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context

«waveguide QED» in structured photonic baths

photonic lattice

|

dressed

— bound state

J. S. Douglas et al, Nat. Phot. 9, 326 (2015)

A. Gonzalez-Tudela et al, Nat. Photonics 9, 320 (2015).

G. Calajo, F. Ciccarello, D. Chang, and P. Rabl, PRA 93, 033833 (2016)
A. Gonzalez-Tudela and J. |. Cirac, PRL 119, 143602 (2017)

experiments:

J. D. Hood et al, PNAS 113, 10507 (2016)

Y. Liu and A. A. Houck, Nat. Phys. 13, 48 (2017)
L. Krinner et al, Nature 559, 589 (2018)

N. M. Sundaresan et al, PRX 9, 011021 (2019)
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Topological photonic lattices

1D

........ 2y @ WO (atoms)

SSH photonic lattice

atom atom

quantum state
transfer

G. M. A. Almeida, F. Ciccarello, T. J. G. Apollaro, and A. M. C. Souza, PRA 93, 032310 (2016)

2D

state transfer, chiral emission,...

N. Y. Yao et al, Nat. Commun. 4, 1 (2013)

S. Barik et al, Science 359, 666 (2018)

M.-A. Lemonde, V. Peano, P. Rabl, and D. G. Angelakis, NJP 21, 113030 (2019)
M. J. Mehrabad et al, Optica 7, 1690 (2020)
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Topologically-protected dressed states

photon iC RESEARCH ARTICLE PHYSICS
wavefunction Unconventional quantum optics in topological
waveguide QED
‘*”““ . Bello!, ® G. Platero’, ® J. I. Cirac2 an . Gonzalez-Tudela?3"
“ ‘*% +S<'evzle aBII ;Iuthors fndpele:lliations e e ferTue
30/'|er;ce A(évancesoég;ul 2019:
phOtOﬂlC SSH |attlce DOI: 10,1126/ scladv.aaw0297

dressed bound state
) o ele)|vac) + [g)])

topologically protected
dressed

state \
b

------------ @ @ (,UO

experimentally observed:
E. Kim et al, PRX 11, 011015 (2021)
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basic questions

- general criteria for occurrence of topologically-
protected atom-photon dressed states

- general properties of topologically-protected
atom-photon dressed states
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clues from SSH

dressed energy of ¥ pinned to
tat T 9 ...........
&o Qﬁh‘ Gf‘ Stare @ wo the atomic frequency

v
_____________ ,4/
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Vacancy-like Dressed States (VDS)

H :@0+0'_ -+ HB —|—g(b:r)0_ -+ bUO'_|_)

atom RWA coupling

HB = szbjbz + Z Jwbjb]

photonic i)ath 7]

generic dressed state:

) o levac) + la0))
single-photon state

cef [ VDS H|W) =] V) |

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Vacancy-like Dressed States (VDS)

H=wyoyo_+Hg+g(blo_ +byoy)

atom RWA coupling

HB = szbjbz + Z Jwbjb]

photonic i)ath 7]

generic dressed state:

) o levac) + la0))
single-photon state

def [ VDS: H|W) = wo|¥) | 4= (v|y)) =0

field's node
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Vacancy-like Dressed States (VDS)

H=wyoyo_+Hg+g(blo_ +byoy)

atom RWA coupling
vacCanc
Hp = szbjbz + Z Jwbjb] B y

\
-
Z#] 0,' “‘
LTS LR
~ -
% .
taget °*
.
. :
N

photonic i)ath

generic dressed state:

) o levac) + la0))
single-photon state

def [ VDS: H|W) = wo|¥) | 4= (v|y)) =0

field's node

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Vacancy-like Dressed States (VDS)

VDSt W) o gle)|vac) + [g) ) H|¥) = wo|P)

atom

vacancy

lr 1Y) € B,

ey
-t
8

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Vacancy-like Dressed States (VDS)

VDSt W) o gle)|vac) + [g) ) H|¥) = wo|P)

atom

vacancy

) = wo 1))
T e e
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Vacancy-like Dressed States (VDS)

bound VDS: general form

[ ' h
(W) = cos @ |e)|vac) + €'?sin 6 |g)|1))
Hp, |Y) = woly)
— arctan = ar wl - ;
8 6 = arctan |n|, ¢ = argn with 7 (v|Hplv)

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Vacancy-like Dressed States (VDS)

vacancy-like
=~. dressed state

WQ“ _,\Ij

ge + (v|Hply) =0

eigenstates of By,

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
7/20



Part |: Topological protected Photon-atom bound state

(non-topological) instances of VDS

2 cavities:

atom

Wo
9! Ewl w1 =wo Wy |¥) < —Jle) + g|1)
¥ J ‘BU
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(non-topological) instances of VDS

cavity-protected

c e[ . des:
semi-infinite waveguide: meee
AT R AV
- \ VDS
¢ ¢eceeeceeeeC
mirror " Bv \ %

T. Tufarelli, F. Ciccarello, and M. S. Kim, PRA 87, 013820 (2013)
dressed BICs: C. Gonzalez-Ballestero, F. J. Garcia-Vidal, and E. Moreno, NJP 15, 073015 (2013)
G. Calajo, Y.-L. L. Fang, H. U. Baranger, and F. Ciccarello, PRL 122, 073601 (2019)
A. Feiguin, J. Jose Garcia-Ripoll, and A. Gonzalez-Tudela, PRR 2, 023082 (2020)
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topological VDS

photonic lattice + 0-dim defect

class T C S topol invariant :Z_
A0 0 o o E
Alll | 0 0 1 Z
Al | +1 0 0 0
BDI | +1 +1 1 y/ topologically
D |0 +1 0 Z, 0 BS e Wy 6 protected
DII | -1 41 1 Z, VDS
All | -1 0 0 0
cI | -1 -1 1 2Z
C 0 -1 0 0 ‘;
CI +1 -1 1 0
C.-K. Chiy, J. C. Y. Teo, A. P. Schnyder, many atoms & weak coupling:
and S. Ryu, RMP 88, 035005 (2016)
Heg =Y K,0, 0, _+Hc
vy’
theorelm 7 T atom-atom couplings:
topologically-protecte 2
P d?esseél/ gcate 6 VDS] Ky, =— J Uy,
2(v'|Hplyp¥) 7

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
9/20



search of vacancy-induced BS

theorem for 1D lattices

[R'd edge states exist under open BCs ﬁ 1 vacancy—induced]

BS always exists

R: interaction range, d: number of bands

using methods in:
A. Alase, E. Cobanera, G. Ortiz, and L. Viola, PRB 96, 195133 (2017)
E. Cobanera, A. Alase, G. Ortiz, and L. Viola, PRB 98, 245423 (2018)

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021) 570
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Creutz-ladder photonic lattice

atom

Je—ioc
1

)
w .

vacancy-induced BS: 4, =1

1
2

atom-atom couplings: k(@@ _ ¢° ey n—n

n,n’ — 2m

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Haldane photonic lattice

parameters space

atom dressed by
a photon orbiting around it

ISH——————
o

L. Leonforte, A. Carollo and F. Ciccarello, PRL 126, 063601 (2021)
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Conclusions

» identified a class of dressed states (VDS)
= mirror-like behavior of atoms in waveguide QED
= VDS : key role in topological quantum optics

outlook

= many-photon VDS ?
(see arXiv:2105.08833 by Ashida, Imamoglu & Demler)
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non-Hermitian Hamiltonian

H'+H

Physical Context

* Approximate Dissipative
Quantum systems

*Optical systems

® Mechanical oscillators

Exotic NH Properties

*Complex Energies

*Non-Orthogonal Eigenstates

e Coalescence of eigenstates
(Exceptional points)

e Extreme sensitivity to BC
(NH Skin effect)

* Exotic topological properties

Bender, C. M., “Making sense of non-Hermitian Hamilto- nians,” Rep. Prog. Phys. 70, 947-1018 (2007)

Bergholtz, E. J., et al. Exceptional topology of non-Hermitian systems. Rev. Mod. Phys. 93, 015005 (2021). 12/20
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Setup: Lee Photonics

Lattice

HBT # Hp  (due to Dissipation)

Photonic Lattice Band

ol periodic BCs line oep, /
/
/
H.-05 /!
E o )/
-1t / ’
1 1 / 1 1 1 1
-3 -2 -1 0 1 2
Re|F]

Lee, T. E. Anomalous Edge State in a Non-Hermitian Lattice. Phys. Rev. Lett. 116, 133903 (2016).
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Setup: Lee Photonics Lattice

HBT # Hp  (due to Dissipation)

H = Hptw, Z ool + g(o Wb, + a_b,;fi)

atoms RWA coupling

Photonic Lattice Band

ol periodic BCs a)l.ine oep, /
0O -
/
= /
M.-0.5 /
'_8( point / /
gap /
-1t /

/ 1

-3 -2 -1 0 1 2 3

Re|F]

Lee, T. E. Anomalous Edge State in a Non-Hermitian Lattice. Phys. Rev. Lett. 116, 133903 (2016).
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Lattice non-reciprocity
Photon propagate preferably leftwards

k Necessary ingredients:

. (Structured ) Dissipation

Effective Magnetic field
(Complex coupling)
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Lattice non-reciprocity
Photon propagate preferably leftwards

complex coupling
G \Peierls substitution

Effective Magnetic field
per plaquette
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Lattice non-reciprocity
Photon propagate preferably leftwards

Effective Magnetic field
per plagquette

)

Photons propagate counterclockwise
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Lattice non-reciprocity
Photon propagate preferably leftwards

Right propagating photons in b

Left propagating photons in a
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Lattice non-reciprocity
Photon propagate preferably leftwards

k Right propagating photons in b

S Adding Dissipation in b dissipate
rightward photons

Left propagating photons in a
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Unitary Cell Mapping

Non-Hermitian SSH bn=—é<an+iﬁn>
J—vyl2 J _L iy
., G an—ﬁ(an if,)
J+yl2
% S % el
—iy/2 —iy/2 —iy/2

Uniform losses Non Reciprocity (asymmetric hopping) 15/20
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..adding interacting atoms

with

z z e z z cell z between legs

—iy/2 —iy/2
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Features

1) Uniform losses
2) Non-Reciprocity (asymmetric hopping)
3) Bilocal Coupling with between legs

ATt . o

—iy/2 —iy/2

15/20



Part Il: Exotic interaction mediated by a non-Hermitian photonic bath

Spontaneous emission

Initial state
atom
|'Py) = le)|vac)
T-y2N
|\Pt> — e—lHl‘ | \Ij()) i a a]+y/2 a a
—iy/2  —iy/2

P =|{e|P)[F=eT

S
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Spontaneous emission

Lattice Non-Reciprocity

atom

T T

—iy/2  —iy/2

Chiral emission

Two competing chiralities

atom }/ = O

Bilocal Coupling with 4_

Lattice Non-Reciprocity
Leftwards propagation of photons

T.Ramos, et al. Phys. Rev. A 93, 062104 (2016). 16/20
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Photon Localisation

Lattice Non-Reciprocity

Chiral emission

Time evolution of photon profile

Puit) = [(n,i| ¥y |7 i=a.b

0.02

0.01§

site index site index 17/20
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Photon Localisation

Atom-Photon Dressed State
(DS)

Long lifetime

['=g?/(4]) >y

i =a,b Maximal Localisation y = 2J
0.02 0.02 0,015
0.010
0.005

0.01§

site index site index site index 1720
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Many atoms Effective Hamiltonian

many atoms & weak coupling:

— - -+
H. 4 = K,,G-aj

€

i
chiral atom-atom couplings:

K., =4g* e mm/
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Many atoms Effective Hamiltonian

many atoms & weak coupling:

— - -+
H. 4 = K,,a-aj

€

i
chiral atom-atom couplings:

K., =4g*1Je "=

long-range nearest-neighbor
o/ L
0 1 2 3 4
loss rate ’V/ J
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Many atoms Effective Hamiltonian

many atoms & weak coupling:

— - -+
H. 4 = K,,a-aj

€

i
chiral atom-atom couplings:

K o = 4g2Je—(n—m)//1

n

chiral interaction
mediated by DS

For y = 2J nearest-neighbour

long-range nearest-neighbor
s R 123456789
loss rate vy / J

2_
(‘Q
Q 1234567829
g) 1 0.25
© 2
3
oo Kim 4
& 5 0
g ;
-
o 8
5(C) 025
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Insensitivity to Boundary Conditions

nearest-neighbour non nearest-neighbour For y =2J
- . ho
. . nter n ..
interaction nteractio Periodic
Boundaries
'l 1 5 5 2 'f 51 1 2
0.5} 0.5} Knm
1234567 829
(a) (c) 1 0.25
ok , : : , ok , : , , 2
1-0 1 2 3 4 10 1 2 3 4 3
1 2 ' 1 2 4
O IO : 0
I i 6
0.5 ] 0.5 y 7
(b) 8
ot , , . . 0L , , , , 9 (C) -0.25
0 1 2 3 4 0 1 2 3 4 1234567 8¢9
I't I't 19/20
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Insensitivity to Boundary Conditions

Interaction

0.5t

0.5

nearest-neighbour

==

edge

edge

R

(a)

0 1 2 3 4

I 1 2

K”i =

0 1 > 3 4
It

non nearest-neighbour

. no .
Interaction

edge

i 51 1 2
0.5}
(c)
ok : . .
" 51 1 2
0.5}
(d)
0L : . .

edge

For y =2J

Periodic
Boundaries

t Same H g

Open
Boundaries

K

nm

123456789

0.25

NVNONOTPSWN —

(c)

-0.25

123456789

19/20



Part II: Exotic photon mediated interaction in a non-Hermitian photonic bath

Insensitivity to Boundary Conditions

For v = 2J
across edge 4
interaction
Periodic
Boundaries
\ t Same H g
Open
Boundaries
‘].
E‘I ZE
0.5 Knm
12345
(€) 1 25
O 2
0 1 2 3 4 3
I 1 2 4
e : 0
6
0.5t 7
(f) 8
ol | . . | 9 ~0.25
0 1 2 3 4 1234567829
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Insensitivity to Boundary Conditions

For y = 2J

Many atoms

|n|t|a||
excne

interaction/ \

0.3
(-
O
-+
20.2
§£ 1234567 829
o 1 0.25
Q0.1 :
- 4
@) 5 0
+ 6
(qv] O_I . Z

0 1 2 3 4 5  (C) 025

I‘t 1234567809
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Explanation in terms of DS

Interaction
in the Bulk

: interaction
across the Edges

Breaking of Translational
Invariance
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Explanation in terms of DS

C

~ DXDIXIXIIXIA] e B

Extended DS
interaction
across the Edges

Neglect non Markovian effects (time delays...)

/N /N

photon propagation along d
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Explanation in terms of DS

BOZOOZIZOZOZ0N

Interaction
in the Bulk
i b peaked uncoupled to the
n & p intermediate atoms Extended DS
on the edge \
interaction

across the Edges

Delocalised on sublattice
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Conclusions

Novel Non-Hermitian features due two competing chiralities:

1. Non-reciprocity due to
2. Chiral emission due to

e Formation of Atom-Photon Dressed states

e Effective dipole-dipole Hamiltonian:

Qutlook

1. Application to non-Hermitian 2D lattices
2. Atom with multiple-local coupling/”Giant atoms”
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