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ABSTRACT

In this paper, we perform the exact diagonalization of a light-matter strongly coupled system taking into account arbitrary losses via both
energy dissipation in the optically active material and photon escape out of the resonator. This allows us to naturally treat the cases of couplings
with structured reservoirs, which can strongly impact the polaritonic response via frequency-dependent losses or discrete-to-continuum
strong coupling. We discuss the emergent gauge freedom of the resulting theory and provide analytical expressions for all the gauge-invariant
observables in both the Power-Zienau-Woolley and the Coulomb representations. In order to exemplify the results, the theory is finally
specialized to two specific cases. In the first one, both light and matter resonances are characterized by Lorentzian linewidths, and in the
second one, a fixed absorption band is also present. The analytical expressions derived in this paper can be used to predict, fit, and interpret
results from polaritonic experiments with arbitrary values of the light-matter coupling and with losses of arbitrary intensity and spectral
shape in both the light and matter channels. A Matlab code implementing our results is provided.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077950

I. INTRODUCTION

The interaction between discrete energy levels and degrees of
freedom with continuum spectra is crucial to the description of any
real-world quantum system in which the coupling with the envi-
ronment eventually leads to energy and information leakage. While
many powerful perturbative open quantum system approaches have
been developed,' non-perturbative diagonalization is possible using
a procedure developed by Fano.” In his landmark paper, Fano con-
sidered the problem of one discrete level coupled to one continuum.
In the same paper, he then moves to consider the cases of multi-
ple discrete levels coupled to one continuum and of one discrete
level coupled to multiple continua, showing that both cases can be
reduced to the initial one. A short summary of Fano’s approach and
its generalizations is given in Appendix A.

One important application of Fano’s theory in the many dis-
crete levels-one continuum case is light interacting with a dissipative
dielectric, originally developed by Huttner and Barnett (HB).” In

such a formalism, light with a well-defined momentum and polar-
ization propagating in a bulk dielectric is represented in second
quantization as a harmonic oscillator. The light is coupled with a dis-
crete optical resonance of the material, itself modeled as a harmonic
degree of freedom and coupled to a harmonic reservoir leading
to dissipation. By diagonalizing the light-matter Hamiltonian, one
finds two hybrid polaritonic branches, which in the following we
will call lower (—) and upper (+) polaritons, coupled to a reservoir
through their matter component. As expected, the more matter-like
the polariton, the larger losses it will incur, with pure photons very
detuned from the material resonance propagating unimpeded in the
dielectric.

Complications arise in systems with boundaries, as traditional
cavity quantum electrodynamics (CQED) setups or surface modes.
An HB-like diagonalization can still be performed in real space
if the photons are supposed to be perfectly trapped in a finite
volume,’ but in the general case a novel dissipation pathway opens,
this time linked with the photonic component of the polaritons:
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Photons can escape out of the system coupling with the free-space
photonic continuum.

Such a setup is thus described by two discrete resonances
(the photons and the optically active resonance) coupled to two
different continua (the material reservoir and the continuum of
free-space photons). This case was not explicitly treated in Fano’s
original paper, and as we will see, it is not possible to trivially
apply the method adopted in the other cases. Still, various approx-
imate approaches have been developed to deal with open CQED.
Input-output approaches integrate out the system in order to
describe relations between the incoming and outgoing fields.”’
Master equations integrate out the environment,”” or at least most
of it,'’ to describe the internal system dynamics. Some approaches
exactly solve the coupling with the propagative electromagnetic field
(radiative broadening) while describing phenomenologically matter
losses."'” Tt is also possible to use quasinormal mode quantization
in order to quantize directly the lossy electromagnetic field."* "

This large interest is motivated by the increasing experimental
relevance of a rigorous treatment of lossy CQED systems, includ-
ing the impact of frequency-dependent structured environments.
Ever larger values of the light-matter interaction energy'” have in
fact allowed us to access non-perturbative coupling regimes as the
ultrastrong'*" or the very strong ones.”””' In these regimes, the
polaritonic modal shifts are comparable to other energy scales, and
frequency-independent approximation can dramatically fail. In par-
ticular, polaritonic discrete resonances can interact with continua,
with multiple theoretical”” *® and experimental”’ " efforts having
studied the possibility of strong coupling taking the continuum into
account.

An analytical solution extending Fano’s approach would be
useful in this context, in order to be able to study the quantum prop-
erties of systems in the presence of generic couplings, environments,
and loss channels. It would allow for quantitative modeling of the
line shape of plasmonic systems once the loss channels in the metals
are known.’! Such an approach was derived in Ref. 32 to calculate
the quantum properties of the ground state at arbitrary values of
the system-reservoir coupling. In this work, it was shown how an
unphysical degree of freedom appears in the theory due to the pres-
ence of two coupling continua, and how a solution can be obtained
through an arbitrary gauge fixing. The method has also been more
recently used in Ref. 30 to reproduce experimental data in which
polaritonic nonlocality created a broad absorption band above the
bare photonic frequency.

Our aim in this paper is to improve such a contribution
and develop a full, general, and useable analytic theory for polari-
tonic systems with arbitrary couplings to the environment. Such
an improvement will take four different forms. The first and non-
negligible one is that the theory will be clearly laid down in the paper,
while in Refs. 30 and 32 the derivation is at most sketched. The sec-
ond, more important reason is that the pure gauge nature of the extra
degree of freedom was not proven but only assumed. The third is
that the theory was developed in the Coulomb representation, which
has since been shown to be not always correct at arbitrarily large
coupling strengths’” for systems in which only a few material res-
onances are considered. Finally, the theory previously used, although
applicable to model reservoirs of arbitrary spectral shapes, requires a
renormalization procedure. It is thus not directly applicable to cases
beyond the presence of a simple Lorentzian broadening.
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In this paper, we will implement these improvements by
developing explicitly the theory for the diagonalization of the
light-matter system in the Power-Zienau-Woolley (PZW) repre-
sentation, describing the interaction between the polarization field P
and the electric displacement D. We will demonstrate that an exact
diagonalization of the problem for arbitrary couplings and environ-
ments is possible, and we will provide analytical expressions for the
physical observables. Most importantly, these expressions will be
gauge-invariant, not depending upon the extra degrees of freedom.
Our results will thus provide proof of the approach from Ref. 32,
while demonstrating gauge fixing is not necessary. Finally, we will
provide a recipe to add arbitrary frequency-dependent reservoirs.
Given this work’s technical nature, we describe the calculations in
detail. The equivalent results for the Coulomb representation are
reported for completeness in Appendix C. All the mathematical
symbols used are listed in Table I.

The paper is organized as follows: In Sec. I, we introduce and
diagonalize the dissipationless polaritonic Hamiltonian. This will be
useful in introducing the problem and extracting the discrete polari-
tonic dispersion, which we will then use to interpret the results of
the dissipative theory. Note that in this paper we will always start
from Hamiltonians. Their derivation from Lagrangians can be found
in Ref. 4 for the PZW case and in Ref. 3 for the Coulomb case.
In Sec. III, we introduce the light and matter reservoirs and we
independently diagonalize the light and matter sectors of the full
Hamiltonian into a broadened matter resonance interacting with a
broadened photonic one. In Sec. IV, we solve the full Hamiltonian,
describing the problem with gauge ambiguities, and derive expres-
sions for the gauge-invariant observables. In Sec. V, we specialize the
model to the case of Lorentzian resonances. In Sec. VI, we provide
the recipe to add arbitrary reservoirs to the Lorentzian broadening
and present the results in the case of a fixed absorption band.

Il. DIAGONALIZATION IN THE LOSSLESS CASE

We start here by introducing and diagonalizing the lossless
Hamiltonian for a photon field of dispersion w; indexed by the
composite wavevector index k, which also incorporates polarization
and all other relevant conserved quantum numbers. Such a field
is described by the bosonic annihilation operator a; coupled to a
matter excitation, of fixed frequency wx, described by the bosonic
annihilation operator b;. We neglect here nonlocality due to the
dispersion of the material resonance.”*"’

The PZW light-matter Hamiltonian for the system described
above is

Hiym = Zk:(wka}tak + wy b;ibk) + Zk:ii[b;i + bk]z

‘ Wkl ot t
Y m
with g being the resonant light-matter coupling strength and the
operators obeying bosonic commutator relations,
(a ax ] = [bi b ] = e 2

where &) ;- is the Kronecker delta, and here and in the following, we
will consider # = 1. The second term in Eq. (1) is the square P? term,
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TABLE I. The table lists all the variables and constants used throughout the article, specifying their dependence on wavevectors and frequencies, and the equations in which

they are first used.

First appearance in

Symbol Description Depending on (equation number)
k Composite wavevector index (1)
Wy Bare photon frequency k (1)
ag Photon annihilation operator k (1)
a Rotated photon operator k (C3)
Wy Bare matter frequency (1)
by Matter annihilation operator k (1)
Bk Rotated matter annihilation operator k (3)
g Light-matter coupling strength (1)
Wy Matter frequency renormalized by the diamagnetic term (1)
Wy Polariton frequencies k (8)
oy Photonic reservoir annihilation operators kand w 9)
B Matter reservoir annihilation operators kand w 9)
Vi Photonic reservoir interaction function kand w (11)
Q Matter reservoir interaction function ) (12)
s Photon frequency renormalized by the reservoir k (14)
Wy Matter frequency renormalized by the reservoir k (14)
Ag Broadened photon operator kand w (15)
Xks Zk Photonic mode Hopfield coefficients kand w (15)
Vie» W Photonic reservoir Hopfield coefficients k, wand w’ (15)
Vi Unknown function kand w (21)
Xi Self-energy term for the photonic reservoir kand w (24)
By Broadened matter operator kand w (25)
X,z Matter mode Hopfield coefficients ) (25)
Y, w Matter reservoir Hopfield coefficients w, (25)
t Self-energy term for the matter reservoir ) (27)
(e Expansion coefficient of the photonic field kand w (29)
n Expansion coefficient of the matter field ) (29)
Py Polariton operator k,branchj=+and w (32)
Xiej» Vj» Wk Zhj Polariton Hopfield coefficients k, branch j = + and w, @’ (32)
Ky Integral function of the photonic coefficient k,branchj=+and w (35)
Tk Integral function of the matter coefficient k,branchj=+and w (35)
VA Integral function of |n(w)| kand w (36)
Wi Integral function of |{;(w)| kand w (36)
Xk Yijo Zir Wik Hopfield coefficients of broadened polaritons k,branchj=+and w (41)
Yp Photonic reservoir loss rate (50)
wp Photonic reservoir cut-off frequency (50)
Y Matter reservoir loss rate (50)
oM Matter reservoir cut-off frequency (50)
Vi Interaction function between the light and absorption band kand w (54)
K Interaction strength to the reservoir (55)
w Photonic frequency renormalized by the reservoir and continuum k (55)
Wy Photonic frequency renormalized by the continuum k (57)
F Normalized coupling density to the reservoir w (55)
Qi Effective central frequency for the added reservoir kand w (61)
r Effective loss rate w (61)

which can be removed by performing a Bogoliubov rotation of the
matter component of the Hamiltonian,

[Ux + Wy Wx — Wy + l i
b - b + b R 3 relations,
T o arwx " 2wy K 3

with renormalized matter frequency

.2 2 2
Wy = wy +4g7,

(BB, ] = S

(4)

where the rotated operators still obey bosonic commutation

(5)
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The Hamiltonian in Eq. (1) then takes the simpler form
AT . w SR
Hum = Z(wka};a + oy b;ibk) +iy g\ / (bﬁk[az - ak][b}; + bk]_ (6)
k k x

The secular equation of such a Hamiltonian reads

2 2
M (7)
w? - @’

2 2
W — W=

leading to the frequencies of the two polariton branches (+) for each
value of the wavevector k,

1
Wip = ﬁ\/wi rala \/(wi - @2)? + 16g2w2. 8)

I1l. DIAGONALIZATION OF PHOTONIC AND MATTER
RESERVOIRS

We now pass to introduce the dissipation in the picture by
defining two reservoirs in which photons and matter excitations
can be lost. Those reservoirs, which model, respectively, the con-
tinuum of free-space photons and the continuum of phononic and
electronic degrees of freedom in the material, are modeled as ensem-
bles of harmonic oscillators indexed by the continuum frequency w.
Their annihilation operators are a;(w) and 8, (w) respectively, with
bosonic commutator relations,

[oc(@) ol ()] = [Bel@), Bl ()] = eied(@ - 0). (9)
The total Hamiltonian now takes the form
Hr = Hg + Hpp + Hup (10)

with the Hamiltonians for the photonic and matter sectors and their
interaction in the form

Hpp = Z[&)ka}:ak + f dwwa}:(w)zxk(w) + %Z / dw(u,t +ay)
%

k

x (Vi(w)af (@) + vk*(w)ak(w))], (1

Hwyp = Zk:[&)xl;,tl;k + f dwwﬁ;i(w)ﬁk(w) + % f dw(i)}; + Bk)

« Q)R + Q" (@)B@))] (12)
H, = iZg %[al - ak] [i),{ + i)k], (13)
k X

ARTICLE scitation.org/journalljcp

where V(w) and Q(w) are the interaction functions modeling the
interaction of, respectively, the photonic mode and the matter exci-
tation with their respective reservoirs, and the bare light and matter
resonances are dressed by the coupling as

oo V 2
Gi=ai+ [ “aollen
0 w
oo 2_
G-ate [~ alLE
0 w

The frequency shifts in Eq. (14), usually referred to as Lamb shifts
due to their similarity with the well-known atomic physics effect,
can be derived from the Lagrangian of a discrete resonance linearly
coupled with a continuum, as done in Ref. 3.

We can diagonalize the photonic Hamiltonian Hpg in Eq. (11)
introducing the bosonic operators describing broadened photons
Ai(w), written as linear superposition of the uncoupled operators,

Ap(w) = xp(w)ag + zk(w)al + / dw'[yk(w, w')(xk(w')

+ wi(w, w')oc,t(w')], (15)

(14)

whose coefficients can be found via HB diagonalization, illustrated
in more detail in Appendix B. We will generally refer to the coeffi-
cients of the linear decompositions of bosonic operators as Hopfield
coefficients.”® From the eigenequation

wAy(w) = [Ar(w), Hpg], (16)

the resulting system reads

x(w)(w—-ay) = %fomdw'[yk(w,w')Vk(w') - wk(a),w')VE(a)')],

17)

zi(w)(w + @) = %/O‘oodw'[yk(w, 0 ) Vi(0") = wi( o, w')Vk*(w')],
(18)

p(w )=o) = (@) - 2@V @), (9)
wi(w,0")(w+w') = %[xk(w) - z(0)]Vi(w). (20)

Such a system cannot be trivially solved eliminating one-by-one its
unknowns because under the hypothesis that the eigenfrequency w
falls into the photonic reservoir continuum, there will always be a
value of @’ = w, which makes the left-hand-side of Eq. (19) van-
ish. This is in stark contrast with the discrete case in which coupled
modes are never degenerate with bare resonances.””*’ The system
can, nevertheless, be solved in the distribution sense as

(w0 = [p(w%) £ ye(@)8(w w’)]

y %[xk(w) ~ 2(@)]Vi (@), 1)

where P is the principal value and y, (@) is an unknown function,
which can be fixed by imposing the bosonic commutation relation

[4k(@), AL (0))] = Sed(@ - ). (22)
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The need to introduce the unknown function y, (w) stems from the
fact that y, (w, @), function of w and k, is not determined by Eq. (19)
as its left-hand-side identically vanishes.

After some manipulations, we can solve the system in
Egs. (17)-(20) arriving at the following expressions for the coeffi-
cients

W + Wi Vk(w)

x(w) = 2 o)
- Vi(w
alw)= 42 % Vo)
2 w-app(w)
_ / (23)
(@,0) = 0(w-w') + & Vi(o") Vi(w)
% 2 w-w -i0" @ - ofp(w)’
wr Vi(w Vi(w
wk(w,w')=7k K ,) > k(z)
w+w W - o (w)
with
1 ° ’ Vk(w/)
=1-— dw —————, 24
1) 2wk[oo C w0t (24)

and we defined Vi () the odd analytic extension of | Vi (w)|* in the
negative frequency range.

Exactly, the same procedure can be applied to the Hamiltonian
in Eq. (12) describing the matter sector Hys, by introducing the
bosonic operator for the broadened optically active resonance,

Be(w) = 5(@)bi+ 2(@)b] + [ do'[7(0.0)ule)
+ (o, w’)ﬁ,t(w’)]. (25)
The solution is in the analogous form

_wty Q(w)

)= e att(w)
) o @ Q)
A0) = s a(w)
@y Q(w) Q(w) o
J(ww) =8(w- w)+2w W =0t w? - @3t(w)’
ooy 0x Q@) Qw)
w(ww) =" w? — @t(w)
with
o Q)
Hw)=1 /w W' —w+ 0+’ @7

As for its photon counterpart, we defined Q(w) the odd analytic
extension of |Q(w)|* in the negative frequency range.

ARTICLE scitation.org/journalljcp

We can now recover the inverse transformations for the bare
operators in terms of the broadened ones,

w= [ 5 (@)an(@) - a(@)af@)],

af = [ do[x(e)Al(@) - 5 (@A),
b= [T do[% (@B - 2@)Bl()],
b= [ [x(@B]() - @B ()],

(28)

and write the bare field operators as superpositions of the broadened
fields

i(ac-a) = = [ daf @l + G @) aw)],

29)
(E,t + bk = \/w_xfo dw q(w)Bl(w) +7 (w)Bk(w)],

where the expansion coefficients of the bare fields upon the
broadened operators are given by the expressions

(@) = ~iv/alx(@) + 5(@)] = - LD B
- (@)’ (30)
= —|X(w ) (w)\/w_x
)= \/_[( )@= @2t(w)’

IV. DIAGONALIZATION OF THE FULL LIGHT-MATTER
HAMILTONIAN

After substituting the field operators in Eq. (29) into the cou-
pling Hamiltonian from Eq. (13), the full light-matter Hamiltonian
can be written in the form

Hr = Zk:fooodwwA};(w)Ak(w) + fomdwa};(w)Bk(w)
+Zk:g/0wdw/0wda)'[(k(w)A}:(w) + 3 (0)Ax(@) ]
x [1(@")BL(@) + 1" (@) Be()]: (31)

which describes the broadened photonic mode coupled to the broad-
ened material resonance. Similarly to what done previously, the
Hamiltonian can be diagonalized by introducing the operators for
two polariton branches Pj(w) with j = +,

Pey(@) = [ 7o [f(0.0)A(@') + 250,01 AL (@)
+ (@0 )By(@) + (@, 0B ()], (32)

defined as arbitrary linear superpositions of the bare modes at all
frequencies. By exploiting the eigenequation

wPy;(w) = [Pyj(w), Hr], (33)
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we arrive at a system of equations analogous to Egs. (17)-(20),

fw0) (0 -a) =26 W) [ a0 2015 0,
s (w-a) =g @) [ a2 8D w0y,
K0, 0") (0 = @) (@) = Zj (@, 0") (@ + ") (@),

P, w')(w - w')ﬂ(w') = Wy, (w, w')(w + w')ﬂ*(w').

In order to put the system in Eq. (34) in a form apt to be manipu-
lated and solved, we introduce two unknown integral functions of
the diagonalization coefficients, which as we will see play the role of
photonic and material amplitudes of the polaritonic field,

20’ N
Kig(@) = [ do/ =260 (@),
(35)
Jo(@) = [ dal 200,01,
and two known integral functions of the coupling coefficients,
Wi (@) = P/d ,2|(k( )P, (36)
zw)=p [ a0 2 ) 37)

Note that, notwithstanding the apparent symmetry, the func-
tions related to the photonic component |Kj;(w) [ and Wy (w) have
different units from those of the matter part |J; ;(w) | and Z(w). The
former are pure numbers, while the latter are times squared. This is
due to the specific dependence of the light and matter fields upon
their frequency in the PZW representation, clearly visible in Eq. (29).

We then solve Eq. (34) for the unknown coefficients,

~ ! 1 U *
Ji(0') = [P(ﬁ) #5848~ ) g (@)K (),
~ !/ 1

) sxkj(w)aw o) g @iy w)
(38)
ék’j(w’ CUI) - w+w

Vej(@),

1

Wyj(w ') = w+w,g’7(w,)Kk,j(w)-

The crucial difference between this system of equations and the one
obtained in the single-continuum case in Egs. (17)-(20) is that here
both bare modes have continuum spectra and thus both the first
and the second equations in Eq. (34) diverge. Therefore, we have
to introduce two unknown functions s ;(w) and s, ;(w), analo-
gous to y,(w) introduced in Eq. (21), for each value of frequency,
wavevector, and each polaritonic branch. From Eq. (38), we can see
that those functions allow us to arbitrarily fix the equal-frequency
mixing between coupled and uncoupled modes. We are thus led to
add four different functions at fixed wavevector and frequency, but
the commutator relations

[Pes (@), Pl ()] = Siae8yyrd(0 = @) (39)

ARTICLE scitation.org/journalljcp

represent only three new equations for j,j' = — and ,j' = + (normal-
ization) and j = —, j' = + (orthogonality). This leaves a free function
corresponding to a k- and w-dependent rotation in the space of the
two degenerate polaritonic modes. More generally, in the presence
of L continua, we would add L* unknown functions and obtain

L normalization conditions and =1 orthogonality conditions,

leaving L(%l) quantities to be determined, which is the dimension
of the O(L) group. An element of such a group corresponds to a
rigid rotation in the space of the L Py;(w) modes at fixed k and w,
which would leave Eq. (39) unchanged.

We can also express the polariton operators as superpositions
of the bare ones inserting Egs. (15) and (25) into Eq. (32),

Xix(w)ag + Zj)k(w)al + Yj,k(w)iJk + Wj,k(w)ia,t
+ /Owdw'[&,k(w,w')ak(w') +Zj>k(w,w')(x,t(w')]
+ [T [Vl )Be(@) + Wialw. 0B

Pip(w) =

(40)
with the most relevant Hopfield coefficients having the form
Xeg (@) = [ o[ (0. @ (@) + 20,07 ()]
Zk,j(a)) = /Ooodw'[a"ck,j(w, w')zk(w') + ék,j(w, w')x;(w')], )

YkJ(w) = fooodw'[j/k,j(w,w')k(w') +wa(w,w')2*(w')],
Wi () = /Owdw/[jlkJ(w,w')é(w') + (@, @)% ()]s

representing the single resonant and anti-resonant matter and
photon components of the polariton modes.

Writing explicitly the coefficients as in Eq. (41), we can at this
point find the relations linking the light and matter weight of the
polaritons to the Hopfield coefficients,

Kyj(w) = _i\/__kl:xkj(w) + Zij(w)],

(42)
kji\W) = ——| Ykjl@ kjlw

The bare photonic and matter field operators can then be expressed
in terms of the broadened polaritons,

i(ax - af) = ﬁfowdwz[mj(w)pk,j(w)+Kk,j(w)p;J(w)],
j=%

(43)

(b +0}) \/w_f dwz Jij(@)Pey(@) + Ty ()P (@)], (44)

recognizing in the expressions in Eq. (35) the photonic and mat-
ter components of the broadened polaritonic modes. By expressing
the coefficient j;;(w,w") as in Eq. (38), we also arrive at a relation
between the three quantities defined in Eq. (35),

Jij(@) = Kij(@)g[ Z(@) + syp5(@) I (@)[*]- (45)
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Inserting the second of Eq. (38) into the first of Eq. (35), we derive
the two relations (j = +),

&[2(0) + 54 (@) (@) [[Wi(@) + sexi(@)|Gk(@) ] = 1, (46)

while from Eq. (39), we derive the three equations

g {In(@)*[7* + sk(@)sy s (@) P (@) i (@) + [Gi(@)
x [+ sgkj(@)sir (@) [Kij (@)K (@)} = 80 (47)

for j,j'=—, j,j/ =+ and j=-,j’ =+, respectively. We are thus
left, as anticipated, with an underdetermined set of five equations
[two from Eq. (46) and three from Eq. (47)] in six unknowns: the
K j(w) and the two functions s, x;(w), s,kj(w) for each of the two
values of j.

J
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In Ref. 32, this problem was solved arbitrarily fixing s, (w)
=0 and then solving the remaining equations. Here, instead, we
adopt a different approach, solving directly Eqs. (46) and (47) for
the gauge-invariant quantities. Due to the arbitrariness of the gauge
choice, it is in fact meaningless to distinguish between lower and
upper polariton operators as only the gauge-invariant quantities are
the total photonic and material polaritonic components,

K (w)|* = Zj:i|Kk,j(w)|2>

(48)

2 2

k(@) = ZjeslTkj (@)
Although the solution is algebraically cumbersome, it is pos-

sible to find the analytic expressions for the total light and matter

polaritonic components, which are the central result of this paper,

g [Wi (@) + 7' [G(@)[ [In(@)* + |G (@)

|Ki(w)[* = ;
(g2 Wi(@)Z(w) = 11" + g2 [[n(@) P W (@) + [G(@) 22 (@) ] + 822G @) Pln(w) P[2 + 827G (@) P () ] 49)
(@)’ = g2 (w) + 7 |n(@)[* ]| (@) + ()
[£2Wi(@)Z(w) ~ 11" + g2 [|n(@) W (@) + [G(@) 122 (@) ] + g272( G (@) Pln(w) P[2 + g272( G (@) P n(w) ]
(
Note that the gauge extra variable disappears as expected 22y /‘wP d [Vie(w) @y _ 2qptwp
from Eq. (49), thus proving its pure gauge nature and as a A w = @k a
consequence the correctness of the results from Ref. 32, where w . |Q (w)|2&) e (51)
those same quantities had been calculated by an arbitrary gauge =@+ “do * =@ qm oM
0 w qm

fixing.

V. LORENTZIAN RESONANCES

In order to analytically evaluate the functions introduced
above, we need to specify a model for the coupling between the bare
modes and the photonic and matter reservoirs. We start by writing
a model for homogeneously broadened resonances, thus reproduc-
ing the optical response of a Lorentz dielectric model. There have
been claims that such a dielectric model cannot be modeled in HB
theory.*! This is, nevertheless, false as we will now demonstrate
constructively. The problem in Ref. 41 is that the authors do not rec-
ognize the need to introduce a divergent renormalized frequency.
We will consider couplings of the form

Vi) = = 0w - w) }
Q@) = —22 o (wy - w) 0
qm + wMm

with gp = nw}/2yp and qu = w@2/2ym, where we have introduced
cut-off frequencies wp and wy, and the photonic and matter loss
rates y, and y,,, and @ is the Heaviside function. In Eq. (50) also
appear the renormalized frequencies as from Eq. (14)

The form of the couplings in Eq. (50) has been chosen to
recover, in the limit of diverging cutoff frequencies, Lorentzian res-
onances centered at the bare excitation frequencies. This is shown in
more detail in Appendix D, but by inserting Eq. (50) into Eq. (30),

we obtain
. . [ 2ypw? 1
lim {p(w) =i >
wp—oo T W - W~ iypw

2ymw 1
T ow—-@%—i ’
x ~ IYMw

(52)

lim n(w) =

Wy —> 0o

from which we recognize the two Lorentzian lineforms that would
be obtained from a classical Lorentz dielectric model with center fre-
quency wy or @y and width y,, or y,,. Hence, according to Eq. (36),
we can calculate the other two required functions,
2 2
w - @

Z(@) =248
(w? — @%)" + y3,0?

202 o 2 2 (53)
wk(w - wk) ~ Ypw

(@2 - w}) + ypa

Wk(w) =2

Note that, as made clear from Eq. (51), the frequencies @, and @x
appearing in the Hamiltonians in Eqgs. (11)-(13) diverge with the
cutoffs. Following the basic idea behind renormalization, we can rec-

J. Chem. Phys. 156, 084106 (2022); doi: 10.1063/5.0077950
© Author(s) 2022

156, 084106-7


https://scitation.org/journal/jcp

The Journal

ARTICLE scitation.org/journalljcp

of Chemical Physics

ognize this not to be an issue because they are not observables of our
system, while the proper physical observables, Z(w) and Wy (w) in
Eq. (53), feature only the finite frequencies wy and @y.

Using these explicit forms for the couplings in Fig. 1, we plot
the photonic and material component of each polaritonic branch
obtained with the gauge fixing s, - (w) = 0 used in Ref. 32. As we
can see, the distinction between the operators of the two polari-
tonic branches, represented in the first two columns, is arbitrary and
we cannot identify them with specific resonances. Only their sum,
the total intensity of the photonic or matter components, shown

in the third column, has physical meaning. In Figs. 1-5, the black
dotted line represents the resonant frequency of the material res-
onance @y, the red dashed line represents the photonic frequency
wg, and the blue dashed-dotted lines represent the polaritonic res-
onances in the lossless case from Eq. (8). In Figs. 2 and 3, we plot
the gauge-independent results from Eq. (49) for different values of,
respectively, the losses and the coupling strength, showing that the
theory behaves as predicted from input-output theories,” ’ with two
polaritonic Lorentzian resonances with linewidths proportional to
the weighted average of the light and matter respective linewidths.

=
S

=
o

~

FIG. 1. This figure displays the light
|K+x|* [(a) and (b)] and matter |J. x[?
[(d) and (e)] components of the two
polaritonic branches, as wells as their
sums |Kx> (c) and |Jk> (), when
the gauge is fixed by sxx— =0. The
field spectra are plotted as functions
of the bare cavity frequency wy (red
0 dashed line), while the resonant mat-
ter frequency @y is fixed and used as
a unit of frequency (black dotted line).
Other parameters are g = 0.3wy and
¥p = ¥y = 0.05wy. The field spectra are
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here normalized to the maximum value
for all the plots in the same row. The
calculated polariton modes in the loss-
less case w_x and w. x are marked by

AU

a dotted-dashed blue lines. Although we
maintain the notation K. x and J_., it is
clear that it is no longer possible to iso-
late the contributions of the two polariton
branches.

Frequency (in units of w,) o
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Cavity Frequency (in units of w,) Cavity Frequency (in units of w,) Cavity Frequency (in units of w,)

a) b) €) .
2o K2 K? / K} ¢
g " @ "//_,. ”/ .’/’_,/,// -
e 7 e = FIG. 2. The panels display the effects
g . of the interplay between light and mat-
) &7 y ter losses on the analytically derived
& ol / > o dressed photonic Ky (w)|? [(a)-(c)] and
matter |Jx(w)|? [(b)~(d)] fields. In all
the plot, g =0.3wy, while the losses
d) €) 1) rates are y,, = yp = 04wy in (g) and (d),
. 1 ¥p = 0.05wx and y,, = 0.2wy in (b) and
3 ) ) ) (e),and y, = 0.2and y,, = 0.05wy in (c)
=20 P Tt T and (7). The field spectra are normalized
Z i gt g’ to the maximum value for all the plots in
R i - - . the same row. Al the other parameters
f= T z g il — ‘ =] 2 q h
29 o | g < remain as in Fig. 1.
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a) b) ) .
E 2t K? K? K?
5] k k k -
§' / / FIG. 3. The panels display the analyti-
g | / cal dressed photonic |K(w)|? [(a)~(c)]
& ol P o . and matter |Jy (w)|? [(b)~(d)] fields vary-

ing the light-matter coupling strength g.
In all the plot, y,, = yp = 0.05wy, while

d) €) 1) the coupling is g = 0.01wy in (a) and (d),
. 1 g =0.1wx in (b) and (e), and g = 0.3wy
3,0 p ’ 7 7 in (c) qnd (f). The ﬁelq spectra are here
5] k s k e k pa normalized to the maximum value for all
2 e yd g the plots in the same row. All the other
3 /’ il / 5 parameters remain as in Fig. 1.
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VI. DIAGONALIZATION WITH COLORED RESERVOIRS by choosing frequency-dependent coupling functions Vi (w) with
support in the chosen frequency range. Exactly the same pro-

The theory we developed allows us to model polaritonic sys- cedure would couple to the matter component by using Q(w)
tems with arbitrary colored reservoirs, including the scientifically instead.
and technologically relevant case of a continuum absorption band, The presence of an absorption band will generally not sub-
a case object of multiple theoretical”” ”® and experimental’’ "’ stitute other loss channels influencing the excitations lifetime and
studies. Focusing for the sake of definiteness on a compactly sup- the necessity of keeping both can cause some formal problem given
ported reservoir interacting with the photonic component of the that, as we saw before, the modeling of a Lorentzian resonance
excitation (an absorption band), we can include it in the theory  requires us to renormalize an otherwise infinite resonant frequency.
0 ) ) 1
[} e
2 = .
=7 < FIG. 4. The panels display the field
g e functions  |Kx(w)? [(a)~(c)] and
g ~ |Jk(@)[? [(b)-(d)], with the presence of
g a rectangular absorption band centered
il : : 0 at frequency w;=2 and of width

A. The green dotted lines mark the
band boundaries. In all the plots, «

d) e) ) L = 0.05wy; the reservoir losses rates
T3l g N are yy, = yp = 0.05wy, and A = wy [(a)
= i ‘ Iy and (d)], A = 0.6wy [(b) and (e)], and
g [r—— Al A = 0.2 [(¢) and (], The field spectra
ER y ‘ are normalized to the maximum value
= A 7 = for all the plots in the same row. All the
‘gf _— . / - other features remain as in Fig. 1.
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In this section, we will provide the recipe to add an arbitrary col-
ored reservoir on the top of the Lorentzian one. The microscopic
reservoir modes leading to the Lorentzian line shape of the uncou-
pled photonic resonance are a priori completely uncorrelated from
those leading to an absorption band. They will in many cases have
even different physical origins, e.g., phonon interaction for the for-
mer and interaction with electronic bands for the latter. As better
explained in Appendix A, this means their effects sum incoherently
and we can thus write the full interaction of the photonic component
with its environment using the coupling function,

Vi(@)” = [V (@) +| Vi (@), (54)
where V}(w) and V} (w) model, respectively, the interaction with
the photonic reservoir and the absorption band, defined by a nor-
malized density F(w) with F(w<0) =0, [;dwF(w)=1, and a
dimensionless coupling intensity x. The two coupling functions take
the form

W

VE(@)* = ®((A)P—w)

wwkqp K (55)

Vi(w)f = F(w),

qp+wpl+k

where |V{(w)[?, which will lead to the Lorentzian broadening as in
the previous case, has the same form as in Eq. (50), and the other
term is chosen in order to provide the required absorption band after
the renormalization.

The dressed frequency of the photonic mode is now renor-
malized by both terms. It is practical to write the impact of the
Lorentzian broadening as a renormalization over the frequency of
the photonic resonance @ dressed only by the absorption band,

e Vo g +
at=ai+ [ do! k(‘:” = :cbiq”qp‘”", (56)

and define the latter as

2, /“dw\Vi(w)V&’k
0 w

= wr(1 +x). (57)

We then follow the same diagonalization procedure as in
Sec. I11, with function y, (w) now taking the form

Vk(w )

1 <y, /
w=1- [ dor D) _ f
xe(@) 20) J-oo o —w+i0" 20 J- o - w+i0*’
(58)

where VY (w) and V. (w) are the odd analytical extensions in the neg-
ative frequency range of |V} (w)|* and |V} (w)[, respectively. The
squared function |¢; (w)|* can be written as in Eq. (30),

|Vk(“’)|2w2wk

N ‘Vll(w)|2w2a)k
|0 - (@) |w?

- o ()P’

(@) = (59)

leading to, after some algebra, and after letting wp — oo,
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FIG. 5. Coupled photonic K,f (a) and matter Jf (b) fields as a function of the bare
cavity frequency wy, calculated starting from a Coulomb representation Hamilto-
nian. The light-matter coupling is g = 0.3wy, while the loss rates are y, = y,,
= 0.05wy. All the other parameters remain as in Fig. 1.

3
()

[0? - Q2 (w)]" +

with effective central frequency and effective losses

Qi(w)=wi|:1+1<( P/‘mwF(|w|)

W —w

()P = [ e, Kka(w)] (60)

b

where the linewidth of the Lorentzian losses is now defined as a
T[(Uk

function of the frequency dressed by the absorption band yp = 7 %.

+ w0l (w)?

nkwiF(w)

[w) = 5

>

Note that in the low-frequency regime w — 0 from Eq. (61), we have
Q ~ wy, showing that the presence of the absorption band does not
change the background permittivity.

From Eq. (60), we see that the photonic losses increase in the
frequency region in which F(w) # 0, an effect already observed in
Ref. 30, and it also leads to a resonance effect in the central fre-
quency. This can be understood in light of recent studies on strong
coupling with the continuum,”*** and we expect it to model the pos-
sibility of the photonic resonance becoming strongly coupled with
the absorption band. From the renormalized expressions in Eq. (61),
the integral function Wy(w) in Eq. (36) can be simply evaluated
numerically.

In Fig. 4, we plot the example results obtained using a sharp
absorption band of center frequency w. and width A,

Flw) = §®(§flw7wcl)- 62)

The boundaries of the band are marked by the horizontal green
dashed lines. We recognize the effects expected from our analytical
results: The band acts as a localized absorber for the photonic com-
ponent of the polariton, and eventually, the polaritonic mode gets
strongly coupled to the band, an effect better visible when the band
width becomes comparable with the intrinsic photonic linewidth.

VII. CONCLUSIONS

In this article, we exactly solved the polaritonic problem with
a quantum formalism in the case of arbitrary dissipative couplings
for both the bare photonic and matter excitations. In order to do
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this, we discussed the extension of Fano and HB theories to the
case of multiple discrete levels coupled to multiple continua, show-
ing how a gauge indeterminacy emerges. While a previous approach
to this problem had been to perform an arbitrary gauge choice,
here we analytically calculated the gauge-invariant observables. We
thus demonstrated both the self-consistency of our theory and pro-
vided an analytical, albeit cuambersome formula allowing to exactly
calculate the resonance line shape for strongly coupled resonances
interacting with reservoirs of arbitrary spectral shapes. We then
showed how colored features can be practically added to a homo-
geneous resonance linewidth. Note that while our approach is based
on a purely bosonic spectrum of the material resonance, generally
correct for plasmonic and phononic systems, saturation finite size
effects can a priori be included in the theory as higher order terms.**
The same is true for generic terms present in the PZW Hamiltonian
nonlinear in the light and matter fields, which can be written using
Eq. (43) as nonlinear polaritonic interactions.

We hope these results will be of use in the subfields of polari-
tonic in which losses have an important impact. This is true, for
example, in plasmonic systems, characterized by important Ohmic
losses, nonlocal systems where photonic excitations couple to a con-
tinuum of propagative modes, and in systems in which the extremely
large coupling between light and matter pushes the polaritonic res-
onances into other spectral features.””" In order to facilitate the use
of our results by the community, we uploaded on GitHub a Matlab
code implementing them.*’
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APPENDIX A: THE FANO DIAGONALIZATION AND ITS
EXTENSION

In this appendix, we briefly discuss the basic idea behind the
Fano diagonalization and its extensions to the case of many con-
tinua or many discrete levels. Following Ref. 2, we consider the
Hamiltonian

H:waTa+fdw'w'b*(w')b(w')+fdw'g(w’)
x [bT(w')a + aTb(a)')], (A1)

where in the original paper a and b(w) in Eq. (A1) are normalized
Hilbert space vectors, but in the present context, they can as well
be interpreted as second-quantized annihilation operators. Under

ARTICLE scitation.org/journalljcp

the assumption that all the coupled eigenvalues fall inside the ini-
tial continuum range, Fano showed how the system can be exactly
diagonalized in terms of a hybridized continuum,

P(w) = x(w)a+fdw'y(w,w')b(w'). (A2)

The discrete mode thus gets dressed by a cloud of continuum exci-
tations, translating into a spectral broadening of the resonance.
Notice that this set of solution is not necessarily complete, as known
from the study of the Friederichs-Lee model.** In the bound-to-
continuum strong coupling regime, discrete modes can emerge from
the continuum, as theoretically and experimentally demonstrated in
the case of two-dimensional electron gases.”**’

After having completed the diagonalization procedure, Fano
passes to consider the case in which there are N discrete levels and
one continuum. Such a problem can be reduced to the one treated
above by initially performing a partial diagonalization of one dis-
crete level coupled to the continuum, leading to a novel Hamiltonian
in the same form as the initial one, but this time with N — 1 discrete
levels. Proceeding by iteration, the system can be solved in terms of
a single hybridized continuum of the form

P(w) = ;xn(w)an + [ dw'y(w, " )b(w"). (A3)

Finally, the case of a single discrete state coupled to N continua
is treated, described by the Hamiltonian

N
H=wd'a+) f do’ @b} (0" )b(w)
n=1
N
+y / da)'gn(w')[bz(w')a+aTbn(w')]. (A4)
n=1
Such a system can be solved by performing the transformation
. N
bm(w) = Z Umn(w)bn(w)> (AS)
n=1
where Uy, (w) is a unitary matrix whose first row is given by

Unn(w) = jﬁ‘;g (A6)

N
&i(w) = gn(w)?, (A7)
n=1

transforming Eq. (A4) into the Hamiltonian of one discrete
level coupled to a single continuum, plus other N — 1 uncoupled
continua,

with

N ~ ~
H=wa'a+ > / do’ @b} (0" )b,(0)
n=1

+/dw'gl(w')[BI(w')a+atl;l(w')]. (A8)
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APPENDIX B: HUTTNER-BARNETT DIAGONALIZATION

In this appendix, we perform the HB diagonalization of the
Hamiltonian Hpg in Eq. (11), describing the interaction between
the discrete photon mode and the photonic reservoir, modeled as
an ensemble of harmonic oscillators indexed by the continuum
frequency w.

We introduce the bosonic operators describing broadened
photons A (w),

Ap(w) = xp(w)ag + zk(w)a,t + f dw'[yk(w, oo (w")
+wk(w,w')oc}:(w')], (B1)

whose coefficients are chosen so that the operators satisfy the
eigenequation

wAk(w) = [Ax(w), Hep]. (B2)

This equation leads to the system between the coefficients

(W) (w—ay) = %Awdw'[yk(w,w')Vk(w') —wk(w,w')VI:(w')],
(B3)

() (@+ @) = %fowdw’[yk(w,w’)vk(w’)-wk(w,w’)v,:(w’)],
(B4)

yie(w, 0 )(w-0') = %[xk(w) - z(@)]Vi (@), (BS)

w0 )(w+a') = %[xk(w) (@), (B6)

This set of equations can be solved to obtain z(w), y, (@, ®"), and
zr(w, ®") in terms of x;(w). By subtracting Eq. (B4) from Eq. (B3),
we obtain

W — Wk
X (w), B7
w+&>k k( ) ( )

z(w) =

which can be substituted in Egs. (B5) and (B6) to obtain

pwe) = [P( =) + @)t w’)]_v;(w')w‘f"@kxka‘()l);s |
wi(@, ') = [w +1 w,]Vk(w') : ‘:k&)kxk(w).

The function y, (@) can be found, after some algebra, replacing
both the equations in Eq. (B8) with Eq. (B3),

IO 1 * V(o)
W) =3 et @it L e ®

where we assume that the analytic extension in the negative
frequency range Vi(w) of |Vi(w)|* is an odd function. In order to
calculate x;(w), we impose the commutation relation

[4k(@), AL ()] = b - ). (B10)
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By using the expression for Ay(w) in Eq. (B1) and for the coeffi-
cients in Egs. (B4) and (B8), in terms of x¢(w), Eq. (B10) leads to the
definition of x;(w) up to a phase factor,

W+ W 1
(Z)V]:'(w) yi(w) —in’

xi(w) = (B11)

Exploiting the expression for y,(w) in Eq. (B9), Eq. (B11) can be
written as

W + Wi Vk(w)
x(w) = ~ (B12)
k 2 w- wi)(k(w)
with
1 o 7 Vk(w’)
=1-— dw —————. B13
xe(@) 2ax [oo ¢ —w+io* (B13)

The final expressions for the coefficients are thus obtained as
Vi(w)
2 - ai(w)’
- Wg Vi(w)
2 w?- d)i)(k(w)’
o Vi(o') Vi(w)
2 w-w -0 W - oiy(w)
@ V(@) Vi(w)
2 0+ W -atg(w)

W + Wk

x(w) =

z(w) = ¢

(B14)

yi(w, a)') =0(w- w') +

wi(w,w') =

We have thus demonstrated that the operators Ax(w) are eigenso-
lutions of Hpg. The proof these operators form a complete set of
solutions in the case of an unbounded continuum can be found
in the original HB paper’ in which the linear transformation in
Eq. (B1) is inverted, expressing the discrete a; operator as a linear
superposition of Ay (w).

APPENDIX C: DIAGONALIZATION IN THE COULOMB
REPRESENTATION

In this appendix, we show how our approach gets modified if
one wants to work in the Coulomb representation. Given that only
relatively few quantities are affected by the change, we just pro-
vide the expressions for the affected ones. The Hamiltonian in the
Coulomb representation can be written as

=l + bl + 8y [2 ol - ][o -]
P k

2 2
+ Z@[ai +ak] , (C1)
k @k
in which we can see the appearance of a diamagnetic A* term. After

reabsorbing such a diamagnetic term by performing a Bogoliubov
transformation, the Hamiltonian takes the form

H =Y (@xafa+ oxbby) + iz\/zj:[a,ﬁ +a][gb] g bi]
k k

(C2)
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with rotated photon operators

a :(bk+wk wk—wk T (C3)
k 2\/(bkwk 2\/wkw
and renormalized cavity frequency
@y = wp + 4gl* (C4)

The dispersion relation obtained diagonalizing the Hamiltonian in
Eq. (C2)is

4 2

2 ~2

Wy @ 2Ig\
wi,k

") (C5)

with solutions

I
Wyp = ﬁ\/wi +twkt \/(wk - w2)? +16[g)2w?.  (C6)

In the Coulomb representation, the expressions of the field operators
in Eq. (29) are modified as

(a0 +af) = \/a)_kfwdw L)AL (@) + & (@)A() ]

)
i(bf - bi) = \/_f do’[n(w)BL(@) + 1" () Bi(w) ],

where

Vk(w)\/&’_k
w? - @2 y(w)’

Q(w)w\/w_x

wzt(w)

By substituting the bare operators with the dressed ones, we arrive
at the Hamiltonian as in Eq. (31), which can be diagonalized by the
same procedure described in the main text. The dressed photonic
and matter field operator can be finally written as superpositions of
polaritonic broadened modes as

Gk(w) = 7[xk(w) z(w)] =
Vax (C8)

n(w) = ivax[x(w) + 2(w)] =

(a0 +a}) = \/&kaomde[K,:j(w)Pj(w) + Ky ()P (0) ],

(C9)
(b)) = o [ X @B @) + (@ @]
where
Kij() = ﬁ[xk,j(ao - 24(0)], .

Ji(w) = —ivax[Yj(w) + Wj(w)].

Note that in the Coulomb representation, the functions related to
the photonic component and those related to the matter part have
exchanged units from those in the PZW representation. This is due
to the inverted dependence of the light and matter fields upon their
frequency.
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APPENDIX D: DERIVATION OF ANALYTICAL RESULTS
FOR A LORENTZIAN BROADENING

In this appendix, we will derive the analytical expression of
the functions {;(w) and #(w) in the case of a Lorentzian broaden-
ing. This is not completely trivial, as testified by the existence of a
published paper claiming it is impossible.*! The key issue is that in
order to recover a frequency-independent broadening, the shift in
the mode due to the coupling with the reservoir has to diverge. As
such, the result can only be found by a renormalization procedure
allowing to cancel such a divergence.

Assuming that the coupling potentials to the photonic and mat-
ter reservoirs take the form in Eq. (50), we can calculate the dressed
resonance frequencies

2+/‘°°dw|Vk(w)|2fbk _ I er
qr

wﬁ_w +/ dw |Q((U)‘ Wy _ -2qM+(UM
qm

(D1)

and the real and imaginary parts of functions y, (w) and t(w) as

Re[x¢(w)] = lim [1_1 !

p—> 00 qu+wp

2w
X (pr+2a) log(l— ))],
w + wp

Tw
- lim ——
m([y(w)] = e+ wp)’

Re[t(@)] = lim [1-1 !

(D2)

Wy —> 00 2 qMm + wm
x (ZwM +2w log(l - 2w ))],
w + Wpm
Im[t(w)] = ™

oo 2 gas + wn)

In the limit of infinite cut-off frequency wp — oo and wy — oo,
the resonant frequencies diverge, but the intensity of the coupling
vanishes, and we arrive at the finite results,

lim @Re[y(w)] = d)i( el ) = wp,
wp—> 00

qr + wp
lim odm[y(w)] = wk;—w
' a (D3)
wi{iTm&)iRe[t(w)] = a)(z)(q]v]iiMwM) = Wy,
hm wXIm t(w 2 o
(1)) = @2

By inserting Eq. (D3) into Eq. (30), we finally obtain the Lorentzian
form for the functions {}(w) and n(w) as

. 2ypw? 1
Glw) =i V. 7 o -wl-ippw’ (D4)
2YymMw 1
= . D5
n(w) =g\/ = = - pER— (D5)

J. Chem. Phys. 156, 084106 (2022); doi: 10.1063/5.0077950
© Author(s) 2022

156, 084106-13


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

REFERENCES

VH.-P. Breuer and F. Petruccione, The Theory of Open Quantum Systems (Oxford
University Press, 2007).

2U. Fano, “Effects of configuration interaction on intensities and phase shifts,”
Phys. Rev. 124, 1866-1878 (1961).

3B. Huttner and S. M. Barnett, “Quantization of the electromagnetic field in
dielectrics,” Phys. Rev. A 46, 4306-4322 (1992).

“C. R. Gubbin, S. A. Maier, and S. De Liberato, “Real-space Hopfield diag-
onalization of inhomogeneous dispersive media,” Phys. Rev. B 94, 205301
(2016).

5S. Savasta and R. Girlanda, “Quantum description of the input and output
electromagnetic fields in a polarizable confined system,” Phys. Rev. A 53, 2716
(1996).

8C. Ciuti and I. Carusotto, “Input-output theory of cavities in the ultrastrong cou-
pling regime: The case of time-independent cavity parameters,” Phys. Rev. A 74,
033811 (2006).

7S. De Liberato, “Comment on ‘System-environment coupling derived by
Maxwell’s boundary conditions from the weak to the ultrastrong light-matter-
coupling regime,” Phys. Rev. A 89, 017801 (2014).

8F. Beaudoin, J. M. Gambetta, and A. Blais, “Dissipation and ultrastrong coupling
in circuit QED,” Phys. Rev. A 84, 043832 (2011).

9M. Bamba and T. Ogawa, “Recipe for the Hamiltonian of system-environment
coupling applicable to the ultrastrong-light-matter-interaction regime,” Phys. Rev.
A 89, 023817 (2014).

107, Tles-Smith, N. Lambert, and A. Nazir, “Environmental dynamics, correlations,
and the emergence of noncanonical equilibrium states in open quantum systems,”
Phys. Rev. A 90, 032114 (2014).

"F. Alpeggiani and L. C. Andreani, “Quantum theory of surface plasmon
polaritons: Planar and spherical geometries,” Plasmonics 9, 965-978 (2014).

125, Franke, S. Hughes, M. K. Dezfouli, P. T. Kristensen, K. Busch, A. Knorr, and
M. Richter, “Quantization of quasinormal modes for open cavities and plasmonic
cavity quantum electrodynamics,” Phys. Rev. Lett. 122, 213901 (2019).

5p. T. Leung, S. Y. Liu, and K. Young, “Completeness and orthogonality of
quasinormal modes in leaky optical cavities,” Phys. Rev. A 49, 3057 (1994).

P, Lalanne, W. Yan, K. Vynck, C. Sauvan, and J.-P. Hugonin, “Light interac-
tion with photonic and plasmonic resonances,” Laser Photonics Rev. 12, 1700113
(2018).

D, Ballarini and S. De Liberato, “Polaritonics: From microcavities to sub-
wavelength confinement,” Nanophotonics 8, 641-654 (2019).

'8P, Forn-Diaz, L. Lamata, E. Rico, J. Kono, and E. Solano, “Ultrastrong coupling
regimes of light-matter interaction,” Rev. Mod. Phys. 91, 025005 (2019).

7 A. Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta, and F. Nori,
“Ultrastrong coupling between light and matter,” Nat. Rev. Phys. 1, 19-40 (2019).
"8A. A. Anappara, S. De Liberato, A. Tredicucci, C. Ciuti, G. Biasiol, L. Sorba,
and F. Beltram, “Signatures of the ultrastrong light-matter coupling regime,” Phys.
Rev. B 79, 201303 (2009).

9G. Scalari, C. Maissen, D. Hagenmiiller, S. De Liberato, C. Ciuti, C. Reichl,
W. Wegscheider, D. Schuh, M. Beck, and J. Faist, “Ultrastrong light-matter cou-
pling at terahertz frequencies with split ring resonators and inter-Landau level
transitions,” . Appl. Phys. 113, 136510 (2013).

20y, B. Khurgin, “Excitonic radius in the cavity polariton in the regime of very
strong coupling,” Solid State Commun. 117, 307 (2001).

215, Brodbeck, S. De Liberato, M. Amthor, M. Klaas, M. Kamp, L. Worschech, C.
Schneider, and S. Hofling, “Experimental verification of the very strong coupling
regime in a GaAs quantum well microcavity,” Phys. Rev. Lett. 119, 027401 (2017).

ARTICLE scitation.org/journalljcp

22N. S. Averkiev and M. M. Glazov, “Light-matter interaction in doped
microcavities,” Phys. Rev. B 76, 045320 (2007).

2D, S. Citrin and J. B. Khurgin, “Microcavity effect on the electron-hole relative
motion in semiconductor quantum wells,” Phys. Rev. B 68, 205325 (2003).

24, Cortese, 1. Carusotto, R. Colombelli, and . De Liberato, “Strong coupling of
ionizing transitions,” Optica 6, 354 (2019).

25M. M. Parish, “Excitons in a new light,” Nat. Phys. 17, 16-17 (2021).

28], Cao, S. De Liberato, and A. Kavokin, “Strong light-matter coupling in
microcavities characterised by Rabi-splittings comparable to the Bragg stop-band
widths,” New J. Phys. 23, 113015 (2021).

27Y. Liuand A. A. Houck, “Quantum electrodynamics near a photonic bandgap,”
Nat. Phys. 13, 48-52 (2017).

28N. S. Mueller, Y. Okamura, B. G. M. Vieira, S. Juergensen, H. Lange, E. B. Bar-
ros, F. Schulz, and S. Reich, “Deep strong light-matter coupling in plasmonic
nanoparticle crystals,” Nature 583, 780-784 (2020).

29E. Cortese, N.-L. Tran, J.-M. Manceau, A. Bousseksou, I. Carusotto, G. Biasiol,
R. Colombelli, and S. De Liberato, “Excitons bound by photon exchange,” Nat.
Phys. 17, 31-35 (2021).

30g, Rajabali, E. Cortese, M. Beck, S. De Liberato, J. Faist, and G. Scalari,
“Polaritonic nonlocality in light-matter interaction,” Nat. Photonics 15, 690
(2021).

317, B. Khurgin, “How to deal with the loss in plasmonics and metamaterials,” Nat.
Nanotechnol. 10, 2 (2015).

323, De Liberato, “Virtual photons in the ground state of a dissipative system,”
Nat. Commun. 8, 1465 (2017).

33D. De Bernardis, P. Pilar, T. Jaako, S. De Liberato, and P. Rabl, “Breakdown of
gauge invariance in ultrastrong-coupling cavity QED,” Phys. Rev. A 98, 053819
(2018).

34A. Stokes and A. Nazir, “Gauge ambiguities imply Jaynes-Cummings physics
remains valid in ultrastrong coupling QED,” Nat. Commun. 10, 499 (2019).

350. Di Stefano, A. Settineri, V. Macri, L. Garziano, R. Stassi, S. Savasta, and F.
Nori, “Resolution of gauge ambiguities in ultrastrong-coupling cavity quantum
electrodynamics,” Nat. Phys. 15, 803-808 (2019).

36¢, Ciraci, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernandez-Dominguez, S. A.
Maier, J. B. Pendry, A. Chilkoti, and D. R. Smith, “Probing the ultimate limits of
plasmonic enhancement,” Science 337, 1072-1074 (2012).

37C. R. Gubbin and S. De Liberato, “Optical nonlocality in polar dielectrics,” Phys.
Rev. X 10, 021027 (2020).

381.]. Hopfield, “Theory of the contribution of excitons to the complex dielectric
constant of crystals,” Phys. Rev. 112, 1555 (1958).

395, De Liberato, “Light-matter decoupling in the deep strong coupling regime:
The breakdown of the Purcell effect,” Phys. Rev. Lett. 112, 016401 (2014).

“0Y. Todorov, “Dipolar quantum electrodynamics of the two-dimensional
electron gas,” Phys. Rev. B 91, 125409 (2015).

#1S. M. Dutra and K. Furuya, “The permittivity in the Huttner-Barnett theory of
QED in dielectrics,” Europhys. Lett. 43, 13 (1998).

42E, Cortese, L. Garziano, and S. De Liberato, “Polariton spectrum of the Dicke-
Ising model,” Phys. Rev. A 96, 053861 (2017).

“3E. Cortese and S. D. Liberato, https://github.com/SDeLiberato/Broadened
Polaritons.git, 2022.

“4p. Facchi, M. Ligabo, and D. Lonigro, “Spectral properties of the singular
Friedrichs-Lee Hamiltonian,” ]. Math. Phys. 62, 032102 (2021).

J. Chem. Phys. 156, 084106 (2022); doi: 10.1063/5.0077950
© Author(s) 2022

156, 084106-14


https://scitation.org/journal/jcp
https://doi.org/10.1103/physrev.124.1866
https://doi.org/10.1103/physreva.46.4306
https://doi.org/10.1103/physrevb.94.205301
https://doi.org/10.1103/physreva.53.2716
https://doi.org/10.1103/physreva.74.033811
https://doi.org/10.1103/physreva.89.017801
https://doi.org/10.1103/physreva.84.043832
https://doi.org/10.1103/physreva.89.023817
https://doi.org/10.1103/physreva.89.023817
https://doi.org/10.1103/physreva.90.032114
https://doi.org/10.1007/s11468-014-9703-6
https://doi.org/10.1103/physrevlett.122.213901
https://doi.org/10.1103/physreva.49.3057
https://doi.org/10.1002/lpor.201700113
https://doi.org/10.1515/nanoph-2018-0188
https://doi.org/10.1103/revmodphys.91.025005
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1103/physrevb.79.201303
https://doi.org/10.1103/physrevb.79.201303
https://doi.org/10.1063/1.4795543
https://doi.org/10.1016/s0038-1098(00)00469-5
https://doi.org/10.1103/PhysRevLett.119.027401
https://doi.org/10.1103/physrevb.76.045320
https://doi.org/10.1103/physrevb.68.205325
https://doi.org/10.1364/optica.6.000354
https://doi.org/10.1038/s41567-020-1004-8
https://doi.org/10.1088/1367-2630/ac3260
https://doi.org/10.1038/nphys3834
https://doi.org/10.1038/s41586-020-2508-1
https://doi.org/10.1038/s41567-020-0994-6
https://doi.org/10.1038/s41567-020-0994-6
https://doi.org/10.1038/s41566-021-00854-3
https://doi.org/10.1038/nnano.2014.310
https://doi.org/10.1038/nnano.2014.310
https://doi.org/10.1038/s41467-017-01504-5
https://doi.org/10.1103/physreva.98.053819
https://doi.org/10.1038/s41467-018-08101-0
https://doi.org/10.1038/s41567-019-0534-4
https://doi.org/10.1126/science.1224823
https://doi.org/10.1103/physrevx.10.021027
https://doi.org/10.1103/physrevx.10.021027
https://doi.org/10.1103/physrev.112.1555
https://doi.org/10.1103/PhysRevLett.112.016401
https://doi.org/10.1103/physrevb.91.125409
https://doi.org/10.1209/epl/i1998-00311-6
https://doi.org/10.1103/physreva.96.053861
https://github.com/SDeLiberato/Broadened_Polaritons.git
https://github.com/SDeLiberato/Broadened_Polaritons.git
https://doi.org/10.1063/5.0013032

