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Reciprocal asymptotically decoupled Hamiltonian for cavity quantum electrodynamics
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We develop a theoretical framework for describing light-matter interactions in cavity quantum electrodynam-
ics (QED), optimized for efficient convergence at arbitrarily strong coupling strengths and is naturally applicable
to low-dimensional materials. This Hamiltonian is obtained by applying a unitary gauge transformation on the
p - A Hamiltonian, with a shift on both the matter coordinate and the photonic coordinate, then performing a
phase rotation and transforming in the reciprocal space of the matter. By formulating the light-matter interaction
in terms of an upper-bounded effective coupling parameter, this method allows one to easily converge eigenspec-
tra calculations for any coupling strength, even far into the ultra-strong and deep-strong coupling regimes. We
refer to this approach as the reciprocal asymptotically decoupled (RAD) Hamiltonian. The RAD Hamiltonian
allows for a fast convergence of the polariton eigenspectrum with a much smaller matter and photon basis,
compared to the commonly used p - A or dipole gauge Hamiltonians. The RAD Hamiltonian also allows one to
go beyond the commonly used long-wavelength approximation and accurately describes the spatial variations of

the field inside the cavity, which ensures the conservation of momentum between light and matter.
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L. INTRODUCTION

Quantum electrodynamics has been extremely successful
in describing the fundamental quantum interaction between
light and matter [1]. Different applications of this theory, from
quantum optics [2-5] to polariton chemistry [6—10], have been
at the forefront of physics. Many approximations, including
the two-level approximation, the rotating-wave approxima-
tion, and the neglecting of second-order terms such as the
dipole self-energy (in the multipolar gauge) or the diamag-
netic term (in the Coulomb gauge) have historically been
sufficient to replicate experimental results. However, in recent
years, experimental advances in optical cavity design have
produced light-matter coupling strengths, for which these ap-
proximations are no longer valid [10-13]. This, in conjunction
with the recent increase in computational power, has led to a
revival of exact, fundamental forms of cavity QED [11,14—
16].

The most fundamental cavity quantum electrodynamics
(QED) Hamiltonian [1] is the minimal coupling Hamiltonian
(also known as the “p - A” Hamiltonian). However, as widely
discussed in the literature [12,14—17], the p - A Hamiltonian
converges very slowly in terms of matter states [12,17]. One
can resolve this issue caused by the truncation of this Hamil-
tonian’s Hilbert space by carefully considering the proper
way to apply the appropriate projection operators during the
derivation of various Hamiltonians [14,15,18]. Many oth-
ers instead use the Pauli-Fierz Hamiltonian [6,17,19-34],
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which is related to the minimal coupling Hamiltonian via
the Power-Zienau-Woolley unitary transformation (see Ap-
pendix E), transforming it into the dipole gauge (multipolar
gauge). The PF Hamiltonian, while requiring fewer matter
states (compared to the “p - A” Hamiltonian) has been shown
to require significantly more Fock states to converge when
the light-matter coupling strength is large [17,35]. These
above-mentioned convergence difficulties for both common
gauges become especially salient in the ultra-strong coupling
regime [36,37] and the deep-strong coupling regime [13],
where the Rabi splitting becomes greater than the cavity
transition frequency [13,38]. In this regime, even simple mod-
els become extraordinarily difficult to calculate in either the
dipole or Coulomb gauge [38]. Although these regimes may
seem unreachable experimentally, experimentalists in recent
years have demonstrated such couplings on multiple occa-
sions [39-41]. These experimental innovations require a new
theoretical framework to accurately model them.

In a recent paper [38], Ashida et al. introduced a repre-
sentation to model cavity QED systems for arbitrary coupling
strengths that use an effective coupling parameter, which
has a global maximum at a finite value of the original cou-
pling strength and then decays; hence, it is referred to as
the asymptotically decoupled (AD) Hamiltonian. However,
the AD Hamiltonian mediates light-matter coupling by shift-
ing the matter coordinates in their external potential by a
photonic operator. Unless the potential is of a specific form
(such as a simple cosine function), even model-system cal-
culations require applying a Taylor series expansion of the
potential. Taking inspiration from the AD Hamiltonian [38],
we introduce the reciprocal asymptotically decoupled (RAD)
Hamiltonian, which possesses the benefits of the AD Hamilto-
nian, but all components of it are separable between operators
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in the photonic and electronic degrees of freedom (DOFs),
regardless of the potential. Expressed in Fourier space, the
RAD Hamiltonian can be directly applied to periodic systems.

In formulating this representation of QED, we arrive at
three key results that make this formalism widely applicable
to many systems. We derive a general expression for the
RAD Hamiltonian for many modes and particles presented in
Eq. (25), which is the first key result. In the special case of
a single particle coupled to a single-cavity mode, the specific
expression of the RAD Hamiltonian is expressed in Eq. (28).
Then, we focus on the special case of periodic systems, where
we can parametrize the Hamiltonian in terms of the lattice
momentum K, yielding ﬁRAD(k) as the second key result of
this paper in Eq. (38). Finally, we generalize the formalism,
going beyond the commonly used long-wavelength approxi-
mation (LWA) to arrive at our final key result in Eq. (61). We
show that many forms of the LWA currently in use violate
the conservation of momentum between the light and matter
DOFs, with our formulation explicitly preserving it. With
these key results, we hope that this RAD Hamiltonian will
shed light on investigating cavity QED systems, especially for
periodic systems like 2D materials and systems that go beyond
the ultra-strong coupling regime.

II. ASYMPTOTICALLY DECOUPLED HAMILTONIAN

We present a brief derivation of the asymptotically de-
coupled (AD) Hamiltonian [38] to provide the context for
the rest of this article. We begin our derivation of the AD
Hamiltonian with the most fundamental QED Hamiltonian
[1], the minimal coupling Hamiltonian (also known as the
“p - A” Hamiltonian) in the Coulomb gauge (V-A =0) as
follows:
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where B iterates over all photonic modes (with wavevec-
tors kg, and polarizations A) and j is the index of the jy
charged particle (including all electrons and nuclei), with
the corresponding mass m;, charge z;, and p; = —ihiV; is
the canonical momentum o 7Perator The quantlzed vector po-
tential A =", Ap(ap + ag) = g Ap(ag + aﬂ)eﬁ is purely
transverse, defined by the Coulomb gauge under the long-
wavelength approximation, where &; and ag are the raising
and lowering operators of the photonic DOF that satisfy
[ag, &;,] = 8,4 and &g is the polarization direction of the By,

T

quantized electric field. Furthermore, th => 8 hawg (&2&/3 +

%) is the pure photonic Hamiltonian.

Following the procedure in Ref. [38], we derive the asymp-
totically decoupled (AD) Hamiltonian generalized for many
charged particles and many photonic modes. We first rewrite
Eq. (1) in its expanded form as
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where Hy is the pure matter Hamiltonian, and 1. and ﬁph
are the identity operators in the electronic and photonic sub-
spaces, respectively. For simplicity, we will omit writing these
two identity operators unless explicitly mentioned.

We introduce a new mode-dependent coupling parameter,
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where we can reexpress the H,,. as
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where we have explicitly expanded |A|2. Note that the cou-
pling strength 4 has a unit of frequency, and yg/wg can be
used as the unitless coupling parameter to characterize the
light-matter coupling strength. In the second line of Eq. (4),
there are now direct coupling terms between different modes.
Equivalently, this can be written in terms of the mode’s pho-
tonic momentum pg, and coordinate gg as follows:
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where pg and gz are defined as

h
~” Ay oA
ap =,/ 20y (ag +ap), (6a)

w -
by = iy =" (@} —ap). (6b)

We can then perform a normal mode analysis (see
Appendix A) on the second line of Eq. (5) to generate a set of
noninteracting modes {«}, with transformed frequencies {2, }.
As an aside, note that in the single-mode limit, this reduces
to a Bogoliubov transform (see Appendix B). The Coulomb
gauge Hamiltonian in Eq. (5) then becomes
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where further details on the normal mode transformation are
contained in Appendix A, and the coupling strength §; , is

p2 + Q242
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expressed as
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Note that the values of both €2, and A, must be found by the
normal mode transformation and can be represented as linear
combinations of {wg} and {Ag}, respectively.

Additionally, the p> terms in Eq. (7) can be grouped and
thought of as an effective kinetic energy for each jg, particle.
As such, we combine this term with the matter kinetic energy
operator in Hy and refer to it as Thp,
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This can be thought of as a light-dressed matter kinetic energy.

Recall that a coordinate shift operator, U, = e~ 797 dis-
places g by the amount ¢, such that UJO(qA)Uq = 0§ + qo).
Based on Ref. [38], we introduce a unitary transformation

operator, which is a shift operator in both photonic and matter
“coordinates” as follows:

Oap = exp [—%Z&N -f),-ﬁa}. (10)
Ja

The above “double-shift” operator removes the photonic coor-

dinate shift in Eq. (7) but simultaneously creates a new shift in

all matter coordinates {X;} [see Eq. (1)]. This is analogous to

the Lee-Low-Pines transformation in condensed matter, which

transforms electron-phonon couplings [42].

The asymptotically decoupled (AD) framework of the
QED Hamiltonian can be obtained by applying this “double-
shift” operator to the p- A Hamiltonian [Eq. (7)] through
Hip = UgDﬁp.AUAD, resulting in

Hap = Tap + V({’A‘j + Zg_j.aﬁa})
o
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where b, and b, are the photonic annihilation and creation
operators for the oy, normal mode and are expressed as

BT :V Q_qut_i Pa-
¢ 2h ZﬁQa

Note that Eq. (11), under the single-particle limit, is the key re-
sult of Ref. [38], where €2, becomes a renormalized frequency
(of the Bogoliubov transform) in the single-mode limit [see
Eq. (B9) in Appendix B].

For clarity, below we will consider the single-particle
case in a one-dimensional potential such that & - p = p. This

(12a)

(12b)

consideration simplifies Eq. (11) to

P l)
+V(x+ Zéapa> + Zm (baba +3)-
(13)
where in the single-particle, one-dimensional case, TAD can be
simplified by deﬁning the effective mass as

Hpp =
Mett

2

= m Ly Z Qg (14)
This Hamiltonian has the advantage of an effective coupling
parameter &,, which has an upper bound [38] at a finite value
of the original coupling strength, such that for arbitrarily
high light-matter coupling, the effective coupling parameter
tends to zero and hence decouples the light and matter DOFs,
which provides rapid convergence in the number of basis
states for each subsystem when computing eigenenergies [38].
However, Eq. (13) is also inconvenient for numerical calcula-
tions due to the requirement of a shift of the matter position
operator X by a photonic operator &,p, inside the potential
V, which has pure imaginary matrix elements in the Fock
state representation [recall p, in Eq. (6b) is the photonic
momentum operator]. Thus, it is, in general, inconvenient to
evaluate V(% ® ftph +i.® Za &xDa), unless one uses spe-
cial properties of V for a certain type of potential {such as
trigonometric identities when V (%) is a trigonometric function
[38]}. Furthermore, for any potential that is not translationally
invariant, one might need to expand it as V (& + Y o Eaba) ™
VE) + Y VY, &xpa), where VO(3) = 'V /9, and
the results could be sensitive to the truncation of the series
Imax [38]. The scope and applicability of this form of the
QED Hamiltonian [Eq. (13) or Eq. (11)] will be significantly
expanded if this problem can be circumvented, for example,
by further transforming the Hamiltonian into reciprocal space.
This will be the focus of the current paper, as we discuss in the
next section.

III. RECIPROCAL ASYMPTOTICALLY DECOUPLED
HAMILTONIAN

To address the challenges in Hap as mentioned above,
we present the reciprocal asymptotically decoupled (RAD)
Hamiltonian. To derive this Hamiltonian, we first introduce
a unitary operator that performs a 7 /2 rotation in phase space
for all photonic modes such that (7; 2 f (ﬁa)Uﬂ 2= f(Ga),
where p, and g, are defined in Egs. (6a) and (6b). Such an
operator has the following form:

071/2 :exp(—i%gjélga). (15)

Applying the above phase rotation operator to the AD
Hamiltonian in Eq. (11) yields

OjﬂﬂADUn/z =Tap + V({ﬁj + Zﬁj,ac}a]>
PO 1
+ ;ma (blba + 5). (16)
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We find that, instead of having the position operator X; shifted
by a pure imaginary operator inside the potential, X; is now
shifted by 3, &; ,da- an operator with purely real matrix ele-
ments in the Fock basis. This seems to be a trivial transform;
however, by enforcing a phase rotation [swapping p, with
gy in Eq. (16)], this Hamiltonian is now purely real. Note
that this is reminiscent to the famous Kramers-Henneberger
representation [43,44], which is the semiclassical limit of
U;/zﬁADUﬂ/z (e.g., see Ref. [1], Sec. IV.B.4, Eq. B.54). This
Hamiltonian in Eq. (16) drastically simplifies our task later.

To represent our operators in reciprocal space, we con-
sider the eigenstates of the momentum operator |K;), where
p;IK;) = hK;|K;). Similarly, the matter identity can then be
represented as

7)

= [ 1K) @ KKl

where we are integrating over K; for all i particles. By apply-
ing this form of unity to a matter operator, we can represent
that operator in reciprocal space. For example, p; can be
written as

b= f (@K} Q) 1K) (Kil @ 1K [K;) (K| ® ) 1K) (K|

i<j i>j

= [ (Ko iK; @ 1K) (i
where j € {1,2,...i,...N} for N particles. Since Tjp is only

a function of {p;}, it is purely diagonal in this reciprocal
representation. By inserting identity into Eq. (9), we get

Trap = /{dKi}
KPR
X;[ 23 <5j,a-Kj><s,,a~K1>}

l,a
Q) 1K) (Kil,

(18)

19)
|

Vrap = / (dK}dK}}, exp (—iZK; : Zsj,a@a>v<{1<;}>® K (K; + K|,
J o i

where j, I € {1,2,...i,...N}. In this manner, we diagonalize
this dressed kinetic energy term.

Similarly, the interaction term V(& DI E_i,acja}) can be
expressed in the reciprocal space as follows:

Vkap = / {dKHdK] Hdxi), V ({x + D ol D
Q) 1K) (Kifxi) (xi K ) (K. (20)

By using the identity, (K;|x;) = exp(—iK; - x;)/~/27, we can
then simplify our expression of Vrap to

Veap = / (dKHAK] Haxi), V<{x,~ + Zsi,acia})
1 i(K'—K:)x; Vi
x ]f[[yW e f}@mixm

J

2

where  V({X; + Yo & 4da}) = XV {R; + D, & 0da))IXi).
The term inside the square brackets of Eq. (21) is the Fourier
kernel for this many-dimensional space, with the Fourier
transform defined as

F{gONK) = % / dx g(x)e"™ . (22)
This integral over {x;} in Eq. (21) is now just a Fourier trans-
form of V({x; + )", & ,d«}) for all matter DOFs.

Since the shift in the potential in Eq. (21) is now real [after
applying the unitary rotation in Eq. (15)], we can apply the
Fourier shift theorem

1 .
Fg(x — x)H(K) = o / dx g(x — x,)e™®

= "X Flg()}(K),

where x, is purely real and K is the Fourier conjugate of x. By
applying the results of Eq. (23) to Eq. (21), we get

(23)

(24)

where V(K) = F{V (x)}(K), and we introduced K] = K/ — K. The origin of the name of this new Hamiltonian, reciprocal
asymptotically decoupled (RAD), is now apparent, since in the Fourier domain the light-matter interaction is mediated by a
simple phase term e 1 XiaKiiada ip Eq. (21) (as well as inside the kinetic energy term TRAD)- Using Egs. (19) and (21), the total
QED Hamiltonian can then be expressed for N particles and M modes as follows:

FINIM] _
HRAD -

N.M

N

. K ;|2

Trap = f{dKi} E |: 2mj» - E
j J la

Q2

M
e A 1 N N
Z h2, (bj;ba + 5) + Trap + VRAD,

N

“(j0 K. K»] Q) K (K,

1

2

N M
VRAD = /{dKi}{dK;}, €Xp ( - lZK; : Zsj,anoz>
J o

N
< VUK Q) IKi) (K + Kj|.

(25)
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FIG. 1. The potential V(x) of the (a) steep and (b) shallow
double-well models, along with the three lowest-energy wavefunc-
tions for the electron confined in the potential. The dipole matrix of
the (c) steep and (d) shallow double well potential are shown, which
are responsible for mediating the interaction in the PF Hamiltonian
[Eq. (30)].

The above QED Hamiltonian expression is the first key result
of this paper. The QED Hamiltonian Hgap in Eq. (25) is
general for any potential V (x) [or its Fourier transform V(K)],
including nonperiodic systems such as the potentials shown
in Fig. 1. Compared to previous QED Hamiltonians {such as
ﬁp A in Eq. (1), Hup in Eq. (11), or the commonly used Pauli-
Fierz Hamiltonian [10]}, this form has several advantages: (I)
For periodic systems that are highly nonlocalized in space,
their V(K) will be highly localized. (IT) As shown in Fig. 2(a),
the effective coupling parameter &; ,, has a global maximum at
a finite value of the actual coupling parameter Ay [see Eq. (2)].
This means that as long as the results converge for the highest
value of &, they will converge for any arbitrary coupling
strength (above or below) when using the RAD form of the
QED Hamiltonian. (IIT) Compared to the original AD form of
the QED Hamiltonian Hgap in Eq. (25) is guaranteed to work
for any potential since the matrix elements only depend on the
Fourier transform of the potential (i.e., no shifts by imaginary
operators).

It is insightful to check Eq. (25) for different limits. If
we consider a single particle (N — 1) in a potential in-
teracting with many modes, the coupling parameter y, —
Z|Ag |/ @y /mh and Eq. (25) then simplifies to

Al _ |hK|?
Al Zm bb+ + | dK IK) (K|

2meg

+ / dK dK', e K Lo & )(K') K) (K + K|,
(26)

where all {i, j, I} subscripts are removed, since there is only
one particle, and Trap is rewritten using the effective mass
parameter defined by

1 1
== Q2¢, s 27
m+; 2, cOS @ 27)

Meff

where cos ¢, = A, - K/|AL||K].

=

S

>

>

o 0.

C

L

C

Ke)

‘B 14 L

C

©

|_
" et
o)

0.14 " L
(c) 0
0.01 0.1 1 10 100

Coupling Strength, y_/m,

FIG. 2. (a) The effective coupling parameter &, [Eq. (8)] as a
function of the coupling strength y./w., which exhibits a bounded
nature in RAD. Eigenspectrum of the (b) steep double-well potential
[see Fig. 1(a)] and (c) shallow double-well potential [see Fig. 1(b)],
obtained from the RAD Hamiltonian (solid lines) and the PF Hamil-
tonian (open circles). In both panels, the RAD Hamiltonian was
diagonalized with 100 matter K-grid points and 20 Fock states while
the PF Hamiltonian was diagonalized with 50 matter adiabatic states
and 200 Fock states. The matter adiabatic states were obtained by
diagonalizing Hy with 2048 matter grid points in real space to ensure
that the adiabatic energies and dipoles are properly converged, before
using them for constructing the PF Hamiltonian and diagonalization.

In the limit of a single mode and molecule ({N, M} — 1),
this Hamiltonian further simplifies to

QUi pip 1 7K
Higp' =hQ(b'h+ - ) + [ dK — 1K) (K|

+ / dK dK', e ® &4 K K)(K + K'|, (28)

where the « subscripts are replaced by a c subscript indicating
the single-cavity mode. g, is the photonic coordinate for the
single mode, and meg is the effective mass of the dressed
particle defined in Eq. (27) in the limit of a single mode.

Due to the numerical cost and computational complexity
involved for many-particle systems, all numerical results are
presented for only the single-particle limit, as represented in
Egs. (26) and (28).

In order to expand on the RAD Hamiltonian’s utility, we
test its convergence on the two double-well models used in
Ref. [38], each in the single-particle and single-mode limit.
Figures 1(a) and 1(b) show the potential energies of a steep
potential (panel a) and a shallow potential (panel b). The two
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models are defined as
V(x) = —ax® + Bx*, «,B>0. (29)

The shallow potential (¢ =3, B = 3.85) is a good starting
model for RAD, as the potential can be regarded as slowly
varying; however, the steep potential (¢ = 50, 8 =95) is a
harder test, since the potential will increase very quickly,
effectively requiring more basis states to converge the result.

We will make a direct comparison to the well-known
Pauli-Fierz (PF) Hamiltonian (see Appendix E for the full
derivation), which is a popular form of the QED Hamilto-
nian for computing polaritonic properties [6,15,19,20]. The
PF Hamiltonian is expressed as follows:

. . an 1 PO
Hpr = Hy + low, (cﬂd + 5) + weit - Ag(d" +d)
We ~
+ f(AO : M)z, (30)

where i is the dipole operator of the matter and d is the
photonic annihilation operator for the PF Hamiltonian in the
dipole gauge, notably different from that of the annihilation
operator of the Coulomb-gauge Hamiltonian due to a unitary
transformation. Also note that Ay = y./mh/z2w.& is the vec-
tor potential vector for the single mode.

Since this model is in the single-particle and single-
mode limit, the expression for yg from Eq. (3) simplifies
to v = z|Aol/we/him, and &;, from Eq. (8) simplifies to
& = zA0/2/hmS23, since for a single mode Ag = A, = Ay.
As such, a closed form of &; in terms of y, can be written as

2
£ =V e, G
C ma)c (a)g + 2yc2)3/2

where we have taken advantage of the identity that for a single
mode Q. = \/w? + 2y2 from Bogoliubov transformation (see
Appendix B). This dependence of & on y./w. is seen in
Fig. 2(a). Note that the analytic expression of &, is indepen-
dent of the nature of the matter potential V (%), so it is also true
that for the periodic potential coupled to the cavity considered
in this paper, y./w, still has an upper bound.

We solve the PF Hamiltonian by representing it in the
eigenbases of Ay and fiw, dtd + %) [see Eq. (30)] in a gauge-
invariant truncated Hilbert space [12,15,18] followed by a
single-step numerical diagonalization. The matter eigenstates
|Y,) are obtained by diagonalizing the matter Hamiltonian
directly using the discrete variable representation (DVR) [45]
(see Appendix F). The matter Hamiltonian Hy; is diagonal-
ized with 2048 matter grid points to provide the converged
matter states and dipoles, which are then used as the input
to diagonalize Hprp [Eq. (30)]. For the RAD Hamiltonian
[Eq. (28)], V(x) is represented in a much smaller 100 matter
grid point basis, and we then perform an asymmetrically nor-
malized FFT [as in Eq. (22)] to represent it in the eigenbasis
of p. By expressing the photonic DOF in the eigenbasis of
FIQ(Z}U; + %) and the matter DOF in the eigenbasis of p, we
can directly diagonalize the total Hamiltonian. Due to this,
there is no need to precompute the matter eigenstates |,) or
the dipole matrix elements for RAD.

Figures 2(b) and 2(c) showcase the convergence of the
RAD and PF Hamiltonians, with the eigenspectrum of the
two double-well potentials as functions of the normalized
coupling strength y./w.. Both panels are plotted on a log-log
scale, where the PF results are shown in open circles, and the
RAD results are shown in thick-solid lines. The convergence
of the two Hamiltonians is the focus of the discussion, since
they are formally equivalent and related to each other through
a unitary transformation. Since the RAD Hamiltonian is ex-
pected to converge faster than the PF Hamiltonian at large
coupling strengths, the PF will require much more matter and
Fock states to converge the results. Additionally, the steep
potential [Fig. 1(b)] was expected to be more challenging for
the RAD Hamiltonian, since we solve this Hamiltonian in
reciprocal space. Nonetheless, the convergence for the RAD
Hamiltonian was achieved using 100 matter grid points and
20 RAD Fock states [eigenstates of i2(b'h + 1) in Eq. (28)],
while the PF Hamiltonian required 50 matter states and 200
PF Fock states [eigenstates of ha)c(cﬂﬁ + %) in Eq. (30)]. To
be clear, the meaning of a RAD Fock state and a PF Fock state
is not the same due to the different gauges used for the pho-
tonic operators b and d, respectively, and can be converted to
one another (and to the p - A) via a unitary gauge transforma-
tion. However, our discussion is primarily concerned with the
convergence with the number of Fock states regardless of the
gauge (or representation), so we will not explicitly distinguish
between RAD and PF Fock states and simply refer to both
as Fock states. We note that the results from diagonalizing
the PF Hamiltonian do not yet match those of the RAD, but
increasing the basis further is not computationally feasible
for realistic calculations. However, it is already clear that the
factor of 5 reduction in the size of the converged basis (or
1/25 the number of matrix elements) is enough proof of the
feasibility of the RAD Hamiltonian.

Figure 2(c) shows results for the shallow potential
[Fig. 1(b)] using the same convergence parameters as in
Fig. 2(b). For RAD, however, only five Fock states were
required to converge the results instead of 20, implying that
the shallow (slowly varying) potential is much easier for the
RAD Hamiltonian to converge. However, the PF Hamiltonian
is not converged with 50 matter states and 200 Fock states,
which indicates that the PF Hamiltonian struggles to converge
at these large coupling strengths for both models in Figs. 1(b)
and 1(c). Appendix D shows additional numerical results
that provide insight into the contribution of higher-energy
Fock states to polariton states in both the RAD and the PF
representations.

IV. EXTENSION TO PERIODIC SYSTEMS
AND POLARITON BAND STRUCTURE

The primary objective of this paper is to provide a rigorous
and efficient Hamiltonian tailored for periodic systems. With-
out losing generality, let us consider a 3D periodic potential
function with three direct lattice basis vectors {a;, a,, a3}, and
a spatially localized function v({x;}) for one unit cell, such
that the periodic potential is expressed as

X;-ay

V({xi}) = v({x}) ® HLH(—), (32)

|a, |?
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where ® denotes a convolution between two functions f(x) ®
glx) = ffooo f(xNg(x — x")dx', I11(x) is the Dirac comb func-
tion, and {v} € {1, 2, 3} iterates over the direct lattice basis
vectors.

Using the Fourier transform definition in Eq. (22), as well
as the Fourier convolution theorem

F{g(x) ® h(x)}(K) = 2 F{g(x)}(K)F {h(x)}(K), (33)
we can obtain the Fourier transformed potential V({K;}) as

K;-b,
7 ({(Ki)) = v({Ki}) - UHI(W) (34)

where {b,} are the reciprocal lattice basis vectors. Equa-
tion (34) can also be thought of as an implicit restatement of
Bloch’s theorem (see Appendix C). One convenient way to
define v(K) is

1

{dx;} V({x;)e'ZKixi o (35)
873 Veen Jviy,

v(K) =

where the above expression is the Fourier Transform of
V({x;}) over a single unit cell, normalized by the volume of
the unit cell V.. However, in principle, v({K;}) is not unique
for a given V ({x;}), but the representation of the potential in
Eq. (35) is often used and is easily accessible in electronic
structure calculations aimed at simulating periodic systems.
The inclusion of pseudopotentials, coupled with the projector
augmented wave method, for the core electrons in such pack-
ages, adds an additional complication but in principle can still
be cast in this or a similar form [46,47].

By inserting the potential from Eq. (34) into Eq. (24), Vrap
becomes

VRAD = Z /{dKi}, exXp (‘ iZK} : Zgj,a‘?a)
{ri} J o
x v({r}) Q) K (K + (36)

where {k;} € {>_, n,b,}, Vn, € Z is the set of reciprocal lat-
tice vectors, formed due to the sifting property of the Dirac
comb function.

For periodic systems, dispersion plots are more insightful
for characterizing the system compared to the eigenspectrum
of the full Hamiltonian. To calculate the polaritonic disper-
sion plot of a system described by Hgap, we consider the
Hamiltonian for each k point in the first Brillouin zone as

J

202

Hgap(k), where it is confined by a projection operator P,
a global operator that projects all degrees of freedom (matter
and photonic) to a given k point. We define this projection
operator Ezk, where K is confined to the matter’s first Brillouin
zone, as

t@k = gzﬁl ® .@E}?

=@ | X Ik+ ey k+wil | @ | Y Ingingl |
i {Ki} ng

(37

where for simplicity, we are only considering the transverse
electric (TE) polarization, such that 8 = {kg, TE} and |ng) is
a Fock state of excitation n with the wavevector, kg = k with
a TE polarization direction. Note that this choice of kg = k is
just a cross section of,, in principle, a two-dimensional disper-
sion relation, but it still allows us to extract physical insight
into how coupling to cavity changes the properties of the
system. We made this specific choice of projection for kg = k
as it is commonly done in the literature [17,48]. We want to
emphasize that this scheme is still under the long-wavelength
approximation, which is unphysical for an infinitely long 1D
chain; however, this analysis acts as a stepping stone to a
more exact form (see Sec. VI). A more general case will be
considered in Sec. VI with additional physical insight into
this specific choice of kg = k projection. Additionally, this
projection operator confines each K to the values of k; + k;,
and 5513 = @k. In doing this, we change K} — k; + k;, where
k; € {d_,nb,},¥n, € Z is also a reciprocal lattice vector.
As discussed in Ref. [18], one must be careful of gauge
ambiguities when applying a projection of photonic modes.
To generate Hgap(K), we first truncate Eq. (1) using @Eh. For
a single k term, it should be noted that including both polar-
izations is a simple extension, since € ; - €k = 8, . In this
special case of a single kg, the normal mode transformation
simplifies to a Bogoliubov transformation (see Appendix B).
The rest of the RAD derivation then follows accordingly
from Eq. (7) onward. In this case, Hrap(K) is generated by
projecting Hrap, which is properly confined in @ﬁl ® 33122

Applying this simple projection by @ﬁ' does not cause any
gauge ambiguities, since it is done in the eigenbasis of {p;},
essentially writing the Hamiltonian in momentum space using
a grid basis.

Using the form of Veap from Eq. (36), we can express
Hrap(K) (the k-resolved RAD) as

. nk + k;)[? n*Q N
Fran(k =kp) =33 [% S (k) +x1>)] Q) Ik + )k + ]

{ki} / I

{eishei}

where all the integrals have now been replaced by discrete
sums, creating a drastic decrease in the size of the Hilbert
space [see Eq. (18) for a simplified example of the index-
ing in this many-particle and many mode Hilbert space].

i

1
+ ) exp <—i ;- ngqﬂ)v({x;})(g Ik + ) (k + & + i) +hsz,3<b;b,g + 5), (38)
j A i

(

By solving the eigenspectrum of Eq. (38) for each k point,
we can form the dispersion plot of the system. The above
expression of Hgrap(K) is the second key result of this

paper.
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V. NUMERICAL RESULTS ON MODEL
1D PERIODIC SYSTEM

While we demonstrated in Sec. III that the RAD Hamilto-
nian can accurately simulate spatially localized Hamiltonians
for arbitrarily coupling strengths, the intent of this method
is for periodic systems. We will now demonstrate the per-
formance of the RAD Hamiltonian with a model periodic
modified Coulomb potential. This model is beyond the capa-
bilities of the AD Hamiltonian [38], explicitly requiring the
use of the RAD Hamiltonian.

As we will simulate this RAD framework with many pho-
tonic modes, it is important to define the dispersion relation
for the cavity. For the sake of simplicity, we assume that the
cavity dispersion takes the form of the typical Fabry-Pérot
cavity, and the 1D matter chain is parallel to the cavity mirrors.
In such a case, the cavity dispersion takes the form of

Wi =/ 02 + k3, (39

where c is the speed of light inside the cavity.

Although the form in Eq. (38) is general for an arbitrary
potential, number of particles, and number of modes to the
same level of theory as the minimal coupling Hamiltonian,
for the purposes of this paper, we will test this Hamiltonian
on a single-particle, one-dimensional model with a single A.
In this limit, Hgap(k) can be expressed as

Atk + I

Hrap(k) = hszk(b*bk+ )+Z Ik +
eff

k) (k + k|
n Z e Sy )k + i)k + x4+ K], (40)

K,k

where {x,k’'} € {2mn/ag},Vn € Z. Note that since we are
parametrizing Hgrap in terms of k, the relationship between
& and y; still follows Eq. (31) but now with explicit k depen-
dence,

2
& =% e, 41)
may (w} + 2y,3)3/2

With this concise representation of the RAD Hamiltonian in
this limit, we are now prepared to perform numerical simula-
tions on model potentials.

We define a periodic array of modified Coulomb potentials.
We build this model based on the famous Shin-Metiu molec-
ular model [49]. We approximate the potential of each ion
as a modified Coulomb potential of V (x) = —Ze%erf (rox)/x,
where Z is the effective charge of the ion and ry is a parameter
to determine the steepness of the potential. Then, we place
these ions on an infinite 1D lattice, separated by the lattice
constant, ag. The localized potential then has the form

U( )__gm, (42)

ap X

o))
——TI0, [ —| ), (43)
2 27’()

where I'(0, x) is the zeroth-order upper incomplete gamma
function. The Dirac comb function turns one of the integrals in
Eq. (25) into a sum. The parameter r; can drastically affect the
shape of this periodic potential with interesting limits. In the

v(K) =

® § cosine

ol
—T/ag 0 n/ag —n/aog 0 n/ag
k (15t BZ) k (15t BZ)
(e) Yo/wo =10 (f) Yo/wo = 100
T —————— 0.4
_08 s~ 03 B 2
El 8 3 ———— 3
80.6 P — ~
3 | 302 8,
E:’ 0.4 N I —— £
= S gy 3
[0 ] — : S
0701'1/ao n/ao —n/ag 0 WEN
Kk (1s1 B2) k (1t BZ)

FIG. 3. Single electron in a periodic modified Coulomb potential
coupled to many longitudinal cavity modes. (a) Single unit cell of
the periodic modified Coulomb potential for many ry values plotted
upon a cosine potential, where the Z for the modified Coulomb
potential is adjusted such that the modified Coulomb potential’s
first-order Fourier expansion matches the cosine potential. (b) First
40 bands in the energy eigenspectrum of this model as a function of
normalized coupling strength y,/wy color-coded by & point (where yo
and wy are the coupling and cavity frequency at k = 0). (c)—(f) show
the dispersion plots for normalized coupling strengths of y,/wy =
0.2, 1, 10, 100, respectively, where the color shows the expectation
value of the photon number in the Coulomb gauge (a'a).

limit of rp — 0, v(x) o cos(apx), and in the limit of ry — oo,
the potential approaches a delta function. Figure 3(a) shows a
single period of v(x) for various different values of ry, where
the value of Z is varied such that the magnitude of the first co-
efficient in the Fourier expansion is the same for each potential
plotted and matches the reference cosine curve plotted (black
dotted line). It should be noted that such a system would not
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realistically achieve very high coupling strengths as it is a

single particle coupled to an infinitely large cavity; however,

this model still acts as an illustrative example to demonstrate

the properties of the ultra-strong coupling regime and beyond.
The total Hamiltonian of this system then becomes

Hrap = ZhQa (lAJZBa + %) +de hK

2meff

|K) (K]

Z/d]( [K)(K + k| e 2o bude
’750

< 7 44
A Lz]) o

where the sum over «’ in theory goes to 00, but in practice
the upper incomplete gamma function decays so fast that only
a few values of k' are significant for typical values of ay. Note
that the sum over «’ does not include «” = 0 since that term
is in general a zero-point energy shift, and in this case, it is
a singularity for the upper gamma function. The k-resolved
form of this Hamiltonian can then be written as

Hrap (k) = i€ <b by + ) + Z

|k+K (k + k|
Meff

Ze? e
—%22|k+/<)(k+fc+/<’|e""é"qk

Kk k'#0

K 7
x I'l0, I:z—ro] . 45)

The Hamiltonian in Eq. (45) is now in a form that can be easily
diagonalized to find the eigenenergies of this system.

Figures 3(b)-3(f) present the polaritonic dispersion ob-
tained by solving the eigenvalues of Eq. (45) for different
k points. Each point on these polaritonic dispersion plots is
obtained by projecting both the matter and the photonic DOFs
to the same k point [cf. Eq. (37)]. Although this provides a
concise description of the energetic structure of this hybrid
system, it should be noted that, in general, this is only a slice
through the two-dimensional dispersion surfaces (for matter k
and photonic kg), to be discussed later in Fig. 5 (see below).
Regardless, this cross section still allows us to extract valuable
insights into how this 1D matter system is modified by its
coupling to the cavity. All the results for panels Figs. 3(b)-3(f)
converged completely for five Fock states and 101 « values.

Figure 3(b) shows how these polaritonic dispersions
change with increasing coupling strength, where the value
of k is represented by the shade of the lines. Since, in prin-
ciple, yg and wg are k dependent, we define the coupling
strength of the system by y,/wo, where the O subscript refers
to these values at the gamma point. This fixes the couplings
and frequencies for all other modes based on the dispersion
relation in Eq. (39). As the coupling strength goes into the
deep strong coupling regime, the bands flatten (i.e., each band
loses its dependence on k), and the total density of states
becomes sharply peaked. This band flattening can be more
clearly seen in panels Figs. 3(c)-3(f) (note the change in
vertical scales between panels) where the dispersion is shown
at various choices of coupling strength. Intuitively, this can be

understood by considering how TraD [Eq. (19)] is affected by
the coupling strength. As yy — 00, the effective mass mey —
oo, making Trap — 0. This makes the matter dispersion of
the light-dressed particle flatten. Note that this is directly
opposite to the free-electron model, which only contains the
kinetic energy. Additionally, in this limit of Txap — 0, the
commutation between Hrap and the matter momentum p
approaches zero. This allows the polaritonic bands to become
arbitrarily close together and eventually degenerate.

To take a closer look at how these polaritonic dispersion
plots behave at different coupling strengths, Figs. 3(c)-3(f)
present the dispersion curves of the polaritonic band structure
at various coupling strengths yy/wg, and each panel is a cross
section of the more general plot shown in Fig. 3(b). The colors
in Figs. 3(c)-3(f) now represent the expectation value of the
photon number in the Coulomb gauge, (a'a) for each state.
Recall that the results were converged using only five RAD
Fock states and were then transformed by unitary rotation
to the Coulomb gauge . When yy/wp = 0.2 [Fig. 3(c)], the
dispersion relation appears as one would expect in the strong
coupling regime, where the matter bands are duplicated and
shifted up in energy by wy, for each added photon. When bands
of different photon numbers cross, there is Rabi splitting. As
the coupling increases to yy/wy = 1, the standard intuition
from the strong coupling regime no longer applies. The band
structure is almost completely different from the uncoupled
case. Additionally, for bands in the same energy range as
the lower coupling case [c. 3(c)], the average photon number
is much higher, with some bands reaching an (a'a) > 30.
This effect is magnified as the coupling goes further into
the deep strong coupling regime with the lowest-energy band
for yo/wo = 100 having (a'a) > 8000 for some k points.
We again emphasize that the (a'a) plotted is the Coulomb-
gauge photon number, which is the quantity accessible to
experiments and not directly related to the photon basis used
for RAD. This is a key benefit of the RAD representation.

This 1D-modified Coulomb potential model demonstrates
the strengths of the RAD Hamiltonian representation. By
modeling this matter system in the strong, ultra-strong, and
deep-strong regimes, this RAD representation provides both
a convenient intuitive understanding of seemingly unnatural
results and a computationally efficient basis to easily converge
numerical simulations.

VI. BEYOND THE LONG-WAVELENGTH
APPROXIMATION

In Sec. II, we began our discussion by assuming the
long-wavelength approximation (LWA) in the Coulomb gauge
Hamiltonian [Eq. (2)]. This approximation assumes that the
spatial variation of the vector potential field across the
matter system is small enough to be considered negligi-
ble. For a simple Fabry-Pérot cavity, this approximation is

written as
D _An@
B

= > Ap(@) +ap). (46)
B

A(I‘) — e—ikﬂ-r _{_aﬁeikﬂ-r) — A
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where 8 is the superindex that indexes over all kg and A, and
r is the spatial coordinate of the cavity.

In this section, we start to relax this approximation
for a single particle coupled to many spatially varying
modes in a Fabry-Pérot (FP) type cavity with the dispersion

relation
wp = o2+ cz|k,3|2, “n

where we set Kg as the component of the photonic wavevector
that is parallel to the cavity mirrors. While experimentally,
matter coupled to FP cavities has not reached the deep-strong
coupling regime, the plane-wave basis of the EM field allows
a convenient way to model the spatial variations of the vector
potential and still allows us to glean valuable physical insights
from our results. In principle, any arbitrary cavity can be rep-
resented on a plane-wave basis, but for simplicity, we consider
an FP cavity in this paper.

We begin by expressing the Coulomb gauge Hamiltonian
for a single particle while using the exact form of A from
Eq. (46) as

" " 1
Hp»A =Hy + Zhwﬂ <fl;€lﬁ + 5)
B
szp (AT —ikg-X +a ikg- X)+ Z |A|2
2m
B
(48)

Following the same procedure as before [Eqs. (4)-(6)],
we now define the By mode’s spatially varying photonic
coordinate (§g) and momentum (pg) operators as

B = e e, (@)
2(1),3 p
Pp®) = iy SL@fe ™% — ape ). (49)

These operators 575 and ﬁﬁ maintain the same commu-
tatiorAl relatiorAls as gg and pg, and Hpy, = Zﬁ ﬁ% + wﬁq% =
>4 Py + wpdj. By moving the & dependence within the defi-
nitions of g5 and pg, the normal mode analysis done in Sec. IT
and Appendix A is not affected by relaxing the LWA. As
such, the expression for Tpp in Eq. (9) is unaffected by the
LWA. We can then write the Coulomb gauge Hamiltonian
beyond the long-wavelength approximation after a normal
mode transformation as

N A N 1, -
Hyn =Tan + V) + D 5 (P® + (G ®) — b &,)7),
’ (50)

where the shift of G,(%) by p-&, in the Coulomb gauge,
is now explicitly written. Note that the corresponding LWA
expression is in Eq. (7).

Further, the Oap operator [38] is no longer a rigorous
double shift operator since it now has explicit X dependence.
Beyond the LWA, Unp now takes the form

Uap = exp [— %Zsa -f)ﬁa(i)}. (51)

With this, Uap is no longer % independent, making it no longer
rigorously behave as a double-shift operator. However, for
states where |k - €] < 1, this can be accurately approximated
as a double shift operator [38]. In other words, we partially
restore the LWA but now instead of claiming that the field is
spatially invariant across the entire matter system, we make
a less restrictive approximation that the X dependence of the
field is varying slowly enough such that it is negligible over
the shift performed by the photonic DOF. In this manner, we
explicitly make the approximation

A A

AP Uap =f)|:1 +Z$ﬂ ’kﬁwﬁéﬁ(ﬁ)+"':|
B

~ P. (52)

Note that this expression also explicitly demonstrates that in
the single-mode limit, the validity of this approximation is
proportional to the value of kg. Since &, is upper bounded [see
Fig. 2(a) and Eq. (8)], for both zero coupling and arbitrarily
high coupling, this approximation becomes exact, yielding the
AD Hamiltonian beyond the LWA as

a2
Hap = -2 pu(X))
2m,

s a1
+ Z Q% (ba<x)ba<x> + 5), (53)

where now f)a (%) and by (X) explicitly depend on the matter
coordinate R. That is, every @ k,; now has an additional ™%
phase term associated with it. Note that after the normal mode

transformation 130, (X) and 127]; (%) are defined in terms of py (X)
and §, (%) [as in Eq. (12)] as follows:

ba(%) = ,/ Gu(R) + i %Igzaﬁa(ﬁ) (54a)
ETA—,/QQ 9 —i| 5 54D
w®) =\ 25 de®) i\ Sro-he®) (54b)

Recall that due to the U (1) symmetry of QED, each photonic
DOF is invariant under phase rotations (with the generator of
the B mode defined as al ag) and the matter DOF is invariant
upon a momentum boost (with the generator X). As such, we
can now define a new operator that simultaneously performs
a phase rotation on the By photonic mode and a boost on
the electronic momentum (in the single-particle picture), ex-
pressed as

Oy, = exp(—ikg - R a}ap), (55)

where kg corresponds to the photonic wavevector of the
Bn mode. This unitary transformation adds a e~™% phase
to the ag operator such that for any operator of the
form (A)(&ﬂeikﬁ'f‘,&;e‘ikﬁ'f‘), transforming it would yield
%O(aﬁel‘kﬁ-i, ale %0y, = O(ag, ). Additionally, this
operator boosts the matter momentum, so U(;ﬂf)l%ﬂ =p-

AT A
hkﬁaﬂaﬁ.
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Since [0@;, U¢ ﬂ,] = 0, we can then write the phase rotation
operator that eliminates the spatial variation of all modes as

U¢ = l_[ U@j = exXp (—lf( . (Zkﬁ &;&ﬂ>> s (56)
B B
which then has the properties

07 Oage™ ™), {ahe ™ )0, = O({a). (a}))

DU =p— ) hkpalag.
B

(57a)

(57b)

Since c?a, ﬁa, l;a, and EL are all functions of {&ﬂeikﬂ'ﬁ} and
{&;e*ikﬂ'ﬁ}, this means that we can use Uy to remove the %
dependence of these operators, making the problem mathe-
matically similar to the case with the LWA but under a smaller
approximation.

The properties of l7¢ shown in Eq. (57), allow us to trans-

form U;ﬁADUd) as
Zﬁ hkﬂa a/g A
Dot X+ Zgozpa

A
e 1
+ Xa: 112 (baba + E)’ (58)

which is identical to the Hap under the LWA except
for the boost of — Zﬂ hk,g&;&ﬂ to the momentum. Upon
examination, this necessity of an additional boost can be
thought of as a restatement of the conservation of momentum
between the photonic and electronic degrees of freedom. For
a photon with the momentum 7k to be created, the electron
loses ik momentum. In other words, the long-wavelength
approximation in Eq. (46) violates the conservation of mo-
mentum between the photonic and electronic DOF. In fact,
this conservation of momentum between light and matter is
destroyed even when we use A(ﬁ) — A(x), e.g., in the case
of the multicenter PZW Hamiltonian [10,17,48]. This is be-
cause the operator nature of X creates the momentum boost
of Eq. (57b), and by replacing it with its value x, one no
longer has the matter momentum shift, thus violating the con-
servation of momentum for the matter-photon hybrid system.
As QED is gauge independent, this conservation of momen-
tum can also be seen in the Coulomb gauge Hamiltonian in
Eq. (48) via A(%).

Now by following the same strategy of applying U, 2
[Eq. (15)] and inserting identity in K space [Eq. (17)] as
is done before, the RAD Hamiltonian beyond the long-
wavelength approximation for a single electron coupled to
many modes then becomes

1
(1M1 _
HRAD = /dK Dteg

iK|K) (K| —

Z hkﬂaﬂaﬂ

+ / dK dK', e~ To &t (K')K) (K + K|

+Zm (b by, 2) (59)

where ) 8 szﬁa ag can be rewritten in terms of {ba, a} using

the normal mode transformation matrix & (see Appendix A).
As the last two lines of Eq. (59) are identical to the corre-
sponding terms in Eq. (26), the extension to periodic systems
follows identically to before, yielding

Hrap = Zm (13 ot )
+ / dk

Z 1BZ zmeff

- th,ga aﬁ’ + Z/ dk e_""/'zma‘?"v(lc/)

KK

Ik + 1)k + k) (k + k|

><|k+lc)(k+lc+lc|, (60)

where the integral of k goes over the first Brillouin zone and
k and K’ are reciprocal lattice vectors.

It can be observed that when the electronic system couples
to the electromagnetic field, it breaks the translational invari-
ance (cf. Bloch’s theorem) along the electronic coordinate due
to the spatial variations of the field [see Eq. (46)] not following
the periodicity of the matter. However, by applying U¢ (taking
p—p+ Z,s Flkﬁ&;&ﬂ), we regain translational invariance in
this boosted polaritonic space as shown in Eq. (60). Following
a similar analysis as in Egs. (37) and (38) but without the ex-
plicit restriction of k = kg, we then project Eq. (60) in terms
of both k and kg. This allows us to generate dispersion plots
for a single particle beyond the LWA, where we parametrize
the Hamiltonian as

. o1
Hrap(k, kg) = i, (b;(ﬁbkﬁ + 5)
+ Z

+Ze*’” 'fkﬁkﬁvmlk+K><k+'f+'<’|’ b

KK

©)k + k) (K + k| — hkﬂa agl?

This is the final key result of this paper.

Figure 4 plots the band dispersions of the 1D modified
Coulomb potential for the cross section k = kg. We begin our
discussion with the simplest case of zero coupling, as shown
in Fig. 4(a). At first glance, this plot differs greatly from the
types of plots in Fig. 3. We note that only the diagonal matrix
elements of Arap (K, kg) vary with k and kg for zero coupling,
taking the form

. i
(k + K, ng|Hrap |k + &, ng) = hwgn + Z'K + k — nkg|?,

(62)

where for simplicity we subtract out any zero-point energies.
At zero coupling, lAka3 = ag and Q, = wp (i.e., the RAD and
Coulomb representations of the photon operators are identi-
cal), allowing us to equivalently understand the nth Fock state
as |ng) = f(aﬁ)”|0) or |ng) = \/L(b )*10). Using Eq. (62)
we can make sense of Fig. 4(a), where we plot the cross sec-
tion of the polaritonic dispersion for k = kg, by focusing on
the bands of a given photon number. Without any light-matter
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FIG. 4. Single electron in a periodic modified Coulomb potential
coupled to many longitudinal cavity modes beyond the LWA for both
the RAD Hamiltonian (solid lines) and the Coulomb gauge Hamil-
tonian (dotted lines). (a) Zero-coupling case for which both RAD
and p - A are exact. (b) Intermediate coupling case (yp/wo = 0.25)
where the approximation in Eq. (52) starts to make RAD no longer
perfectly match the Coulomb gauge. (c) Coupling of yy/wy = 1.0,
where &, maximizes, representing the most challenging case for
RAD. Note that for coupling strengths beyond yp/wo = 1.0, RAD
will get increasingly more accurate and converge faster, whereas the
Coulomb gauge results will require increasingly more Fock states
and matter bands to converge.

coupling, the zero-photon bands in Fig. 4(a) (n = 0, dark blue
curves) exactly follow the bare matter band dispersion. Then,
for the one-photon (n = 1) bands, k — nkg = 0, making the
bands only have the single-photon dispersion shifted by the
matter band energies at the I point, creating three visible
light blue parabolic curves in Fig. 4(a). For the n > 1 bands,
k —nkg = (1 — n)k. This replicates the bare matter bands
shifted up by the energy fickg; however, the matter Brillouin
zones shrink by a factor of n — 1 such that for n = 3, two of
the bare matter Brillouin zones are squeezed into the system’s
first Brillouin zone.

We would like to emphasize that the k plotted in the disper-
sion plots in Fig. 4 is no longer the eigenvalue of the canonical
momentum, as we have boosted the momentum such that
p—p+ Zﬁ Flkﬂ&;aﬂ. As such, k is no longer exactly the
matter lattice wavevector, since the light-matter system is no
longer translationally invariant by the period of the lattice.
Instead, k is akin to a “polaritonic wavevector” in that two
states with the same k have the same total momentum on the
system level. This quantity takes advantage of the symmetry
of the system, so, unlike the matter lattice wavevector, Hgrap
is block diagonal in k. This feature of the RAD representation
beyond the LWA allows us to calculate realistic “polaritonic
dispersions” and visualize the light-matter hybridized bands.

Additionally, these polaritonic dispersions now allow for
an easy visualization of how transitions between polaritonic
states change the momentum and energy of the system. For
example, the crossing of two bands represents a degenerate
point in both energy and momentum. These types of plots are
reminiscent of the type of graphs used to visualize other light-
matter interactions such as Brillouin and Raman scattering of
photons.

While the prior analysis is numerically exact for the zero-
coupling case, for nonzero coupling, we are still making a
form of the LWA as is stated in Eq. (52). The natural question
is the validity of such an approximation. To benchmark the
RAD result, we must calculate the polaritonic dispersion plots
for the exact Coulomb gauge Hamiltonian. By going beyond
the LWA, we reintroduced in Eq. (48) the et % terms in the
vector potential A. These terms make H .o no longer block
diagonal in k. This can be explicitly seen by transforming Hp. A
into reciprocal space,

N L f 5 5
Hyoa = [ dK m K |7 K) (K]
2
+ (szmgéﬂ +aﬂé;>)
B

— > K - Ap{IK) (K], @}Bs + @ﬁég)})
B

+/dK dK', VEK)K)(K + K/|

1
+ Y non (afas+ 3. (©3)
B

104305-12



RECIPROCAL ASYMPTOTICALLY DECOUPLED ...

PHYSICAL REVIEW B 109, 104305 (2024)

where we have introduced the matter momentum boost
operators, By = [ dK'|K —kg)(K'| and B, = [dK'|K' +
ks)(K'|, which come from sandwiching the e=*#* terms with
identities of the form of Eq. (17). These B; and B:g terms are
clearly not block diagonal in k even for periodic lattices, since,
in principle, kg is quasicontinuous. As such, these coupling
terms between different matter k points break the original
Bloch’s theorem along the electronic coordinate. However,
this way of writing A = Zﬂ Aﬁ(&zéﬂ +&ﬂ1§g) also shows
how the 4% terms lead to the conservation of momentum
between the photonic and electronic DOFs: for each creation
of a photon with momentum 7kg by &; the same amount of

momentum is boosted away from the electron by Bﬂ and vice
versa for ag and B;. Equation (63) thus reinforces the neces-

sity of including the ¢*™#% terms and simultaneously how
such terms destroy the electronic coordinate’s translational
invariance.

It may be tempting to try to resolve this difficulty by simply
replacing e % with e+ where x, is the location of the
ug lattice site, rewriting the Hamiltonian in the site basis
and making the approximation that the field varies slowly
across the lattice unit cell [17,48,50]. This approximation has
been thoroughly investigated in the context of the multicenter
PZW transformation, where the polaritonic Hamiltonian is ex-
pressed in the dipole gauge [17,48] (see Sec. 2.6.1 in Ref. [10]
for details). The resulting Hamiltonian does, in fact, satisfy
Bloch’s theorem since there no longer are any 1@,3 operators
in reciprocal space, but it still violates the conservation of
momentum.

Nevertheless, we can apply a strategy from the derivation
of Hrap from Eq. (59) to restore both Bloch’s theorem and
the conservation of momentum without making any approxi-
mations to Eq. (63). Intuitively, we know from Eq. (63) that
the X dependence in A(f{) acts as a momentum boost for the
electron that balances out the momentum change from the
creation/annihilation of a photon. By absorbing the photon
and electronic DOFs’ momenta into a systemwide “polariton”
momentum, these boost operators would no longer explicitly
appear. This is reminiscent of the “conservation of crystal
momentum” argument used for electron-phonon interactions,
where the electron and phonon momenta are grouped into
a total crystal momentum (see Appendix M in Ref. [51]).
This change of variables, to a total “polaritonic” momentum,
allows us to reformulate this exact Hamiltonian using Bloch’s
theorem. Thus, by transforming the exact Coulomb gauge
Hamiltonian, HP.A, by l7¢, [see Eq. (55)] we can write an
exact Hamiltonian that is block diagonal in k and conserves
momentum as

2
PN 1 n
+ o AT A At a
¢Hp.AU¢ = % <p -z E Aﬂ(aﬁ +ag) — E hkﬂa;aﬂ)
B B

N 1
V@& hwgl atag + = ), 64
+ (X)+Z w5<aﬁa5+2> (64)
B
where as with Hgap in Eq. (59) we transformed p — p +

Zﬂ hkﬁ&;&ﬁ. This expression in Eq. (64) is exact and for
our simple system can be directly calculated. To do so, we

parametrize this expression by k and kg as

A
|

N N . 1
Ud) b aUs (K, Kg) :fla)/g (fl}}&ﬂ + z)

1

—(h(k k k
+;2m(( +0)lk + k) (K + k|

— zAp(ay + ag) — hkgahag)’

+ ) vk + k) (k+r+ K], (65)

K,k

where we can numerically calculate the polaritonic dispersion
plots directly as we did with Hrap (K, kg). It is worth noting
that this Hamiltonian can be transformed by the Uxp from
Eq. (10) without any approximation; however, the additional
cross terms from the first line [namely the &;&ﬁ (&; +ag)+
H.c. terms] of Eq. (64) can no longer be easily handled by a
normal mode transformation as was done in Eq. (7). Finding
a convenient form of this exact Hamiltonian is a subject of
future study.

We use the Hamiltonian from Eq. (65) as a benchmark
to check the validity of our approximation (52). The conver-
gence of this p - A Hamiltonian is slower than Hrap (K, kg)
[Eq. (61)], requiring 11 bands (x values) and 14 p - A Fock
states to converge, whereas the RAD Hamiltonian only re-
quired seven bands (k values) and five RAD Fock states to
converge the results plotted, which is especially remarkable
due to there being five bands plotted in Fig. 4(c). Notably,
this reduction in dimension d (from 154 for p - A to 35 for
RAD) allows for a factor of ~85 speedup for the direct matrix
diagonalization given O(d?) scaling.

Figures 4(b) and 4(c) show two different coupling strengths
with the results of RAD and the exact Coulomb gauge Hamil-
tonian. In Fig. 4(b), the coupling strength yy/wo = 0.25 is
set at an intermediate value such that &, is large but not
maximized [see Fig. 2(a)], while in Fig. 4(c), the coupling
strength yp/wp = 1.0 is set to the maximal value of &, and
thus represents the most challenging case for the RAD Hamil-
tonian. From the zero-coupling analysis, the RAD results
in Fig. 4(b) make intuitive sense with Rabi splitting at the
crossing of bands (most clearly seen near k = kg ~ 0 and
energy E ~ 3.0 with the mixing of the green n = 2 and orange
n = 3 curves). Additionally, in this regime, the RAD results
generally match the Coulomb gauge results, with the most
obvious disagreements occurring at large matter k, as expected
from our assumption of &pax - kmax << 1.

Figure 4(c) then goes on to test RAD for the worst coupling
strength for our approximation, yy/wo = 1, the maxima of
&k, Even in this case, the characteristic properties that the
RAD Hamiltonian predicts are still valid. The single-photon
band is blue-shifted, and the matter bands collapse closer
together due to the increase of the effective mass while also
flattening due to the diminishing presence of the kinetic
energy term (due to the effective mass). Since the only ap-
proximation in this theory is that of Eq. (52), we know that as
the coupling increases to yy/wp > 1 the RAD results will get
increasingly more accurate.

Figure 5 presents the 2D dispersion relation of the polariton
states along both k and kg. Note that the polariton dispersion
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FIG. 5. Two-dimensional polariton dispersion relation for the
first four polariton bands for a coupling of yy/wy = 0.25, where
surfaces are colored by band number. The k = kg cross section is
also plotted on these surfaces weighted by the photonic character
with blue being electronic and red being photonic. Additionally, the
edges of the plot are accented in black to help parse the 3D surfaces.

curves from Figs. 3 and 4 are only cross sections of the two-
dimensional dispersions of both DOFs’s momentum, k and
kg, where we take the diagonal cross section of k = kg (since
we transformed k — k + kg, this is the cross section through
the matter I" point). This cross section provides a convenient
picture for transitions from the I" point (i.e., matter k = 0) but
does not show all possible states of the hybrid system. Note
that for flat dispersion bands (such as those for collections of
noninteracting molecules in a Fabry-Pérot cavity), only the
matter [ point is optically bright, so this cross section fully
characterizes the system [48]. However, to understand transi-
tions from an electron with momentum kq for matter systems
with a nontrivial band structure, a cross section of k — kg = ko
would provide more intuition. To understand the full picture,
the full 2D polariton dispersion plot is necessary. The k = kg
cross section is also drawn on top of the surfaces of Fig. 5
with the color indicating the photonic character (represented
by (&};&,3)) where blue represents purely electronic and red
purely photonic.

By going beyond the long-wavelength approximation,
the conservation of momentum between light and matter
is restored. This allows for more physically intuitive band
dispersions, allowing one to understand the absorption and
emission phenomena of such periodic systems without per-
forming direct absorption or photoluminescence spectra.

VII. CONCLUSIONS

In conclusion, we developed a representation that can
accurately and efficiently calculate the eigenenergies of
polariton systems for arbitrarily strong coupling strengths.
The computational cost to calculate the eigenspectra using ex-
isting Hamiltonians (such as p - A or d - E) scales unfavorably
with increasing coupling strength. We began by reviewing
the asymptotically decoupled (AD) Hamiltonian presented by
Ashida et al. in Ref. [38].

Section II generalized the key result of Ref. [38] into a form
for many interacting charged particles coupled to many pho-
ton modes [see Eq. (11)]. This is accomplished via a normal
mode transformation (Bogoliubov transform for a single-
cavity mode) followed by a many-particle and many-mode
double-shift operator [Eq. (10)]. While this representation
has a much better Fock state convergence than typical
gauges (such as the dipole gauge Hamiltonian) and has an
upper-bounded effective coupling parameter, the shift in the
matter coordinates by the photonic momentum [see Eq. (11)]
makes realistic calculations (or even more complicated model
systems like that of Fig. 3) unfeasible.

To address this challenge, we introduced the reciprocal
asymptotically decoupled Hamiltonian (RAD) in Sec. IIL.
In particular, we applied a phase rotation unitary transfor-
mation [Eq. (15)] and transformed it into reciprocal space,
leveraging the Fourier shift theorem [Eq. (23)]. By doing so,
the RAD Hamiltonian still holds the advantages of the AD
Hamiltonian, but the matter coordinate is no longer shifted
by the photonic momentum. Instead, the Fourier transform
of the many-body potential is multiplied by a simple phase
term of the form,e_izf«a Kj&jada [in Eq. (21)]. This allows
the eigenenergies to be calculated for any type of model or
realistic single-particle potential. As discussed in Sec. III, this
RAD representation significantly outperforms the Pauli-Fierz
Hamiltonian with Fock states and matter basis convergence,
even with highly localized potentials such as the double-well
potentials (see Fig. 1). The PF Hamiltonian still has the benefit
of being able to diagonalize the matter system first, followed
by a direct diagonalization of the light-matter Hamiltonian
[30]. The RAD Hamiltonian, on the other hand, requires one
to diagonalize all DOFs simultaneously without knowledge
of the bare-matter states, and performing ab initio polariton
simulations with the RAD Hamiltonian on realistic systems is
a subject of future work.

As RAD is formulated in reciprocal space, its prime ap-
plication is for periodic systems. Section IV applies the RAD
Hamiltonian to the special case of V being periodic in nature.
Assuming the long-wavelength approximation (LWA), by ap-
plying Bloch’s theorem to RAD [Eq. (32)], and projecting
the Hamiltonian to different k points [see Eq. (37)], polariton
dispersion plots can be calculated. To go beyond the capa-
bilities of the AD Hamiltonian, in Sec. V we used the RAD
Hamiltonian to calculate the dispersion relations of a single
electron in a 1D lattice of modified Coulomb potentials (see
Fig. 3).

Finally, in Sec. VI we take RAD beyond the long-
wavelength approximation for a single particle coupled to
many cavity modes, treating the electromagnetic field as
spatially varying as a function of X. Doing so violates the con-
servation of momentum between the photonic and electronic
degrees of freedom for the hybrid system, as well as Bloch’s
theorem. We resolve this issue in the single-particle limit
by introducing a unitary transformation U¢ [Eq. (55)] that
removes the explicit X dependence of the field by grouping
the photonic and electronic momenta into Pp. This treatment
preserves the conservation of momentum between the light
and matter DOFs, allowing the calculation of physically
relevant “polaritonic dispersion” curves that provide an in-
tuitive understanding of absorption and emission processes.
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Additionally, in this section, we emphasize that one must
be extremely careful in making any LWA, as it can violate
the conservation of momentum between the light and matter
DOFs. To benchmark this method of going beyond the long-
wavelength approximation, we also compared these results to
the exact p - A Hamiltonian transformed by U,.

This work opens many future directions in studying
polariton physics. For example, this Hamiltonian can be
immediately applied to any one-electron ab initio systems’
model potentials. Additionally, this representation could be
extended to include many-electron polariton systems. On a
more theoretical side, the strategy used to extend RAD beyond
the long-wavelength approximation could additionally be ex-
tended to also include phonon interactions, creating a total
polariton-crystal momentum, a quantum number. This paper
will enable investigations of periodic cavity QED systems
and light-matter coupling in the ultra-strong and deep-strong
coupling regimes [13].
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APPENDIX A: NORMAL MODE ANALYSIS
FOR THE QUANTIZED FIELD

As discussed in the main text, the standard Coulomb gauge
Hamiltonian can be expressed in the form

. N Zip;i-Ag |2wg 1,
Hp-A =Hy — ZM Yﬁqﬂ +Z§[p%8ﬁ’ﬁ’
I Bp
+ (wpdp.p + 2vpvp(es - €))dpdp ). (A1)

where we introduced a new mode-dependent coupling param-
eter,

- (A2)
and we defined pg and §p as
js = | (@} + ap) (A3a)
= [|—(a ag),
qp 205 B B
pp=i Tﬁ(ag — ap). (A3b)

To perform the normal mode analysis, it is convenient

to define the vectors of operators, éph, 5ph, and 2, and

<>
second-order tensor of operators, g as

‘ﬂh =[do ¢ - g -1, (Ada)
=10 B - pp oL, (Adb)
T =[Ac/oo @1 Ao @1, Asmr @1y
X oo ]’ (A4C)
(@5 +215) © Ipn  2yivoeo - e) ® Ty
g=|CQurie-e) @1y (0l +2y7) @1 -],
(A4d)

where the identity operator for the photonic DOFs ﬁph is
explicitly written to emphasize that these are vector/matrices
of operators. Now, the Coulomb gauge Hamiltonian can be
represented as

A A 2 Zjﬁj 2
Hyp =Hy — /= 2 1.(7g
bA M /;(Xj: m, (€T Gph)

loop 2T R
+ 5 (Ponon + dpn 8dpn)- (AS5)
Since Zr) is symmetrical and real, it can be diagonalized with
an orthogonal matrix 3. Additionally, <§ is a positive definite
matrix. It’s eigenvalues are all positive, so its diagonalized
form can be written as

fo%
[

>3

o»d

Y

T =

, (A6)

<> <>

where (Q)a,ar = Q404. are matrix elements of & and {2}
are the frequencies of the normal modes {oe}. As such, the co-
ordinate and momentum operators of the oy, normal mode are
(gcﬁ,h )« and (gﬁph )«» respectively. Additionally, the direction
and magnitude of the vector potential of the ¢, normal mode
can also be expressed as A, = (Z‘T(gT Yoo/ Qe

By expressing the Coulomb gauge Hamiltonian in terms of
the {a} normal modes, we recover the Eq. (5) from the main
text

N . iPi- Ay 29 . I, . R
Hp~A:HM_ZZJp# i Cla—i-ZE(Pi"‘Qiqg[),
J o

Ja

(AT)

where we have removed all explicit intemode coupling. It
should be noted that this normal mode transformation re-
duces to a Bogoliubov transformation (see Appendix B) when

€g - € = 85,5'.

APPENDIX B: BOGOLIUBOV TRANSFORM

The Bogoliubov transformation [52] is a convenient
method of partially diagonalizing the additional quadratic
terms for Hamiltonians with harmonic oscillators. In the
context of the cavity QED Hamiltonian, the normal mode
transformation in Appendix A reduces to a Bogoliubov trans-
formation in the single-mode and single-molecule limit. In
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this limit, Eq. (2) becomes
qp - Ao

J

. . 1
Hy A =HM+hwc<a1&+§> —— (@ +a)

A
L
2w,

at+ay?,

(B1)

where g = |Ao|v %L is the coupling strength, y. in the single-
molecule limit. We then apply this transformation to the
following terms of Eq. (B1):

h i
hoed'a + g @ +ay. (B2)

2a)C
To perform this diagonalization, we define new creation and
annihilation operators, b and b, such that

b=ua+vat, b =ua®+va, (B3)

where u and v are in real numbers. Requiring the trans-
form to preserve the commutatlon relation [, b'] =1
leads to [b bT] = [ud + va', uat + val = W? —vHa, atl =

1, thus gives the condition u2 — v2 = 1. Then, the selection of
(b" + b)/(a" + &) fully defines the transformation. We want
the result of this transformation to be diagonal and enforcing

h
gz(awa)z—f:,

C

WQbTh = hooata + (B4)

where €2 is the dressed photon frequency, and £ is a constant
energy shift. Using the transform in Eq. (B3), we expand b'h
in terms of & and &',

= (ua" + va)wa + va") = w @™ + a%)

(u +v)&€l+v

=uv(@" + a)2 + (u— v)2aTa + 02 — uv, (BS)
and comparing to Eq. (B4) leads to
(u—v) = w/Q, (B6a)
uy = gz/ZwCQ (B6b)
E = hQuv — v?). (B6¢)

Relation Eq. (B6a) leads to u — v = /w./S2. This, to-
gether with the condition W —v? = (u+v)u—v) = 1leads
to u + v = /Q2/w.. Using these two relations, we have

Q\/LTC Q\/E B7
a)_c+§’ w_c_ﬁ'()

Note that 5" + b = (u+ v)(@" + &), thus the Bogoliubov
transformation requires (b’ + b) = \/Q/w.(a" + &). Further
using Eqgs. (B6b) and (B7), we have

1/Q
we (& _>x\_ £ (BS)
4\ w, Q 2w 2
leading to the choice of the frequency
Q=,/w?+24. B9)

Finally, using Egs. (B6c) and (B7) we have the expression of
the constant £ = uv — v? 2(Q w.), representing the ZPE

different associated with two different frequencies. Note that
this is positive definite due to 2 > w. and decays to zero as
g — 0. Putting all of these together, we can rewrite Eq. (2) in
the b and b' representation as

. . NS | h .
Hp.AzHM+hQ<bTb+§>—g —e-ph’

b).
me2 +b)

(B10)
This expression is equivalent to Eq. (7) in the main text for a
single mode.

The basic logic of the Bogoliubov transformation can
be understood from a much simpler perspective, with §. =

VE2w.(a" + a) and p. = ix/ho./2(a" — &) being the pho-
tonic coordinate and momentum operators, respectively.
Alternatively,

A 1 We N
a = — — (e — l—F/— s
\/5 fl qc /—wchpc

. 1 we .
d=— +1i
N\

Using g, and p., one has

| i
hwc(a‘a + 5) 2g2
1

1
2(0) +2¢%)4; = 5170 + =

(Blla)

ch) (B11b)

, 1 1
"+a)y = —pc+2€qc+gqc

1
—Q%G?,

> (B12)

1
~2
= 5 pc ~|—
where we have introduced 2 = w? + 2¢°. Introducing the
new raising and lowering operators associated with the

dressed frequency €2 as follows:

N A T

b= 7 %qC_lﬁpC , (B13a)
N 1 Q

bzﬁ( qc—{—z\/_pC) (B13b)

which naturally gives the condition of Bogoliubov transform
(b" + b) = /Qw (@' + @), as well as satisfies Eq. (B3) us-
ing the coefficients in Eq. (B7).

In the case of many interacting particles with mass m; and
change ¢q;, we start with a more general form of the Coulomb
gauge Hamiltonian in Eq. (2),

. A
Hya =B + heod™a — Y pr’; SRR Givay (Bl
; J
J

2
ZZ|0|(,\+)

where j is the index of the charged particles. The Bogoliubov
transformation for this case can also be done, by using the
many particle coupling parameter,

Rl (B15)
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so the terms that the quadratic terms in Eq. (B14) are ex-
pressed as

hy?
hwed'a + 2:;(&‘+a)2. (B16)
C

Following the same procedure of the Bogoliubov transform
is (b" +b) = /Q/w.(a" + &) with the dressed frequency
Q = ,/w?+2y2, we now have the Coulomb gauge Hamil-
tonian as

HA—HM+hQ(bb+ ) ,/wCZZ’ % . p;(b" +b).

(B17)

As shown in the last line of Eq. (B17), the term that is linear
in A is now much more complex.

For N identical charged particles (such as electrons), the ef-
fective coupling parameter in Eq. (B15) becomes y. = v/Ng,
where g is the single electron-cavity coupling strength Eq. (3),

HPA_HM+hsz(bTb+ ) \/_g\/72e p;(b" + b),

(B18)

resulting in the familiar collective coupling between light and
matter that scales as v/Ng.

APPENDIX C: EQUIVALENCY TO BLOCH’S THEOREM

From Ref. [51], Bloch’s theorem directly follows from the
assertion that a periodic potential can be expressed as (in our
notation),

Vix)=

Z U(K)eucx

K

(ChH

where the ), is overall possible reciprocal lattice vectors,
and v(x) can be defined from Eq. (35). Equations (C1) and
(32) from the main text are equivalent as shown by taking the
inverse Fourier transform of Eq. (34),

Vix) = /dK v(K) - m<@>e”ﬂ
2

= Z v(k )e
— Z U(K)eikx,

where the second line takes advantage of the sifting property
of the Dirac delta function and the third line comes from the
relation that v(k ) = v(—«k) by making the assumption that the
crystal has inversion symmetry.

We decided to use the convolutional notation in the main
text due to the increased flexibility in defining models that it
provides. With this method, v(x) can be defined outside of a
single unit cell, allowing for models that use functions, such
as Gaussians or error functions, that are defined over all space.
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FIG. 6. The polariton states energies as a function of the coupling
strength y /w,, color-coded with the average Fock state excitation
number. The four panels plot these results for the two double well
potentials from Sec. III [shallow well, (a,b); steep well, (c,d)] for
each Hamiltonian [PF, (a,c); RAD, (b,d)]. The expectation value
of the Fock state excitation number operator is computed in each
respective Fock basis, which is not the same between the PF and
RAD Hamiltonians but are related by unitary transformation.

APPENDIX D: AVERAGE PHOTON NUMBERS
FOR DOUBLE-WELL POTENTIALS

We provide an analysis of the effective Fock state excita-
tion number as a way to probe the convergence of the RAD
Hamiltonian. It is important to note that after unitary trans-
formations, one needs to perform the same transformation on
the photonic operator and the quantum states. More detailed
discussions can be found in Sec 2.3.4 in Ref. [10]. For our
current discussion, we are only interested in the efficiency
of convergence of the RAD and PF Hamiltonians with Fock
states.

Figures 6(a)-6(d) present the eigenspectra of the two
double-well model potentials [shown in Figs. 1(a) and 1(b)] in
a given range of coupling strength up to y./w. = 2.5, obtained
by diagonalizing [(a) and (c)] the PF Hamiltonian and [(b) and
(d)] the RAD Hamiltonian. The color coding of the curves
reflects the value of the average Fock-state excitation number,
calculated as follows:

Ny = (yIN|y),

where N is the Fock state excitation number in a given QED
Hamiltonian, and |¥/) is a polariton state. For the PF Hamil-
tonian N = a'a, and for the RAD Hamiltonian N = b'h.
Figures 6(a) and 6(b) show results for the steep-well poten-
tial [in Fig. 1(a)] for the PF (a) and RAD (b) Hamiltonians.
Note the different color bar scales. PF showcases up to seven
photons (Fock states occupation) on this scale, whereas RAD
only shows less than two. This enables faster convergence
in terms of the Fock state basis for the RAD Hamiltonian
compared to the PF Hamiltonian. We also note that, at higher
coupling strengths, the average Fock state excitation number
in the RAD Hamiltonian is much smaller; whereas, for the

(D1
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PF Hamiltonian, the Fock state excitation number increases
as the coupling strength increases. This implies that the PF
Hamiltonian requires many more Fock basis states to converge
the result at any value of coupling compared to the RAD
Hamiltonian. Figures 6(c) and 6(d) show the same information
but for the shallow-well potential [in Fig. 1(b)]. One can see
that compared to the steep well model potential presented in
panels (a) and (b), the PF Hamiltonian requires more Fock
states to converge (due to the higher Fock state excitation
number), while the RAD Hamiltonian again shows that its
Fock state excitation number goes to zero as the coupling
increases for states in the same low-energy range [due to the
intrinsic asymptotically decoupled nature of the light-matter
interaction in RAD, see Fig. 2(a)].

APPENDIX E: DERIVATION OF PAULI-FIERZ
HAMILTONIAN

We first introduce the Power-Zienau-Woolley (PZW)
gauge transformation operator [1,53] as

N

U =exp |:— %ﬁ,[&} = exp [— %ﬂ'Ao(&—F&T)], (E1)

or U=exp[— % +2w./f tAogc] = exp[ — E(Z 7;A%))].
Recall that a momentum boost operator U = e~ P4 displaces
p by the amount of py, such that U, O(p)UT O(p + po).
Hence, U is a boost operator for both the photonic momentum
pe by the amount of /2w /LAy, as well as for the matter
momentum p; by the amount of z ]A The PZW gauge operator
[Eq. (El)] is a special case of U,, such that x = —X; - A.
Using U to boost the matter momentum, one can show that

Hya = U HyU + Hp, (E2)
hence I-?p. A can be obtained [14] by a momentum boost with
the amount of —z;A for p, then adding Hyp.

The QED Hamiltonian under the dipole gauge (the “d - E”
form [53,54]) can be obtained by performing the PZW trans-
formation on ﬁp.A as follows:

Hyp = UH, AU = 00'HyOU" + U0
N 1
a) A
+ gw 0) (E3)

where we have used Eq. (E2) to express ﬁp.A, and the last
three terms of the above equation are the results of UHuU ™.
Using g, and p., one can instead show that

2
Hyg = Ay + lwzqf + 1<ﬁc +/ 20 ﬂAo) . (Ed
2 2 h
because the PZW operator boosts the photonic momentum p,
by 2w./hjtAy. The term %(/TLAO)2 is commonly referred to
as the dipole self-energy (DSE).
The widely used Pauli-Fierz (PF) QED Hamiltonian
[6,19,20] in recent studies of polariton chemistry can be

3
&
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o
[0)
c
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FIG. 7. Single electron in a cosine potential coupled to a cavity.
(a) The first 40 bands in the energy eigenspectrum of this model as a
function of the normalized coupling strength g/w. color-coded by the
k point. (b)—(e) Dispersion plots for normalized coupling strengths of
g/w. = 0.1, 1, 10, 100, respectively.

obtained by using the following unitary transformation:

O = exp [— i%&*&]. (ES)

Note that Uya'aU) =a'a, UsaU) = ia, and Upa'U) =
—ia’, applying U, on
follows:

Fe = Oy Hy0)

Hg.g, we have the PF Hamiltonian as

. 1
= Hy + hwc<£ﬁa + 5) +weft - Aga+ah)

a) A
+ f(u-Aof

. 1 :
=Huv+ = .+ LAy ) . E6
M 2pc S (q o 0) (E6)
The above PF Hamiltonian has the advantage of a pure real

Hamiltonian and the photonic DOF can be viewed [6,19]
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and computationally treated [55,56] as an additional “nuclear
coordinate”.

APPENDIX F: DETAILS OF NUMERICAL CALCULATIONS

The model matter Hamiltonians were diagonalized using
the discrete variable representation (DVR) [45] for the elec-
tron kinetic energy 7' such that the Hamiltonian in the position
basis for a uniform grid takes the form

Hyw = Tov + V(X)8xy, (F1)
with
o B2 (=1 { %2, X =x’} E)
Ty | 2y x# X

where Ax is the grid spacing with /i?/2mAx? as the en-
ergy quantum of the grid and x and x’ as the real-space
grid indices. This Hamiltonian is diagonalized directly using
standard approaches for Hermitian matrices. Additionally, the
full light-matter Hamiltonians are diagonalized in the same
manner.

To solve the PF Hamiltonian, the electric dipole matrix
elements are required, as they mediate the interactions be-
tween light and matter. They are calculated from the electronic
wavefunctions [eigenstates of Eq. (F1)] in the usual way as

Mye = —le| / dx (Y|x)x(x|p), (F3)

where e is the elementary electric charge and |¢) is the ¢y,
electronic wavefunction of Eq. (F1). All dipole matrix el-
ements were solved with 2048 grid points to converge the
lowest 50 electronic states and all transition dipole moments
between them.

The Fourier transform of the real-space potential V (x) —
V (k) in each model was computed using the asymmetrically
normalized forward-backward fast Fourier transform (FFT)
implemented in Python [with the normalization defined in
Eq. (22)] by the NumPy module without padding.

APPENDIX G: APPLICATION ON 1D COSINE POTENTIAL

We further provide additional examples of using RAD
Hamiltonian to solve 1D periodic potential. We define a cosine
potential as

V(x) = vy cos(kox),

V(K) =%(5(K—ko)+5([(+ko)), (G1)

where vy is the amplitude of the cosine and kg = 27 /ay. Using
the expression of Arap from Eq. (25) along with the Fourier
transform of this potential, we can define the Hamiltonian
analytically for this model as

hK' 2
JK' (hK")
Meff

Aran = h2b'h + f K'Y (K|

" / K % (K'Y (K" + ko| e o5l

+ K"} (K" — kol e"0%d). (G2)

Furthermore, we can then find the dispersion plots using an
Hgap (k) of the form

Rk + k)2

|k + k) {k + k|
2Mef

Hrap(k) =hQb'h ® P + Z
+ Z 5 (k1) (k + K + ol €705

+ |k + k) {k + Kk — kol e™05ede), (G3)

This is clearly a special case of Eq. (38), where the only
nonzero off-diagonal terms in the Hamiltonian occur when
k' = 27 /ay.

Figure 7 shows the numerical results of this cosine model.
Figure 7(a) shows how the eigenspectrum changes as the
coupling strengths evolve through the ultra-strong coupling
regime and into the deep-strong coupling regime. Panels (b)—
(d) show the dispersion plots of the polariton states for four
different coupling strengths.

[1] C. Cohen-Tannoudji, J. Dupont-Roc, and G. Grynberg, Photons
and Atoms: Introduction to Quantum Electrodynamics (Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, 1997).

[2] E. T. Jaynes and F. W. Cummings, Comparison of quantum and
semiclassical radiation theories with application to the beam
maser, Proc. IEEE 51, 89 (1963).

[3] B. Mischuck and K. Mglmer, Qudit quantum computation
in the Jaynes-Cummings model, Phys. Rev. A 87, 022341
(2013).

[4] M. Hotheinz, E. M. Weig, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M. Martinis,
and A. N. Cleland, Generation of Fock states in a superconduct-
ing quantum circuit, Nature (London) 454, 310 (2008).

[5] M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A. D. O’Connell, D. Sank, J. Wenner, J. M.
Martinis, and A. N. Cleland, Synthesizing arbitrary quantum
states in a superconducting resonator, Nature (London) 459, 546
(2009).

[6] J. Flick, M. Ruggenthaler, H. Appel, and A. Rubio, Atoms and
molecules in cavities, from weak to strong coupling in quantum-
electrodynamics (QED) chemistry, Proc. Natl. Acad. Sci. USA
114, 3026 (2017).

[7] T. W. Ebbesen, Hybrid light-matter states in a molecular
and material science perspective, Acc. Chem. Res. 49, 2403
(2016).

[8] J. Feist, J. Galego, and F. J. Garcia-Vidal, Polaritonic
chemistry with organic molecules, ACS Photon. 5, 205
(2018).

[9] R. F. Ribeiro, L. A. Martinez-Martinez, M. Du, J. Campos-
Gonzalez-Angulo, and J. Yuen-Zhou, Polariton chemistry:
Controlling molecular dynamics with optical cavities, Chem.
Sci. 9, 6325 (2018).

[10] A. Mandal, M. A. D. Taylor, B. M. Weight, E. R. Koessler, X.
Li, and P. Huo, Theoretical advances in polariton chemistry and
molecular cavity quantum electrodynamics, Chem. Rev. 123,
9786 (2023).

104305-19


https://doi.org/10.1109/PROC.1963.1664
https://doi.org/10.1103/PhysRevA.87.022341
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature08005
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1021/acs.accounts.6b00295
https://doi.org/10.1021/acsphotonics.7b00680
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1021/acs.chemrev.2c00855

TAYLOR, WEIGHT, AND HUO

PHYSICAL REVIEW B 109, 104305 (2024)

[11] D. De Bernardis, T. Jaako, and P. Rabl, Cavity quantum elec-
trodynamics in the nonperturbative regime, Phys. Rev. A 97,
043820 (2018).

[12] D. 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).

[13] A. Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta,
and F. Nori, Ultrastrong coupling between light and matter,
Nat. Rev. Phys. 1, 19 (2019).

[14] O. 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 (2019).

[15] M. A. D. Taylor, A. Mandal, W. Zhou, and P. Huo, Resolution
of gauge ambiguities in molecular cavity quantum electrody-
namics, Phys. Rev. Lett. 125, 123602 (2020).

[16] A. Stokes and A. Nazir, Implications of gauge freedom for
nonrelativistic quantum electrodynamics, Rev. Mod. Phys. 94,
045003 (2022).

[17] J. Li, D. Golez, G. Mazza, A. J. Millis, A. Georges, and M.
Eckstein, Electromagnetic coupling in tight-binding models for
strongly correlated light and matter, Phys. Rev. B 101, 205140
(2020).

[18] M. A. D. Taylor, A. Mandal, and P. Huo, Resolving ambiguities
of the mode truncation in cavity quantum electrodynamics,
Opt. Lett. 47, 1446 (2022).

[19] C. Schifer, M. Ruggenthaler, and A. Rubio, Ab initio nonrela-
tivistic quantum electrodynamics: Bridging quantum chemistry
and quantum optics from weak to strong coupling, Phys. Rev.
A 98, 043801 (2018).

[20] V. Rokaj, D. M. Welakuh, M. Ruggenthaler, and A. Rubio,
Light-matter interaction in the long-wavelength limit: No
ground-state without dipole self-energy, J. Phys. B: At. Mol.
Opt. Phys. 51, 034005 (2018).

[21] T. S. Haugland, C. Schifer, E. Ronca, A. Rubio, and H. Koch,
Intermolecular interactions in optical cavities: An ab initio QED
study, J. Chem. Phys. 154, 094113 (2021).

[22] T. S. Haugland, E. Ronca, E. F. Kjgnstad, A. Rubio, and H.
Koch, Coupled cluster theory for molecular polaritons: Chang-
ing ground and excited states, Phys. Rev. X 10, 041043 (2020).

[23] R. R. Riso, T. S. Haugland, E. Ronca, and H. Koch, Molecular
orbital theory in cavity QED environments, Nat. Commun. 13,
1368 (2022).

[24] R. R. Riso, T. S. Haugland, E. Ronca, and H. Koch, On
the characteristic features of ionization in QED environments,
J. Chem. Phys. 156, 234103 (2022).

[25] B. M. Weight, X. Li, and Y. Zhang, Theory and modeling of
light-matter interactions in chemistry: Current and future, Phys.
Chem. Chem. Phys. 25, 31554 (2023).

[26] N. Vu, G. M. McLeod, K. Hanson, and A. Eugene DePrince,
Enhanced diastereocontrol via strong light-matter interactions
in an optical cavity, J. Phys. Chem. A 126, 9303 (2022).

[27] A. E. DePrince, Cavity-modulated ionization potentials and
electron affinities from quantum electrodynamics coupled-
cluster theory, J. Chem. Phys. 154, 094112 (2021).

[28] M. D. Liebenthal, N. Vu, and A. E. DePrince, Equation-of-
motion cavity quantum electrodynamics coupled-cluster theory
for electron attachment, J. Chem. Phys. 156, 054105 (2022).

[29] J. McTague and J. J. Foley, Non-Hermitian cavity quantum
electrodynamics-configuration interaction singles approach for

polaritonic structure with ab initio molecular Hamiltonians,
J. Chem. Phys. 156, 154103 (2022).

[30] B. M. Weight, T. D. Krauss, and P. Huo, Investigating molecular
exciton polaritons using ab initio cavity quantum electrodynam-
ics, J. Phys. Chem. Lett. 14, 5901 (2023).

[31] B. M. Weight, S. Tretiak, and Y. Zhang, A diffusion quantum
Monte Carlo approach to the polaritonic ground state, Phys.
Rev. A 109, 032804 (2024).

[32] Z.-H. Cui, A. Mandal, and D. R. Reichman, Variational Lang-
Firsov approach plus Mgller-Plesset perturbation theory with
applications to ab initio polariton chemistry, J. Chem. Theory
Comput. 20, 1143 (2024).

[33] X.Liand Y. Zhang, First-principles molecular quantum electro-
dynamics theory at all coupling strengths, arXiv:2310.18228.

[34] N. Vu, D. Mejia-Rodriguez, N. Bauman, A. Panyala, E. Mutlu,
N. Govind, and J. Foley, Cavity quantum electrodynamics com-
plete active space configuration interaction theory, J. Chem.
Theory Comput. 20, 1214 (2024).

[35] A. Mandal, S. M. Vega, and P. Huo, Polarized fock states and
the dynamical Casimir effect in molecular cavity quantum elec-
trodynamics, J. Phys. Chem. Lett. 11, 9215 (2020).

[36] M. Kuisma, B. Rousseaux, K. M. Czajkowski, T. P. Rossi, T.
Shegai, P. Erhart, and T. J. Antosiewicz, Ultrastrong coupling of
a single molecule to a plasmonic nanocavity: A first-principles
study, ACS Photon. 9, 1065 (2022).

[37] A. Canales, T. Karmstrand, D. G. Baranov, T. J. Antosiewicz,
and T. O. Shegai, Polaritonic linewidth asymmetry in the
strong and ultrastrong coupling regime, Nanophotonics 12,
4073 (2023).

[38] Y. Ashida, A. imamoglu, and E. Demler, Cavity quantum elec-
trodynamics at arbitrary light-matter coupling strengths, Phys.
Rev. Lett. 126, 153603 (2021).

[39] A. Bayer, M. Pozimski, S. Schambeck, D. Schuh, R. Huber,
D. Bougeard, and C. Lange, Terahertz light-matter interac-
tion beyond unity coupling strength, Nano Lett. 17, 6340
(2017).

[40] F. Yoshihara, T. Fuse, S. Ashhab, K. Kakuyanagi, S. Saito, and
K. Semba, Superconducting qubit—oscillator circuit beyond the
ultrastrong-coupling regime, Nat. Phys. 13, 44 (2017).

[41] N. S. Mueller, Y. Okamura, B. G. M. Vieira, S. Juergensen, H.
Lange, E. B. Barros, F. Schulz, and S. Reich, Deep strong light—
matter coupling in plasmonic nanoparticle crystals, Nature
(London) 583, 780 (2020).

[42] T.D. Lee, F. E. Low, and D. Pines, The motion of slow electrons
in a polar crystal, Phys. Rev. 90, 297 (1953).

[43] D. A. Zezyulin, S. A. Kolodny, O. V. Kibis, I. V. Tokatly,
and I. V. Iorsh, Dynamical stabilization by vacuum fluctua-
tions in a cavity: Resonant electron scattering in the ultrastrong
light-matter coupling regime, Phys. Rev. A 106, 043708
(2022).

[44] W. C. Henneberger, Perturbation method for atoms in intense
light beams, Phys. Rev. Lett. 21, 838 (1968).

[45] D. T. Colbert and W. H. Miller, A novel discrete variable repre-
sentation for quantum mechanical reactive scattering via the S-
matrix Kohn method, J. Chem. Phys. 96, 1982 (1992).

[46] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[47] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

104305-20


https://doi.org/10.1103/PhysRevA.97.043820
https://doi.org/10.1103/PhysRevA.98.053819
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1038/s41567-019-0534-4
https://doi.org/10.1103/PhysRevLett.125.123602
https://doi.org/10.1103/RevModPhys.94.045003
https://doi.org/10.1103/PhysRevB.101.205140
https://doi.org/10.1364/OL.450228
https://doi.org/10.1103/PhysRevA.98.043801
https://doi.org/10.1088/1361-6455/aa9c99
https://doi.org/10.1063/5.0039256
https://doi.org/10.1103/PhysRevX.10.041043
https://doi.org/10.1038/s41467-022-29003-2
https://doi.org/10.1063/5.0091119
https://doi.org/10.1039/D3CP01415K
https://doi.org/10.1021/acs.jpca.2c07134
https://doi.org/10.1063/5.0038748
https://doi.org/10.1063/5.0078795
https://doi.org/10.1063/5.0091953
https://doi.org/10.1021/acs.jpclett.3c01294
https://doi.org/10.1103/PhysRevA.109.032804
https://doi.org/10.1021/acs.jctc.3c01166
https://arxiv.org/abs/2310.18228
https://doi.org/10.1021/acs.jctc.3c01207
https://doi.org/10.1021/acs.jpclett.0c02399
https://doi.org/10.1021/acsphotonics.2c00066
https://doi.org/10.1515/nanoph-2023-0492
https://doi.org/10.1103/PhysRevLett.126.153603
https://doi.org/10.1021/acs.nanolett.7b03103
https://doi.org/10.1038/nphys3906
https://doi.org/10.1038/s41586-020-2508-1
https://doi.org/10.1103/PhysRev.90.297
https://doi.org/10.1103/PhysRevA.106.043708
https://doi.org/10.1103/PhysRevLett.21.838
https://doi.org/10.1063/1.462100
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758

RECIPROCAL ASYMPTOTICALLY DECOUPLED ...

PHYSICAL REVIEW B 109, 104305 (2024)

[48] A. Mandal, D. Xu, A. Mahajan, J. Lee, M. Delor, and D. R.
Reichman, Microscopic theory of multimode polariton disper-
sion in multilayered materials, Nano Lett. 23, 4082 (2023).

[49] S. Shin and H. Metiu, Nonadiabatic effects on the charge trans-
fer rate constant: A numerical study of a simple model system,
J. Chem. Phys. 102, 9285 (1995).

[50] O. Dmytruk and M. Schird, Gauge fixing for strongly correlated
electrons coupled to quantum light, Phys. Rev. B 103, 075131
(2021).

[51] N. W. Ashcroft and N. D. Mermin, Solid State Physics (Holt,
Rinehart and Winston, New York, 1976).

[52] N. N. Bogoljubov, On a new method in the theory of supercon-
ductivity, Il Nuovo Cimento 7, 794 (1958).

[53] E. A. Power and S. Zienau, Coulomb gauge in non-relativistic
quantum electro-dynamics and the shape of spectral lines,
Philos. Trans. Royal Soc. A 251, 427 (1959).

[54] M. Goppert-Mayer, Elementary processes with two quantum
transitions, Ann. Phys. 521, 466 (2009).

[55] N. M. Hoffmann, C. Schifer, N. Sikkinen, A. Rubio, H.
Appel, and A. Kelly, Benchmarking semiclassical and per-
turbative methods for real-time simulations of cavity-bound
emission and interference, J. Chem. Phys. 151, 244113
(2019).

[56] T. E. Li, A. Nitzan, and J. E. Subotnik, On the origin of
ground-state vacuum-field catalysis: Equilibrium consideration,
J. Chem. Phys. 152, 234107 (2020).

104305-21


https://doi.org/10.1021/acs.nanolett.3c01017
https://doi.org/10.1063/1.468795
https://doi.org/10.1103/PhysRevB.103.075131
https://doi.org/10.1007/BF02745585
https://doi.org/10.1098/rsta.1959.0008
https://doi.org/10.1002/andp.200952107-804
https://doi.org/10.1063/1.5128076
https://doi.org/10.1063/5.0006472

