesis

photons
reaction
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Transport of excitations

Realizations:  artificial atoms (QD, circuits…), molecules, ions, atoms
(lattices, magnetic), photons, photon + atoms, …

Light scatteringPerovskite
Y2Ti207



Fluorescence 
780 nm

Reservoir = cold atoms 87Rb
T ~100 µK

Our platform: atoms in arrays of optical tweezers

1 µm

1 mK

Grangier (2001)
Sortais (2007)



Our platform: atoms in arrays of optical tweezers
Spatial Light 
Modulator '(x, y)

0

2π

SLM pattern

���FT[ei'(x,y)]
���
2

~3-10 µm

Barredo, Science (2016)

Nogrette, PRX (2014)

Assembled arrays of individual atoms (N ~ 200)
Fluorescence: single shot!!
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Gallery	of	assembled	2D	arrays…	(single-shot	images…)	

Barredo,	de	Léséleuc,	et	al.,	Science	354,	1021	(2016)	
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Gallery	of	assembled	2D	arrays…	(single-shot	images…)	

Barredo,	de	Léséleuc,	et	al.,	Science	354,	1021	(2016)	
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5 μm

~100 µm

L. da Vinci



Our platform: atoms in arrays of optical tweezers
Spatial Light 
Modulator '(x, y)
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Barredo, Nature (2018)

Nogrette, PRX (2014)

(averaged)
Assembled arrays of individual atoms (N ~ 200)

~3-10 µm

Barredo, Science (2016)

Fluorescence: single shot!!
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Gallery	of	assembled	2D	arrays…	(single-shot	images…)	
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Gallery	of	assembled	2D	arrays…	(single-shot	images…)	

Barredo,	de	Léséleuc,	et	al.,	Science	354,	1021	(2016)	
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Outline

1. Magnetism: Ising model with van der Waals interactions

2. Topological matter with resonant dipole interactions

3. Collective light scattering and resonant dip. interactions 

A. Läuchli
M. Schuler
(Innsbruck)



R = 10 µm ) Vint/h ⇠ 1� 10 MHz

Þ timescales < μsec

Þ Large dipole-dipole interactions 

Lifetime > 100 μs
Transition dipole: d ⇠ n2ea0

<latexit sha1_base64="pTo/3/3LqD9o9gjA9H/PH0vWtGQ="></latexit><latexit sha1_base64="pTo/3/3LqD9o9gjA9H/PH0vWtGQ="></latexit><latexit sha1_base64="pTo/3/3LqD9o9gjA9H/PH0vWtGQ="></latexit><latexit sha1_base64="pTo/3/3LqD9o9gjA9H/PH0vWtGQ="></latexit>

~ 100 nm

+
e-

continuum

En
er
gy

Rydberg
states |n, li

<latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit>

Lukin, Zoller 2000
Saffman, RMP 2010

Browaeys, Nat Phys 2020

5 μm

Rydberg atoms
Arrays of interacting Rydberg atoms

Arrays of atoms

Single-shot

Addressable!!
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Interactions between Rydberg atoms
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Resonant dipole
V

V ⇠ C3

R3

Browaeys & Lahaye, Nat.Phys. (2020)

XY modelIsing-like model

|ns, n0pi
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Þ switchable interaction
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Rydberg occupation
number
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From van der Waals interactions to Ising model…
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From van der Waals interactions to Ising model…
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Quantum Ising-like model (s=½):

Transverse B Longitudinal B Spin-spin interaction

From van der Waals interactions to Ising model…

C6/a6

⌦
= [0� 20]
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Adiabatic preparation of a 2D Ising anti-ferromagnet
10×10 square array

Perfect AF (Néel) ordering!
(1 shot in 500)

sweep

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019

Early work in 2D: Lienhard PRX 2018, Bakr PRX 2018 
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Adiabatic preparation of a 2D Ising anti-ferromagnet
10×10 square array

Perfect AF (Néel) ordering!
(1 shot in 500)

sweep

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019

Early work in 2D: Lienhard PRX 2018, Bakr PRX 2018 
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Study quantum phase transition

Magnetism in frustrated geometries
(triangle, Kagomé…) 

AF



Outline

1. Magnetism: Ising model with van der Waals interactions

2. Topological matter with resonant dipole interactions

3. Collective light scattering and resonant dip. interactions 

H.-P. Büchler
S. Weber, N. Lang

Science 365, 775 (2019)



16.7 GHz

|5s1/2, F = 2,M = 2i
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Resonant dipole-dipole interaction between Rydberg atoms
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“exchange” of P excitation (XY model)
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Ĥ =
d
2

4⇡✏0R3

�
�̂
+
A �̂

�
B + �̂

�
A �̂

+
B

�

Mapping on spin ½ system:

|Si = |#i
|P i = |"i

<latexit sha1_base64="zoiW5J4LtyPEo7639QNyB5ZorS4="></latexit>



C3(✓) / 1� 3 cos2 ✓

Quantization 
axis (B)

✓

✓m = 54.7�
<latexit sha1_base64="Mp+TbYInzZrY325+geGiseTp4cU="></latexit><latexit sha1_base64="Mp+TbYInzZrY325+geGiseTp4cU="></latexit><latexit sha1_base64="Mp+TbYInzZrY325+geGiseTp4cU="></latexit><latexit sha1_base64="Mp+TbYInzZrY325+geGiseTp4cU="></latexit>

Barredo PRL (2015)
de Léséleuc, PRL (2017)

Prepare using microwaves + addressing beam

R = 30 μm

Frequency: 2C3

R3

|PSi
<latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit>

P
P
S

<latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit>

P
S
P

<latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit>

Interaction time (μs)

Resonant dipole-dipole interaction between Rydberg atoms



Prepare using microwaves + addressing beam

R = 30 μm

Frequency: 2C3

R3

|PSi
<latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit><latexit sha1_base64="60odJP35T05ZtnQQO4pP8GkHCt4="></latexit>

P
P
S

<latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit><latexit sha1_base64="5bCbS7HLLynGOm7W0C5T33uiWbs="></latexit>

P
S
P

<latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit><latexit sha1_base64="hcbnlk0c3y0gdtp+GvJTB/2acRU="></latexit>

Interaction time (μs)

P excitation exchange Particle hopping

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

A B

J |AihB|
<latexit sha1_base64="A/q8lUX96mxi2fHb0AS92LyeyCw="></latexit><latexit sha1_base64="A/q8lUX96mxi2fHb0AS92LyeyCw="></latexit><latexit sha1_base64="A/q8lUX96mxi2fHb0AS92LyeyCw="></latexit><latexit sha1_base64="A/q8lUX96mxi2fHb0AS92LyeyCw="></latexit>

C3/R
3A B

Resonant dipole-dipole interaction between Rydberg atoms

Barredo PRL (2015)
de Léséleuc, PRL (2017)



VOLUME 42, NUMBER 25 PHYSICAL REVIEW LETTERS 18 JUNs 1979

Solitons in Polyaeetylene
W. P. Su, J. R. Schrieffer, and A. J. Heeger

DePartment of $%ysicsU, niversity of Pennsylvania, PhiladelPhia, Pennsylvania 19104
(Received 15 March 1979)

%e present a theoretical study of soliton formation in long-chain polyenes, including the
energy of formation, length, mass, and activation energy for motion. The results provide
an explanation of the mobile neutral defect observed in undoped (CH)„. Since the soliton
formation energy is less than that needed to create band excitation, solitons play a funda-
mental role in the charge-transfer doping mechanism.

(a)
H H H H H
t I i
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F1G. l. {a) Trans configuration of (CH)„. a=1.2 L.
(b) x-band structure of perfectly dimerized (CH}„.

Polyacetylene, (CH)„is the simplest linear
conjugated polymer. The thermodynamically
stable trans configuration is sketched in Fig. 1(a)
illustrating the a bonding (sp' hybrids) and the v
bonding (p, ) in the x-y plane. This dimerized
pattern (A) of alternating "single" and "double"
bonds forms one of two degenerate structures;
the other structure (B) is given by interchanging
the "single" and "double" bonds. As a conse-
quence of these degenerate ground states one ex-
pects excitations to exist in the form of a topo-
logical soliton, or moving domain wall, separat-
ing A and 8 domains.
Early calculations' 3 indicate that a (charge)

neutral soliton in a long-chain polyene would have
a single unpaired spin localized in the wall. In
that work, ' the wall width was assumed to be of
order one bond length, leading to a large activa-
tion energy for motion and localization of the
wall. Electron spin resonance studies" of (CH)„
have revealed a narrow line (g= 2.002 63) result-
ing from a dilute concentration of neutral defects
(of order a few hundred ppm in the trans isomer).
The narrow width (~= 1.650e at room tempera-
ture) and Lorentzian line shape are indicative of
motional narrowing and imply that the resonance
results from a highly mobile unpaired electron
species, even down to 10'K. Goldberg et al. '
suggested that this spin resonance line might
arise from bond-alternation domain walls quenched
into the undoped polymer during the egs-trans
isomerization.
Recent interest in this semiconducting polymer

has been stimulated by the successful demonstra-
tion of doping with associated control of electri-
cal properties over a wide range. ' " Analysis
of the anomalously small Curie-law contribution
to the magnetic susceptibility, "the details of the
infrared absorption, "and the magnitude and
temperature dependence of the thermopower" in
lightly doped samples led to the suggestion that
doping may proceed through formation of charged
domain walls.
To gain a detailed understanding of solitons in

(CH)„we have studied a model in which the v
electrons are treated in a tight-binding approxi-
mation" and the v electrons are assumed to
move adiabatically with the nuclei. We present
in this paper initial results on the energy of
formation, length, mass, and activation energy
of the neutral and ionized domain walls. The re-
sults are discussed briefly in the context of ex-
perimental observations.
Let u„be a configuration coordinate for dis-

placement of the nth CH group along the molecu-
lar symmetry axis (z), ,where u„= 0 for the un-
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The Su-Schrieffer-Heeger model

Electronic transport in 
polyacetylene
PRL 42, 1698 (1979)

Now, considered as simplest example of topological model

e-
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Model: tight-binding
dimerization: J > J 0
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<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit> J 0

<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

J 0
<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

E
<latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit>

J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

�J
<latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit>

0
<latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit>

2J 0
<latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit>

Normal Topological

Single-particle SSH spectrum (finite chain): edge states



Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249

“Bulk”“Bulk” edge

A
<latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit>

B
<latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit>

edge

2J 0
<latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit>

E
<latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit>

J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

�J
<latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4="></latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4="></latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4="></latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4="></latexit>

0
<latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit>

2J 0
<latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit>

|Ri
<latexit sha1_base64="cOBqvdAhgM2GbRuTSxhLYm2PZ0M="></latexit><latexit sha1_base64="cOBqvdAhgM2GbRuTSxhLYm2PZ0M="></latexit><latexit sha1_base64="cOBqvdAhgM2GbRuTSxhLYm2PZ0M="></latexit><latexit sha1_base64="cOBqvdAhgM2GbRuTSxhLYm2PZ0M="></latexit>

|Li
<latexit sha1_base64="5bMRWWE0ECojQvz7k/noip+3m4c="></latexit><latexit sha1_base64="5bMRWWE0ECojQvz7k/noip+3m4c="></latexit><latexit sha1_base64="5bMRWWE0ECojQvz7k/noip+3m4c="></latexit><latexit sha1_base64="5bMRWWE0ECojQvz7k/noip+3m4c="></latexit>

A
<latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit><latexit sha1_base64="rKPr67dqfEQpOETK/zCeoTxXZ78="></latexit>

B
<latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit><latexit sha1_base64="n7+1FKuOB8q/9tT8XjRmYWEjmm0="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo=">AAACxHicjVHLSsNAFD2Nr/quunQTLIKrkohglwVBxFUL9gG1SJJO69BpEiYToRT9Abf6beIf6F94Z5yCWkQnJDlz7j1n5t4bpoJnyvNeC87C4tLySnF1bX1jc2u7tLPbypJcRqwZJSKRnTDImOAxayquBOukkgXjULB2ODrT8fYdkxlP4is1SVlvHAxjPuBRoIhqXN6Uyl7FM8udB74FZdhVT0ovuEYfCSLkGIMhhiIsECCjpw sfHlLiepgSJwlxE2e4xxppc8pilBEQO6LvkHZdy8a0156ZUUd0iqBXktLFIWkSypOE9WmuiefGWbO/eU+Np77bhP6h9RoTq3BL7F+6WeZ/dboWhQGqpgZONaWG0dVF1iU3XdE3d79UpcghJU7jPsUl4cgoZ312jSYzteveBib+ZjI1q/eRzc3xrm9JA/Z/jnMetI4rvlfxGyflWtWOuoh9HOCI5nmKGi5QR9N4P+IJz865I5zMyT9TnYLV7OHbch4+APrLj0U=</latexit> J 0

<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

J 0
<latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit><latexit sha1_base64="L7IhaXwwR5+wtzs82bysw9vt+IQ="></latexit>

E
<latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit><latexit sha1_base64="oqRFjohqN4QamqPCoBUsUIhYwoI="></latexit>

J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

�J
<latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit><latexit sha1_base64="iDKv4okxrkqBVvHFepEvHmAjCe4=">AAACxXicjVHLSsNAFD2Nr1pfVZdugkVwY0mkoMuCC8VVFdsKtUgyndaheZFMCqWIP+BWf038A/0L74xTUIvohCRnzr3nzNx7/SQQmXSc14I1N7+wuFRcLq2srq1vlDe3Wlmcp4w3WRzE6bXvZTwQEW9KIQN+naTcC/2At/3hiYq3RzzNRBxdyXHCu6E3iERfME8SdXlwfluuOFVHL3sWuAZUYFYjLr/gBj3EYMgRgiOCJBzAQ0 ZPBy4cJMR1MSEuJSR0nOMeJdLmlMUpwyN2SN8B7TqGjWivPDOtZnRKQG9KSht7pIkpLyWsTrN1PNfOiv3Ne6I91d3G9PeNV0isxB2xf+mmmf/VqVok+jjWNQiqKdGMqo4Zl1x3Rd3c/lKVJIeEOIV7FE8JM62c9tnWmkzXrnrr6fibzlSs2jOTm+Nd3ZIG7P4c5yxoHVZdp+pe1Cr1mhl1ETvYxT7N8wh1nKGBJnn38YgnPFunVmhJa/SZahWMZhvflvXwAYpzj3g=</latexit>

0
<latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit><latexit sha1_base64="2QXb2d2yHN8PblIAzZlLVzZDSP8="></latexit>

2J 0
<latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit><latexit sha1_base64="a1/LaHgeLjtD5lehKRniLRRmhA0="></latexit>

Normal Topological

Single-particle SSH spectrum (finite chain): edge states

J
<latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit><latexit sha1_base64="5RIivomUfFvkXmN+2yvNGK8OPpo="></latexit>

A B

C3/R
3

A B

Implement hopping with resonant
dipole-dipole interaction



B
<latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit>

B
<latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit><latexit sha1_base64="mYtMDgK7tTSBC4xGMroPtXBFRoA="></latexit>

Implementation of SSH spin chain with Rydberg atoms

Normal TopologicalJ 00 = 0
<latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit>

J 00 = 0
<latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit><latexit sha1_base64="fufWpBq7o8fSmkAQf4aHbOnb0vs="></latexit>

J 0/h = �0.9MHz
<latexit sha1_base64="i+ebmbpSYk832rqYStQFRsmuBy4="></latexit><latexit sha1_base64="i+ebmbpSYk832rqYStQFRsmuBy4="></latexit><latexit sha1_base64="i+ebmbpSYk832rqYStQFRsmuBy4="></latexit><latexit sha1_base64="i+ebmbpSYk832rqYStQFRsmuBy4="></latexit>

J/h = 2.4MHz
<latexit sha1_base64="+tqBQNYBloH5rcuL6bbPgFYm5xQ="></latexit><latexit sha1_base64="+tqBQNYBloH5rcuL6bbPgFYm5xQ="></latexit><latexit sha1_base64="+tqBQNYBloH5rcuL6bbPgFYm5xQ="></latexit><latexit sha1_base64="+tqBQNYBloH5rcuL6bbPgFYm5xQ="></latexit>

12µm
<latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit><latexit sha1_base64="WejHFXmAafuNCBP0TZmZVdXyamU="></latexit>

8µm
<latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit><latexit sha1_base64="6EJ40LRCM7xRPzCyP8qHedKPLB4="></latexit>

✓m
<latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit> ✓m

<latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit><latexit sha1_base64="KzwPP3jH0NacD2JKVdAA6oYcvOI="></latexit>

✓m
<latexit sha1_base64="LGnnaDQQH259AK0cH4ZvmardCd8="></latexit><latexit sha1_base64="LGnnaDQQH259AK0cH4ZvmardCd8="></latexit><latexit sha1_base64="LGnnaDQQH259AK0cH4ZvmardCd8="></latexit><latexit sha1_base64="LGnnaDQQH259AK0cH4ZvmardCd8="></latexit>
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J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

J 0
<latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit>

vacuum

⌦µw
<latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit>

1 excitation |P i
<latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit>

|SS...Si
<latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit>

Probing the single-particle SSH spectrum
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J
<latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit><latexit sha1_base64="QGdiDLhiUCh0ECRClFJfMlqvX8E="></latexit>

J 0
<latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit><latexit sha1_base64="J0v/RTfIbiklo4K75PeIgQMEvzY="></latexit>

vacuum

⌦µw
<latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit><latexit sha1_base64="qD9qlqK0vkaPnFlRdwGGTkx3b4w="></latexit>

1 excitation |P i
<latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit><latexit sha1_base64="5Wf3fsKoJBdmwXzFBOtNFA05OT8="></latexit>

|SS...Si
<latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit><latexit sha1_base64="SKsd5s1jPgKo4GAe6DCZhrZ3LIQ=">AAAC0XicjVHLSsNAFD2Nr1pfVZdugkVwFRIR7LLgxmWl9gGtSpJO69C8mEyEUgVx6w+41Z8S/0D/wjtjCmoRnZDkzLn3nJl7r5cEPJW2/Vow5uYXFpeKy6WV1bX1jfLmViuNM+Gzph8Hseh4bsoCHrGm5DJgnUQwN/QC1vZGxyrevmYi5XF0JscJOw/dYcQH3HclURc3jYZlWY2ecKNhwC7LFduy9TJngZODCvJVj8sv6KGPGD 4yhGCIIAkHcJHS04UDGwlx55gQJwhxHWe4RYm0GWUxynCJHdF3SLtuzka0V56pVvt0SkCvIKWJPdLElCcIq9NMHc+0s2J/855oT3W3Mf293CskVuKK2L9008z/6lQtEgNUdQ2cako0o6rzc5dMd0Xd3PxSlSSHhDiF+xQXhH2tnPbZ1JpU16566+r4m85UrNr7eW6Gd3VLGrDzc5yzoHVgOYRPDyu1aj7qInawi32a5xFqOEEdTfIWeMQTno2GMTbujPvPVKOQa7bxbRkPH8v2lFE=</latexit>

Probing the single-particle SSH spectrum
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Atom cannot carry 2 excitations Þ excitations = hard-core bosons

Carusotto PRA 2016
Fleischhauer PRA 2013

…

Mapping

Spin excitation = “particle”

|"i

|#i

Spin excitations are interacting particles!
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Towards topology in 2D

Weber, QST 3, 044001 (2018)

switch on the dipole traps again. Atoms in the 5S1=2 state
are recaptured, whereas atoms still in Rydberg states are
lost. A final fluorescence image reveals, for each site, if the
atom is in the j0i state (the atom is recaptured), or in
another Rydberg state (the atom is lost). Our detection
method does not distinguish between these other Rydberg
states, including jþi and j−i. We will denote the Rydberg
states other than j0i as a single state j1i. As the jþi
subspace is hardly populated in our experiment, the loss of
an atom corresponds mainly to its detection in
the j−i state.
The result of this first experiment is presented in

Fig. 3(a), where we plot the three-site probabilities to be
in the states j100i, j010i, and j001i as a function of the
interaction time τ. As expected, we observe a chiral motion
of a localized j−i excitation in the counterclockwise
direction 1 → 3 → 2 → 1. This is the signature of an
effective magnetic field acting on the hopping excitation,
described by the Peierls phases. The fact that the three
probabilities do not sum to 1 comes from the imperfect
preparation of the state j100i and detection errors.
To reverse the direction of motion, we reverse the sign

ofBz after the optical pumping stage. The initial atomic state
is now j5S1=2; F ¼ 2; mz ¼ −2i. In this configuration,
following the Rydberg excitation, the V structure in the
Rydberg manifold involves j0i ¼ j60S1=2; mJ ¼ −1=2i,
jþi¼ j60P3=2;mJ¼−3=2i, and j−i¼j60P3=2;mJ¼þ1=2i.
The value of μ remains unchanged, as the Stark shift only
depends on jmjj. The hopping of a j−i to a jþi excitation
now corresponds to a decrease of the internal momentum by
two quanta: the orbital phase factor is thus e2iϕij , and the sign

of the Peierls phase is changed. Figure 3(c) shows the same
three-site probabilities as in Fig. 3(b) for this opposite
direction of Bz. As expected, we now observe a chiral
motion of the j−i excitation in the clockwise direction
1 → 2 → 3 → 1.
Finally, we compare the experimental data for the chiral

motion in both directions with a theoretical model solving
the Schrödinger equation for this three-atom system includ-
ing all the Zeeman sublevels of the 60S1=2 and 60P3=2
manifold. In these simulations, the preparation and detec-
tion errors are included as well as shot-to-shot fluctuations
in the atomic positions; the latter leads to small modifica-
tions of the coupling parameters for each shot. The details
of these simulations are presented in Appendix A. The
results are plotted as solid lines on the data in Figs. 3(a) and
3(b). In both situations, we obtain a good agreement with
the model, which reproduces the frequency, the amplitude,
and the damping of the chiral motion.

IV. DENSITY-DEPENDENT PEIERLS PHASE
AND MAPPING TO ANYONS

For ensembles of two-level atoms in resonant interaction,
the excitations can be mapped onto hard-core bosons, a fact
used in our previous work [34]. A natural question to ask in
our present multilevel situation is the consequence of the
hard-core constraint on the dynamics of the j−i excitations.
In order to explore this experimentally, we now initialize
the three-atom system with two j−i excitations on sites 2
and 3, while site 1 is in state j0i, thus preparing the three-
atom state j0−−i. To do so we again use the addressing

(a) (b)

FIG. 3. Observation of the chiral motion of a single j−i excitation. (a),(b) Evolution of the three-site probabilities to be in the states
j100i, j010i, and j001i as a function of the interaction time for two opposite directions of Bz. Upper panel: experimental results and
theoretical predictions (solid lines) including experimental errors in the preparation and the detection, as well as shot-to-shot fluctuations
in the atomic position (which lead to the observed damping of the oscillations). Bottom panel: associated trajectories of the center
of mass of the excitation ðx̄; ȳÞ for specific windows of the excitation time τ, defined by x̄ ¼

P
3
i¼1 xipi=

P
3
i¼1 pi and ȳ ¼P

3
i¼1 yipi=

P
3
i¼1 pi [where ðxi; yiÞ are the coordinates of site i, and pi the probability for the j−i excitation to be on site i]. Error bars

denote the standard error on the mean, and are often smaller than the symbol size.
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1. Magnetism: Ising model with van der Waals interactions

2. Topological matter with resonant dipole interactions

3. Collective light scattering and resonant dip. interactions 
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Resonant dipole interaction: near-field vs. far-field
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Light scattering in dense media and dipole interactions

Experimental investigations: random ensembles

! ¼ " Nd2="0@
!þ i#ge þ Nd2=3"0@ ; (4)

and hence the first order correction due to dipole-dipole
interactions is a shift in the resonance frequency known as
the Lorentz shift

!LL ¼ " Nd2

3"0@ : (5)

However, as discussed by Stephen [18] and Friedberg,
Hartmann, and Manaasah [5], the pairwise dipole-dipole
interaction also contains a radiation term. The complete
pair potential for two dipoles Vdd has the form

Vdd ¼ "½ð1" ikrÞð3cos2$" 1Þ þ ðkrÞ2sin2$'eikr; (6)

where " ¼ "3@"=4ðkrÞ3, r, and $ are their separation and
relative angle, respectively, and " is the natural linewidth
of the dipole transition with wave vector k ¼ 2%=&. The
real and imaginary parts of Vdd give rise to a level splitting
and a modification of the spontaneous lifetime (super-
radiance or subradiance), respectively [5,18– 20]. While
these effects have been demonstrated in experiments on
two ions [21] and two molecules [22], a key advantage of
atomic vapors is that one can easily vary the number of
atoms and their mean spacing hri. By changing the
temperature of the vapor between 20 (C and 350 (C, one
can smoothly vary the number density over 7 orders of
magnitude. In doing so, we move between two regimes:
Nk"3 ) 1, hri> & where dipole-dipole interactions are
negligible, and Nk"3 *100, hri+&=30 where dipole-
dipole interactions dominate.

For more than two dipoles, the cooperative N -atom
shift and decay rate are given by a sum of the pairwise
dipole-dipole interaction, Eq. (6), for all pairs. For the
relatively simple case of an ensemble of dipoles confined
within a thin plane of thickness ‘, the sum produces a
shift [5],

!dd ¼ "j!LLjþ
3

4
j!LLj

!
1" sin2k‘

2k‘

"
; (7)

where the first term is the Lorentz shift and the second term
is the cooperative Lamb shift. There are two remarkable
features of Eq. (7). First, the cooperative Lamb shift is a
shift to higher energy. One can understand the opposite
sign of the Lorentz shift and the cooperative Lamb shift
from the pairwise potential, Eq. (6). For a thin slab where
all the dipoles lie in the plane, all the dipoles oscillate in
phase such that the dipole-dipole interaction reduces to the
static case, which, after averaging over all angles, gives an
attractive interaction resulting in the Lorentz shift to lower
energy. As one moves out of the plane in the propagation
direction, the relative phase of the dipoles changes and at a
separation of &=4 the second dipole reradiates a field that is
% out of phase with the source dipole. This switches the
sign of the interaction giving rise to the cooperative Lamb

shift to higher energies. The second interesting property of
the shift is that it depends on twice the propagation phase
k‘ which arises due to the reradiation by the second dipole
[5]. Finally, we note that while superradiance requires
excitation of the medium, the cooperative Lamb shift can
be observed in the limit of weak excitation where there is
negligible population of the excited state. Consequently,
preparation of the medium is not required to observe the
shift.
It is important to note that the shift!dd applies to a static

medium. For a gaseous ensemble, atomic motion leads to
collisions that also contribute a density dependent shift
!col and broadening "self of the resonance lines (see [23]
and references therein), and thus the total shift for a
thermal ensemble becomes

!tot ¼ !dd þ !col: (8)

While evidence for density dependent shifts has been
observed in experiments on selective reflection [24], it is
important to measure !tot as a function of the thickness of
the medium to separate the thickness independent colli-
sional shift !col [5] from the thickness dependent coopera-
tive Lamb shift. Below, we present experimental data that
allow that distinction to be made for the first time.
To measure the cooperative Lamb shift, we use a

gaseous layer of Rb confined in a vapor cell with thickness
‘ < &. The cell is shown in Fig. 1(a), and consists of a Rb
reservoir and a window region, where the Newton’s rings
indicate the variation in the cell thickness from 30 nm at
the center to 2 'm near the bottom of the photograph.
The wedge-shaped thickness profile arises due to the slight
curvature of one of the windows (radius of curvature

FIG. 1 (color online). Photograph of the nanocell and experi-
mental data. (a) The Newton’s rings interference pattern can be
observed on the windows of the cell due to the curvature of one
of the windows, with a radius of curvature >100 m. At the
center of these rings the cell has its minimum thickness ‘+
30 nm, which increases to+2 'm near the stem at the bottom of
the photo. (b) Transmission spectra for layer thickness ‘ ¼
90 nm for measured Rb temperatures of 190 (C (black),
207 (C (light blue), 250 (C (blue), 265 (C (dark green),
280 (C (green), 290 (C (orange), and 305 (C (red). The shift
can be seen clearly as the density is increased.
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Classically: interaction between light-induced dipoles
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1D Interaction between induced dipoles
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For concreteness, the eigenstates are ordered in increasing
decay rate, such that ξ ¼ 1 represents the most subradiant
state and ξ ¼ N the most radiant one. To start under-
standing the properties of this system, we fix the atomic
number N ¼ 50 and change the lattice constant d. For each
value of d, we diagonalize Heff , and obtain the N different
values for the decay rates and frequency shifts associated
with each of the collective modes. Figure 3(a) shows the
resulting single-excitation decay rates Γξ for each collective
mode, normalized by the free-space single-atom emission
rate Γ0, in the case of atomic polarization parallel to the
chain. In this plot, a vertical cut at a fixed value of d=λ0
contains the N different values of Γξ. As expected, for large
interparticle distances, the collective decay rates tend to the
spontaneous emission rate of a single atom. As the distance
decreases, they are periodically modulated, showing for
d=λ0 < 1=2 a qualitatively distinct behavior. In this region,
the decay rates of some of the modes are dramatically
suppressed (Γξ=Γ0 ≪ 1), in accordance with the condition
for the emergence of modes with zero decay rate derived in
the infinite lattice case.
The subradiant modes in the finite chain are closely

related to those derived in the infinite chain. First, having
established that subradiant states in the infinite chain
correspond to guided modes, the nonzero decay rates in

the finite chain can be interpreted as emerging from
scattering of these guided modes from the ends of the
system. This can be seen in Fig. 3(b), where we plot the
field intensity in the plane x ¼ 5d generated by the most
subradiant state when the atomic polarization is parallel to
the chain (we choose a distance x offset from the x ¼ 0
plane containing the atomic chain in order to avoid seeing
the divergent near fields associated with each atom).
Clearly, this figure shows that the field vanishes when
moving away from the chain transversally, while it is very
intense at the tips of the chain, where the spin wave scatters
into an outgoing photon. The field intensity is computed
from Eq. (2), by taking hψ1jÊ−ðrÞÊþ ðrÞjψ1i. As the input
field is vacuum, the intensity only involves calculating
two-body correlations σ̂iegσ̂

j
ge of the eigenstate.

While the wave vector kz is strictly a good index for the
modes only in the case of the infinite chain, in practice one
can also unambiguously associate a distinct, dominant
wave vector k with each of the modes ξ in the finite case.
Specifically, the discrete Fourier transform of the coeffi-
cients that define each mode is peaked around a different
value kξ, which can be used to label the state. In particular,
let us consider a general single-excitation state, which can
be written as jψξi ¼

P
jc

j
ξjeji, where jeji≡ σ̂jegjgi⊗N is

defined as the state where atom j is excited while all others

(a)

(b) (d)

(c)

arb. units

FIG. 3. Single-excitation collective modes in a finite 1D chain of two-level atoms with polarization along the chain. (a) Decay rates of
the N modes at different lattice constants d=λ0 for a finite chain of N ¼ 50 atoms. Subradiant modes arise only if d=λ0 ≤1=2. Avertical
cut at the fixed value of d=λ0 ¼ 0.2 corresponds to the blue circles depicted in Fig. 1(c). (b) Field intensity (arb. units) in the ŷ-ẑ plane
(x ¼ 5dÞ created by the most subradiant mode in a chain of N ¼ 50 atoms. The field is largely evanescent transverse to the bulk of the
chain, while most of the energy is radiated out through scattering at the ends of the chain. White circles denote atomic positions.
(c) Scaling with atom number of decay rates for the three most subradiant modes. A fit for largeN yields Γ∼N−3. (d) Scaling with mode
index ξ of decay rates at fixed N ¼ 50. Here, ξ is used to label the magnitude of the decay rates in increasing order (ξ ¼ 1 is the most
subradiant state, while ξ ¼ N has the largest decay rate). A fit for small ξ yields Γ∼ξ2. Open and solid symbols denote the results
obtained by exact diagonalization and from the ansatz of Eq. (11), respectively. The black dashed line corresponds to the eigenstate
whose dominant wave vector k crosses the light line (k ¼ k0). (b)–(d) are for d=λ0 ¼ 0.3.
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For concreteness, the eigenstates are ordered in increasing
decay rate, such that ξ ¼ 1 represents the most subradiant
state and ξ ¼ N the most radiant one. To start under-
standing the properties of this system, we fix the atomic
number N ¼ 50 and change the lattice constant d. For each
value of d, we diagonalize Heff , and obtain the N different
values for the decay rates and frequency shifts associated
with each of the collective modes. Figure 3(a) shows the
resulting single-excitation decay rates Γξ for each collective
mode, normalized by the free-space single-atom emission
rate Γ0, in the case of atomic polarization parallel to the
chain. In this plot, a vertical cut at a fixed value of d=λ0
contains the N different values of Γξ. As expected, for large
interparticle distances, the collective decay rates tend to the
spontaneous emission rate of a single atom. As the distance
decreases, they are periodically modulated, showing for
d=λ0 < 1=2 a qualitatively distinct behavior. In this region,
the decay rates of some of the modes are dramatically
suppressed (Γξ=Γ0 ≪ 1), in accordance with the condition
for the emergence of modes with zero decay rate derived in
the infinite lattice case.
The subradiant modes in the finite chain are closely

related to those derived in the infinite chain. First, having
established that subradiant states in the infinite chain
correspond to guided modes, the nonzero decay rates in

the finite chain can be interpreted as emerging from
scattering of these guided modes from the ends of the
system. This can be seen in Fig. 3(b), where we plot the
field intensity in the plane x ¼ 5d generated by the most
subradiant state when the atomic polarization is parallel to
the chain (we choose a distance x offset from the x ¼ 0
plane containing the atomic chain in order to avoid seeing
the divergent near fields associated with each atom).
Clearly, this figure shows that the field vanishes when
moving away from the chain transversally, while it is very
intense at the tips of the chain, where the spin wave scatters
into an outgoing photon. The field intensity is computed
from Eq. (2), by taking hψ1jÊ−ðrÞÊþ ðrÞjψ1i. As the input
field is vacuum, the intensity only involves calculating
two-body correlations σ̂iegσ̂

j
ge of the eigenstate.

While the wave vector kz is strictly a good index for the
modes only in the case of the infinite chain, in practice one
can also unambiguously associate a distinct, dominant
wave vector k with each of the modes ξ in the finite case.
Specifically, the discrete Fourier transform of the coeffi-
cients that define each mode is peaked around a different
value kξ, which can be used to label the state. In particular,
let us consider a general single-excitation state, which can
be written as jψξi ¼

P
jc

j
ξjeji, where jeji≡ σ̂jegjgi⊗N is

defined as the state where atom j is excited while all others

(a)

(b) (d)

(c)

arb. units

FIG. 3. Single-excitation collective modes in a finite 1D chain of two-level atoms with polarization along the chain. (a) Decay rates of
the N modes at different lattice constants d=λ0 for a finite chain of N ¼ 50 atoms. Subradiant modes arise only if d=λ0 ≤1=2. Avertical
cut at the fixed value of d=λ0 ¼ 0.2 corresponds to the blue circles depicted in Fig. 1(c). (b) Field intensity (arb. units) in the ŷ-ẑ plane
(x ¼ 5dÞ created by the most subradiant mode in a chain of N ¼ 50 atoms. The field is largely evanescent transverse to the bulk of the
chain, while most of the energy is radiated out through scattering at the ends of the chain. White circles denote atomic positions.
(c) Scaling with atom number of decay rates for the three most subradiant modes. A fit for largeN yields Γ∼N−3. (d) Scaling with mode
index ξ of decay rates at fixed N ¼ 50. Here, ξ is used to label the magnitude of the decay rates in increasing order (ξ ¼ 1 is the most
subradiant state, while ξ ¼ N has the largest decay rate). A fit for small ξ yields Γ∼ξ2. Open and solid symbols denote the results
obtained by exact diagonalization and from the ansatz of Eq. (11), respectively. The black dashed line corresponds to the eigenstate
whose dominant wave vector k crosses the light line (k ¼ k0). (b)–(d) are for d=λ0 ¼ 0.3.
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Optical lattice Changing the waist (and Rayleigh length)
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1D sub-λ arrays: 
subradiance and correlations?
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FIG. 2. Atoms forming a periodic chain in (a) free space and (b)
along a waveguide. For (i)–(iii) the interatomic distance has been
chosen such that (a) d = 0.2λ0 and (b) k0d = 0.2π with atom num-
ber N = 30 unless stated otherwise. (i) Single excitation eigenstate
decay rates #k (normalized by the single-atom decay rate #0), as a
function of dominant wave vector k. The shaded regions indicate
values of k where subradiant modes appear due to decoupling of
atomic spin waves from electromagnetic radiation. These occur when
|k| > k0 in free space and |k| ̸= k0 in a waveguide, where k0 is the
resonant wave vector. (ii) Scaling of the subradiant single-excitation
decay rates with the numbering index ξ for N = 30 (blue) and
N = 80 (red). The black line corresponds to a scaling #ξ ∼ ξ 2. (iii)
Population in state |em, en⟩ for the most subradiant two-excitation
eigenstate.

states to exist, k0 must be within the first Brillouin zone,
which leads to the requirement that the interatomic distance
d must be smaller than half the wavelength of the atomic
transition, d < λ0/2. For a finite chain, this mechanism leaves
scattering through the ends of the chain as the only decay
channel and explains the greatly reduced decay rates of these
excitations. In this case, the most subradiant states show a
smooth distribution of decay rates whose minimum value ap-
proaches zero in the thermodynamic limit N → ∞. Ordering
the eigenstates by increasing decay rates, i.e., from ξ = 1
for the most subradiant to ξ = N for the most radiant, one

finds more specifically that the most subradiant modes are
characterized by a decay rate #(1)

ξ ≪ #0 that scales with atom
number as #(1)

ξ /#0 ∝ ξ 2/N3. This is illustrated in Fig. 2(a)(ii),
where we plot #(1)

ξ /#0 with respect to ξ for N = 30 and
N = 80. Low values of the index ξ correspond to dominant
wave vectors k that start at the Brillouin zone edge and get
progressively closer to the value |k| = k0, separating radiative
and evanescent fields, as ξ increases.

This decay rate suppression of eigenstates of the effective
Hamiltonian has important, direct consequences on the full
system dynamics, as derived from the system density matrix.
In particular, as we show in Sec. V and Appendix A, the
density matrix solution of the master Eq. (2) can be decom-
posed in terms of Liouvillian eigenstates Z%n with eigenvalue
%n. These eigenstates evolve under (2) with a simple time
dependence e%nt . In particular, the spectral gap of the Liou-
villian operator—defined as & = minnRe[−%n], with %n the
eigenvalues of L different from zero—determines the slowest
(exponential) relaxation timescale. For our system, one can
show that % = (λm − λ∗

n)/(ih̄ ) is an eigenvalue of L if λm
and λn are two eigenvalues of Heff [38] (see Appendix A).
Therefore, we find that the Liouvillian gap & = #(1)

ξ=1/2 ∼
#0/N3 goes to zero with increasing system size. In 1D arrays,
this necessary ingredient for critical slowdown of relaxation
dynamics only occurs for lattice spacing d < λ0/2, which
is difficult to generate with free-space beams. However, for
atoms in a 3D lattice (see Sec. VII) the closing gap persists up
to d ≃ λ0, which is easily accessible to experiments.

We now consider multiexcitation eigenstates of Heff . One
numerically finds the existence of multiexcitation subradiant
eigenstates, with a cubic suppression of the decay rate with
N similarly to the single-excitation sector. While single-
excitation subradiant states can be interpreted within classical
linear optics as guided excitations, the fact that this “fiber”
is made of nonlinear two-level atoms causes multiexcita-
tion subradiant states to have a highly nontrivial character.
In particular, the collision of two subradiant single excita-
tions would create a sharp spatial discontinuity in the two-
excitation wave function, as a single atom cannot be excited
twice. As dissipation occurs in momentum space, the broad
momentum distribution associated with this spatial feature
induces a large dissipation rate, i.e., the collision of two
subradiant excitations can cause them to become unguided.
One thus expects the excitations composing a multiexci-
tation subradiant state to smoothly repel from each other.
One actually finds that low-density multiexcitation subradiant
eigenstates are well approximated by antisymmetric combi-
nations of single-excitation subradiant states (defined by their
wave function amplitudes ck

n), thus enforcing “fermionic”
correlations or Pauli exclusion [17,39]. More specifically, for
mex = 2 excitations, one finds that an ansatz, |ψ (F )

(k1,k2)⟩ =
N

∑
m<n[ck1

m ck2
n − ck2

m ck1
n ]σ m

egσ
n
eg|g⟩—with N a normalization

factor—approximates well two-excitation eigenstates of Heff
when (k1, k2) are away from ±k0. Most two-excitation eigen-
states can thus be characterized unambiguously by a pair
(k1, k2) of quantized wave vectors within the first Brillouin
zone. As a result of this fermionization, multiexcitation sub-
radiant states contain rich correlations between particles. This
can be seen in Fig. 2(a)(iii), where the population of |en, em⟩
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Conclusion and outlook

Arrays of atoms + dipole interactions

• Explore many-body physics in hard 
situations: topology, out-of-eq, dissipative…

• Atom-light interface, non-linearity…
|ei
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|gi

Vdd
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