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Floquet engineering of Light field
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Hi ot (t) — Hsys + Hariv (t)
Mclver et al., Nature Phys.
16, 38-41 (2020)
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Effective Floquet picture
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LIGHT-MATTER CORRELATIONS IN QUANTUM FLOQUET ENGINEERING

Floquet modify the properties of the system through the high-frequency regime

materials interaction with classical light

T. Oka and S. Kitamura, Ann. Rev. Cond.
Matt. Phys. 10, pp 387-408 (2019)

Floquet engineering of
quantum materials

Mclver et al., Nature Phys.
16, 38-41 (2020)
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Time-dependent picture Effective Floquet picture

P. Delplace et al., \ J
Pl e, B, 2aevn CUIL) A. Eckardt, Rev. Mod. Phys. 89, 011004 (2017)
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L1IGHT-MATTER CORRELATIONS IN QUANTUM FLOQUET ENGINEERING

few-photon states or vacuum fluctuations
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trapped in small-volumen cavities... [Vtotal) = |Pphot) @ |Xmatter) bréivse:rf S;ie;‘; ton

C.]J. Eckhardt et al.,
Comm. Phys 5, 122 (2022)
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Comm. Phys 5,
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L1IGHT-MATTER CORRELATIONS IN QUANTUM FLOQUET ENGINEERING

few-photon states or vacuum fluctuations
trapped in small-volumen cavities... [Ptotal) = |Pphot) @ [Xmatter) + |Pcorr.)

in classical Floquet engineering

role in
and, in particular, for

High frequency limit

—o— DMRG
--= 5(a?)
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’ H, = TLS, quantum material... l Lot b Nt 1)
... interacting with a quantum system |
. K U = 3th
placed inside 1 10 100
Q[tn]
Y. Ashida et al., Phys. Rev. G. Passetti et al., arxiv:2212.03011v2

A. Frisk Kockum et al. Nature Reviews Physics 1, 19-40 (2019) Lett. 126, 153603 (2021)



INTRODUCTION

SSH MODEL: CANONICAL EXAMPLE OF TOPOLOGICAL INSULATORS (1D)
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LIGHT-MATTER HAMILTONIAN

STARTING POINT

interacting with a

H=0d'd+Y e @+ Dalp, 1@+ Dpla, o thc.

Minimal-coupling substitution in lattice models:
Peierls phase

Gauge invariant [ " e:l:z'n’(dU—d)]
Valid at arbitrary coupling strength 1(_‘
Dipole approximation (A 7\ |
e GO O00-O00
t) o tWeted™ A A = Ag(dT + d)a, i ~—

[ £ eEim(d +d) ]

AU NN t(/)ein(’)(dT+d)
effective coup.

(1) — (1)
strength "’ = edod



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Implement light-matter coupling in
the continuum theory

= Ag(d" + d)u

Coulomb gauge

+V(r) + Qd'd
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DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Implement light-matter coupling in
the continuum theory

= Ag(d" + d)u
Coulomb gauge Dipole gauge
P —q ]2 D P t : 2 42,2
HC = - +V(r)+Qd'd H” = - +V(r)+Qd'd +igA¢Q(d — dNx + Qq? A2z
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LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Implement light-matter coupling in
the continuum theory

= Ao(d" + d)a
Coulomb gauge

[P — g2
2m

HE = +V(r)+Qd'd

2 | Write in projected basis

—Q

Hel—_+v

Dipole gauge

HP =

—
£y

2m

=) wnldn) (¢l

(r) +Qd'd +igAoQ(d — d")z + Qg A2



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Implement light-matter coupling in
the continuum theory

= Ao(d" + d)a
Coulomb gauge

[P — g2
2m

HE = +V(r)+Qd'd

2 | Write in projected basis @ Truncate to TLS
7
Hel—_+v an|¢n qbn
Dipole gauge
P
HD=§E+WK)+de-Hwhmd—wn+QfA@2



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Implem§nt light-matter coupling in 2 | Write in projected basis @ Truncate to TLS
the continuum theory e
= Ao(d" + d)ia Ho = o~ +V(r) =) walén)(dn
Coulomb gauge Dipole gauge
S M2 9
pe = P4t ) L | v + qdtd HP = Zp—m +V(r) +Qd'd  +igAeQ(d — d)z + Qg° Ajz’
m
Projected Projected
Coulomb gauge dipole gauge
HSpyy = Qdld + 220 df +d HEoy = QdTd+ 2226, + igpoy(d —d
QRM — T ™ 0= + gcoy(d' + d) QRM = T 5 7% +igpo( )

+D(d" + d)?



_ LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

Projected Projected
Coulomb gauge dipole gauge
HSpy = Qd'd + %JZ + gooy(d + d) HEry = Qd'd + %az +igpoy(d’ — d)
+D(d" + d)?

7 Different energy spectrum for
2 i each gauge

Different effective light-matter
coupling strength for each gauge

0 ,
102 10" 10° 10" 10°
gO/wc

Different predictions for
observables and phase transitions

D. de Bernardis et al., Phys. Rev. A 98, 053819 (2018)



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

1 Write electronic Hamiltonian

: ) : 2. T TL ight- ‘
in projected basis runcate to TLS @ Implement light-matter coupling

through

p* W10
Heg = — ‘|'V an‘¢n ¢n HTLS — 70-2



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

1 Write electronic Hamiltonian

: ) : 2. T TL ight- ‘
in projected basis runcate to TLS @ Implement light-matter coupling

through

P> w10

Hel - - ‘|'V an‘¢n ¢n HTLS — 70-2

Coulomb gauge ¢ — UHTLSUT 1+ Qd'd U= exp{i(dT +d) Z XijCICj}
1j

x(r) = e/r Ao(r) - dr Xij = (t]x|7) A(r) = A()(r)(dJr +d)
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LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

1 Write electronic Hamiltonian

: ) : 2. T TL ight- '
in projected basis runcate to TLS @ Implement light-matter coupling

through

P> w10

Hel - - ‘|'V an‘(bn ¢n HTLS — 70-2

Coulomb gauge € — s/t + Qdid U = exp{i(d' +d) Z Xijcles )
ij

x(r) = e/r Ao(r) - dr Xij = (¢|x|7) A(r) = AO(T)(dJr +d)

HS gy = Qdtd+ t|R><L\eiqu0<d*+d> +h.c.
— Qdfd + 20 {cos n( (d" + d)] o, +sin | (d" + d)] oy}



LIGHT-MATTER HAMILTONIAN

DIGRESS 1: GAUGE-INVARIANCE FOR PROJECTED HAMILTONIANS

1 Write electronic Hamiltonian

: ) : 2. T TL ight- ‘
in projected basis runcate to TLS @ Implement light-matter coupling

through

P> w10

Hel - - ‘|'V an‘(bn ¢n HTLS — 70-2

Coulomb gauge ¢ — UHt'b.UT + Qdid U= eXp{i(dT + d) Z XijCICj}
]

x(r) = e/r Ao(r) - dr Xij = (¢|x|7) A(r) = AO(T)(dJr +d)

o
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~ OBJECTIVES & SUMMARY

STARTING POINT

interacting with a

H=0d'd+Y e @+ Dalp, 1@+ Dpla, o thc.
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OBJECTIVES & SUMMARY

STARTING POINT

interacting with a

H=0d'd+Y e @+ Dalp, 1@+ Dpla, o thc.

Find a simplified form of the Hamiltonian that
i) allows for analytical treatment,
if) captures the relevant features of the
system for arbitrary coupling strength — — —
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STARTING POINT

interacting with a

H=0d'd+Y e @+ Dalp, 1@+ Dpla, o thc.

Find a simplified form of the Hamiltonian that
i) allows for analytical treatment,
if) captures the relevant features of the

system for arbitrary coupling strength ( e — —
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\ valid for arbitrary '@-__ _,'_
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OBJECTIVES & SUMMARY

STARTING POINT

interacting with a

H=0d'd+Y e @+ Dalp, 1@+ Dpla, o thc.

Find a simplified form of the Hamiltonian that
i) allows for analytical treatment,
if) captures the relevant features of the

[t’l Ein' (di+d) ]

system for arbitrary coupling strength — —

P
Find topological phase transitions driven by light- '@ :_ O 'O_ 'O_O'

a s s s -

matter interaction (quantum Floquet engineering)
[ £ eEim(d +d) ]

Identify the role of light-matter
correlations



FLOQUET MATERIALS

DIGRESS 2: FLOQUET-BLOCH THEORY FOR THE SSH CHAIN

Htot (t) — HSSH + Hdriv (t)

Hesg = Ztlla;’bj + tlb;aj_H + h.c.
J

Eo(l — 7'
+J0 ( O( o " )) tlb;ajﬂ + h.c.

o =



FLOQUET MATERIALS

DIGRESS 2: FLOQUET-BLOCH THEORY FOR THE SSH CHAIN

R |
Htot (t) — HSSH + Hdriv(t) {__\ ! S
HSSH — Zt'la;bj + tlb;aj_H + h.c. '\_:__7./___:_,' : :
J ! ! tr
w >t t N
Haiv(t) = E(t) inczci 20
=1 15!
Lu% 10| =1
EOT‘ : — O
Ha = 3000 (22 ) talt, s
J O:
Eo(1 — 7/ ;
+J0 ( o )) tlb}@j+1 + h.c. 0 ’
= r
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Truncation of the Peierls Hamiltonian
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EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian
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o
H=Qd'd+ E tz,jeml’”(d +d)c;r'cl
l,j=1 effective coupling strength
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B. Pérez-Gonzalez et al.
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) jJ RI N G arxiv: 2302.12290v1 (2023)

EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian

N
li=1

00 00

l,7 n,n l,g m,n
E :gn,nY + E gm,nY
n=0

nZ£m=0

Photonic Hubbard operators: Y™ = |m)(n|

go,i

g1,1

C)'Cﬂ

—

Ut

Ut

Real part Imaginary part
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EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian
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EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian

N

l,j=1

Zgn,jynn_i_ Z g,j y m.n

nZ£m=0 H =

H = i nQ—I—Zgn’ jlcTcl Yot

l,j=1
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(QUANTUM FLOQUET ENGINEERING
EFFECTIVE HAMILTONIAN
Truncation of the Peierls Hamiltonian
al t
H=0dld+ Y t emid+d.l, /
ZJZ:1 ! H Ho_q Ho_o
Sl 3 bt oo |
nZ£m=0 H =
Hs_. Ho 1 Hy
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EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian

N

l,j=1

Zgn,jynn_i_ Z g,j y m.n

n#m=0

H = i nf) + Z g, ’3 Wt lcTcl Yot

l,j=1

T Z Z gm ,m+1 j lC Cl (Ym ym+1 i Ym-l—l,m)

m=0 j,l=1
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(specially well-suited for
the high-frequency regime)
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EFFECTIVE HAMILTONIAN

Truncation of the Peierls Hamiltonian

Dimerized interaction strength
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0

.......
.......

Total
Hamiltonian
Effective
Hamiltonian

Lﬂ 10— ,,_f';'_\ -
— AL
= 4
8 e
0 1 2 4 5!

Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

arXiv:2302.12290
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0 Total Parameter choice
_______ Hamiltonian
2 e Effective Trivial topology for the unperturbed system
B ——— Hamiltonian t=1. ' =1.5
= =1, t'=1.

Highly detuned cavity € > ¢, ¢/
Coupling strength 7 [¢]

Nice agreement for the effective Hamiltonian
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0
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Hamiltonian
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Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

Nice agreement for the effective Hamiltonian

Different renormalization for each photonic
band
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Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0

-------

—————

Total
Hamiltonian
Effective
Hamiltonian

ot

Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

Nice agreement for the effective Hamiltonian

Different renormalization for each photonic
band

Topological phase transition in the first
photonic band
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0

—
T
......

Total
Hamiltonian
Effective
Hamiltonian

Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

Topological properties

Coupling strength Cavity state

(reminiscent of classical preparation

Floquet engineering) (unique to quantum

Floquet engineering)
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0 Total

Hamiltonian

Q T T Effective Trivial topology for the unperturbed system

Parameter choice

Hamiltonian t=1.t =1.5

Highly detuned cavity € > ¢, ¢/
Coupling strength 7 [¢]

breaking mechanism
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0 Total
: Hamiltonian
2 E i — S Effective
— Hamiltonian

Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

breaking mechanism

Linked to
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0

Total
Hamiltonian
Effective
Hamiltonian

Parameter choice

Trivial topology for the unperturbed system
t=1,t =15
Highly detuned cavity € > ¢, ¢/

Coupling strength 7 [t]

breaking mechanism

Linked to

Perturbative corrections, yet for topological
systems it 1s crucial to keep them
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TOPOLOGICAL PHASE TRANSITIONS DRIVEN BY LIGHT-MATTER INTERACTION

Energy spectrum

a) Zeroth photonic band, (d'd) ~ 0

Total
Hamiltonian
Effective
Hamiltonian

Light-matter correlations

Included

X broken
chiral symmetry

X no topological
protection

Total, and effective
Hamiltonian

X Not included

preserved
chiral symmetry

topological
protection

Mean-field
Hamiltonian
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ANALYTICAL RESULTS FOR THE TRUNCATED HAMILTONIAN

The truncated Hamiltonian allows to solve
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DIGRESS 3: COMPARISON WITH PERTURBATIVE APPROACHES

Taylor-expanded Hamiltonian

H(Q) = Z t’LJ — —(dT + d)2 C}LCJ'

-I-’L'(alT + d) Z n;iti; (c}cl — cchj

gl

Truncated Hamiltonian

00 N
H = Z n{) + Z gf;fﬁtj,lc;cl y'™"
n=0 l

J=1

00 N
+ Z Z gi;im_i_ltj’lcicl (Ym,m—I-l + Ym-l-l,m)

m=0 j,l=1

B. Pérez-Gonzalez et al.,
arxiv: 2302.12290v1 (2023)
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S ————i & \
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Parameter choice

Trivial topology for the unperturbed system
t=1,t=15
Highly detuned cavity ) > ¢, 1

Coupling strength 7 [t]



LIGHT-MATTER CORRELATIONS

EXPERIMENTAL DETECTION

<b > Cottet et al; J. Phys.: Cond Mat.,
Out/ 59433002 (2017)

te = |tc|€w - b
in S. Kohler, Phys. Rev. A, 023849 (2018)

bout contains information about the state of the
system inside the cavity

both amplitude and phase can be detected
experimentally

’ input field ] i [ output field l

A. Frisk Kockum et al. Nature Reviews Physics 1, 19-40 (2019)



LIGHT-MATTER CORRELATIONS

EXPERIMENTAL DETECTION

b Cottet et al; J. Phys.: Cond Mat.,
< out>
29 433002 (2017)
bin S. Kohler, Phys. Rev. A, 023849 (2018)

te = |t]|e’? =

bout contains information about the state of the
system inside the cavity

both amplitude and phase can be detected
experimentally

1t can also be defined in terms of the

| g 90 = =0, d)
G(w) = F{G(1)}

B. Pérez-Gonzalez et al., Phys. Chem. Chem. Phys 24, 15860-15870 (2022)

’ input field ] 7 [ output field

A. Frisk Kockum et al. Nature Reviews Physics 1, 19-40 (2019)



LIGHT-MATTER CORRELATIONS
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EXPERIMENTAL DETECTION

Effective model Mean-field
Im[Ge (w)] Im[Gnir (w)]
12 1 °
3 ].1 B r
H 2
10 l 1 1 1 ! | 1 I =3
0 1 o 4 5 0 1 2 8 4 B

Parameter choice
G(w) = photonic spectral function
State preparation: ground state, <dT d) ~ 0
Same parameters as in previous figure

Trivial topology for the unperturbed system
t=1,t=15
Highly detuned cavity ) > ¢, 1
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EXPERIMENTAL DETECTION

Effective model Mean-field
G(w) = photonic spectral function

12 Im[ge (w)] Im[gMF (w)] 0 State preparation: ground state, <dT d) ~ 0

I Same parameters as in previous figure
3 1lf = Trivial topology for the unperturbed system

| t=1,t =15

10 | | | | | | | | I L Highly detuned cavity ) > ¢, 1

o 1 2 3 4 50 1 2 3 4 5
1 [i] 1 [i]

The cavity frequency is renormalized due
to the interaction with the topological
system
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EXPERIMENTAL DETECTION

Effective model

Im[Ge(w)]

12

Mean-field

Im|Guir (w))]

Parameter choice
G(w) = photonic spectral function
~ 0 State preparation: ground state, <dT d) ~ 0
Same parameters as in previous figure

Trivial topology for the unperturbed system
i t=1,t=15
I L, Highly detuned cavity ) > ¢, 1

The cavity frequency is renormalized due

to the interaction with the topological
system

A splitting in the photonic branch signals
that correlations are maximal at that

point
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EXPERIMENTAL DETECTION

Effective model

Im[Ge(w)]

12

1.0

0.0

Parameter choice
G(w) = photonic spectral function
State preparation: ground state, <dT d) ~ 0
Same parameters as in previous figure

Trivial topology for the unperturbed system
t=1,t=15
Highly detuned cavity ) > ¢, 1

The cavity frequency is renormalized due
to the interaction with the topological
system

A splitting in the photonic branch signals
that correlations are maximal at that
point
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EXPERIMENTAL DETECTION

Effective model Mean-field
Im[g, () miGr()]
11 -
o 1
3 1 ==
2
Ir [ —3
0 4
m 0.50

Parameter choice
Q(w) = photonic spectral function
State preparation: edge state, <dT d) ~ 0
Parameters:

Non-trivial topology for the unperturbed
system ¢t = 1.5, =1
Highly detuned cavity ) > ¢, 1

The different coupling between bulk/edge
states and the cavity maximizes the effect
of light-matter correlations
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Quantum light can be used to the topological
properties of the system, as a function of the
and the

identify the role of in the
high-frequency regime and their relation to the
breaking of , crucial for
topological systems



