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ABSTRACT

When matter is strongly coupled to an optical cavity, new hybrid light-matter states are formed, the so-called polariton states. These polari-
tons can qualitatively change the physical properties of the matter coupled to the cavity by completely altering its energy eigenspectrum.
Fueled by experimental innovations in recent years, much progress has been made in simulating the intrinsic quantum behavior of these
hybrid states. At the heart of each simulation is the choice of Hamiltonian to represent the total light-matter hybrid system. Even at this fun-
damental level, there has been significant progress in developing new gauges and representations for this Hamiltonian, whether exact or
under approximations. As such, this review aims to discuss several different forms of Hamiltonians for the researcher trying to enter this field
by clearly and concisely deriving each different representation from the fundamental Minimal Coupling Hamiltonian. In addition, this review
provides commentary on the optimal usage and extent of approximations for each individual representation to assist the reader in choosing

the appropriate Hamiltonian for their work.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0225932

TABLE OF CONTENTS

L INTRODUCTION. ...
II. CAVITY QED HAMILTONIANS ...................
A. The minimal coupling Hamiltonian.............
B. The dipole gauge Hamiltonian .................
C. Asymptotically decoupled Hamiltonian..........
III. QED HAMILTONIANS IN TRUNCATED HILBERT
SPACES ...
. Benchmark model computational details ........
. Dipole and Coulomb gauge Hamiltonians .......
. Properly truncated Coulomb gauge Hamiltonian .
. Polarized Fock-state Hamiltonian ..............
. Truncation of the photonic mode for the
Coulomb and dipole gauges....................
Generalization of truncation scheme beyond the
long-wavelength approximation ................
IV. MODEL HAMILTONIANS IN QUANTUM OPTICS .
V. CONNECTION AND DIFFERENCE WITH THE
FLOQUET THEORY ............ ..o,

mOOw >

e

B W =

o N O\ Ul

11
11

12

VI. GENERALIZED HAMILTONIANS FOR MANY

MOLECULES AND MODES....................... 13

A. Generalized dipole-gauge Hamiltonian .......... 14

B. Generalized Tavis—Cummings Hamiltonian . .. ... 15

VII. CONCLUSIONS AND OUTLOOK................. 16
I. INTRODUCTION

Recent progress in enabling new chemical reactivities by strongly
coupling molecular systems to quantized radiation' ' has stimulated
theoretical developments in molecular quantum electrodynamics (see
Fig. 1)."”*" In particular, light-matter interactions beyond the weak-
strong coupling regime, such as the ultra-strong coupling”® (USC) and
the deep-strong coupling™ (DSC) regime, are currently an active field
of theoretical research.'”'*****" Such coupling regimes lead to new
exciting physical phenomena that cannot be described with the widely
used approximate light-matter Hamiltonians such as the Rabi and
Jaynes-Cumming Hamiltonians'®'**"*** of quantum optics. In this
manner, it is crucial to strategically choose which light-matter

Chem. Phys. Rev. 6, 011305 (2025); doi: 10.1063/5.0225932
Published under an exclusive license by AIP Publishing

6, 011305-1

¥0:20:20 G20z Arenuged ¢}


https://doi.org/10.1063/5.0225932
https://doi.org/10.1063/5.0225932
https://doi.org/10.1063/5.0225932
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0225932
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0225932&domain=pdf&date_stamp=2025-02-12
https://orcid.org/0000-0002-3300-6834
https://orcid.org/0000-0001-9088-2980
https://orcid.org/0000-0002-8639-9299
mailto:michael.taylor@rochester.edu
mailto:mandal@tamu.edu
mailto:pengfei.huo@rochester.edu
https://doi.org/10.1063/5.0225932
pubs.aip.org/aip/cpr

Chemical Physics Reviews

Hamiltonian to use to model your system by understanding the differ-
ent benefits and shortcomings of each representation.

As this field of cavity quantum electrodynamics (cQED) is highly
interdisciplinary, drawing from both quantum optics and physical
chemistry, the appropriate choice of Hamiltonian can be obfuscated
for those new to the field. Often, the relationships between
Hamiltonians and exact levels of approximation consequentially
become unclear. In this review, we seek to put in one place all the
major gauges and representations commonly used in the field with
detailed derivations that relate them to each other, helping to bridge
the gap between quantum optics and physical chemistry.

This review is organized such that exact Hamiltonians for matter
coupled to a single mode are initially introduced in Sec. II, and
Secs. [11-V layer on approximations, going all the way to the semiclassi-
cal approximation. As such, Sec. II introduces different forms of the full
Hilbert space Hamiltonian, derived from the fundamental Minimal
Coupling Hamiltonian. Then, in Sec. III, the truncation of the full
Hilbert space is considered, with discussions of the various methods for
addressing the gauge ambiguities caused by such projections. In Sec. IV,
the simplified quantum optics models are discussed and benchmarked
relative to the truncated matter Hamiltonians. Then, Sec. V provides a
brief comparison of cCQED methods with Floquet theory, which is under
the semiclassical approximation. Using insights from this path, Sec. VI
extends the formalism to more generalized forms of cQED
Hamiltonians for systems with many modes and many molecules. The
future perspectives and analysis are provided in Sec. VII.

Il. CAVITY QED HAMILTONIANS

Before directly discussing various exact cavity QED
Hamiltonians, we define the formalism used in the rest of the review
for the two primary degrees of freedom (DOF) covered in this review,
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FIG. 1. Characteristic examples of polariton photochemistry. (a) Schematic illustra-
tion of Rabi splitting due to strong coupling for a single atom in a cavity. (b)
Eigenspectra for a diatomic molecular system both outside and inside a cavity. (c)
Properties of a formaldehyde molecule inside a cavity, demonstrating more complex
polariton eigenspectra and changes in transition densities due to the cavity.*
(Weight et al., J. Phys. Chem. Lett. 14, 5901-5913, 2023; licensed under a Creative
Commons Attribution (CC BY 4.0) license.)
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namely, the molecular Hamiltonian and the photonic Hamiltonian.
Following this brief overview of these independent Hamiltonians, the
rest of this section focuses on different representations of QED
Hamiltonians that describe light-matter interactions: the minimal cou-
pling Hamiltonian (Sec. II A), the dipole gauge Hamiltonian (Sec. 11 B),
and the asymptotically decoupled Hamiltonian (Sec. II C).

We introduce the matter Hamiltonian in its most fundamental
form as an ensemble of charged particles interacting with some poten-
tial. In our notation, we formulate this as

R o 1, e X
Hy=T+ V(&) =) —p +VR&); i=) z%, 1)

where j is the index of the jth charged particle (including all electrons
and nuclei), with the corresponding mass #; and charge z;. In addi-
tion, X = {%;} = {R, %} with R and f representing the sets of nuclear
and electronic coordinates, respectively, p = {pg,p,} = {Pp;} is the
mechanical momentum operator as well as the canonical momentum
operator, such that f)j = —ith.A Further, T = Ty + T, is the kinetic
energy operator, where Tg and T, represent the kinetic energy opera-
tor for nuclei and for electrons, respectively, and V(%) is the potential
operator that describes the Coulombic interactions among electrons
and nuclei. Note that this fundamental form does not make any Born-
Oppenheimer approximations and is in general, exact and impossible
to solve for real systems. It is, however, perfectly well suited for toy
model systems where an electron is interacting with some external
potential, and this representation allows us to most clearly show the
fundamental light-matter coupling as a starting point. For the purpose
of this review, we do not focus on solving the matter system itself,
instead highlighting how coupling to the cavity affects said matter sys-
tem. For a more in-depth review of molecular Hamiltonians, see
Appendix A.

For the majority of Hamiltonians discussed in this review, the
matter system is assumed to already be solved, and the light-matter
Hamiltonian is framed in the eigenbasis of the matter Hamiltonian.
Additionally, the light-matter coupling terms are written as functions
of other matter observables that are accessible from electronic structure
methods and assumed to be expressed in the matter eigenbasis.
Namely, these are the particles’ momenta and the molecular dipole,
which is more common for molecular systems.

As light is a many-mode ensemble of simple harmonic oscillators,
the cavity Hamiltonian for a single mode is

X 1 1.
H = ho, (ﬁ*a + 5) = E(pi + 0?gl), )

where . is the frequency of the mode in the cavity, @' and a are
the photonic creation and annihilation operators, and g,
= Vh/20.(a" +a) and p_= i\/ho/2(a" — a) are the photonic
coordinate and momentum operators, respectively. This is the simplest
picture of a cavity’s Hamiltonian. In principle, a given cavity can have
many modes that couple to matter. Such situations are discussed in
Secs. 111 E and VI; however, for the sake of clarity and concision, we
introduce each major representation of the Hamiltonian with only one
cavity mode with the understanding that all can be extended to many
modes.

Aside from just the photonic Hamiltonian, another important cav-
ity operator for gauge theory is the mode’s vector potential. Choosing
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the Coulomb gauge, V - A = 0, the vector potential becomes purely
transverse A = A | . Under the long-wavelength approximation,

Ag\ 2w /R q, (3)

where Ay = /ﬁ ¢ for a Fabry—Pérot cavity, with ) as the quanti-

zation volume inside the cavity, & as the permittivity, and € is the unit
vector of the field polarization. This long-wavelength approximation
explicitly assumes that the vector potential does not vary with its spa-
tial coordinate. In practice, it is crucial to consider the length scales of
the mode and the matter to be justified in making this approximation.
For example, for a single small molecule system (~1 nm spatial extent)
coupled to a cavity mode in the visible range (27c/w. ~ 400 nm), this
level of approximation is valid. However, when considering extended
matter systems such as 2D materials or a large ensemble of molecules,
this level of approximation can break down. "’

As with the single-mode approximation, we also make this long
wavelength approximation throughout our derivations in Sec. I1-V for
clarity. Section VI acts as an example of how to relax both of these
approximations. For a more in-depth review of quantum optics, see
Appendix B.

A A0a+a

A. The minimal coupling Hamiltonian

We begin our discussion of QED with the most fundamental
light-matter Hamiltonian in QED, the minimal coupling
Hamiltonian. This will act as the starting point for all derivations in
this review. The minimal coupling QED Hamiltonian in the Coulomb
gauge (the “p - A” form) is expressed as

~ 1 A ~ A

Hypn = j 271j(;sj —zA) + V(%) + Hpn, )
where p; = —ihV; is the canonical momentum operator for the jth
particle.

This p - A Hamiltonian can be directly thought of as the photonic
DOF performing a unitary boost on the matter DOF. We can formal-
ize this boost as a unitary operator, the so-called Power-Zienau-
Woolley (PZW) gauge transformation operator,’""* expressed as

U:exp{—%ﬁx]:exp{—%ﬁ-Ao(am*) , (5)

or equivalently U = exp[— £ \/20 /hjtAq.| = exp[— 1 > ZA%;)].

Recall that a momentum boost operator 0P = ¢ il displaces p
by the amount of py, such that UPO@)U; = O(p + po)- Hence, U is
a boost operator for both the photonic momentum p_ by the amount
of \/20./hjiAg, as well as for the matter momentum p; by the

N Lot
amount of ziA. Using U to boost the matter momentum, one can
show that

oy = U HO 4 . (©)

hence H .4 can be obtained”' by a momentum boost with the amount
of — sz for p;, then adding H . It should be noted that while we are

using staying in the single-particle, single photonic mode picture for
simplicity, the PZW operator in principle can be expressed for many

pubs.aip.org/aip/cpr

particles and many modes beyond any long-wavelength approxima-
tion (see Sec. I F)."* ™"

B. The dipole gauge Hamiltonian

Now that we have introduced our starting point, we perform a
unitary gauge transformation on the minimal coupling Hamiltonian to
arrive at the more common dipole gauge Hamiltonian.”*> This QED
Hamiltonian is similarly found using the PZW operator from Eq. (5) as

Hag = UHpnU' = UUTHWUU" + U U

(i‘ ' A0)27
()

where we have used Eq. (6) to express H p-A» and the last three terms of

_HM+hwc( Ta + )+iwcﬁ~Ao(&*—a)+%

the second line are the results of UH ph U". Note that upon applying
U to i p-A> We are boosting the matter and photonic momenta such
20 /hjtAy. This effectively

pushes the interaction terms from matter the kinetic energy term to
the photonic kinetic energy term. This can be explicitly seen by rewrit-

that p; — p; —zA and p. — p, —

ing H g in terms of §_and p_,

2
. N 1 . 1/(. 20 ..
Hd.E—HM—I—Ewiqi—O—E(pC-i-H hc,qu> , (8)

because the PZW operator boosts the photomc momentum p_ by
V20 /hjtAq. Additionally, the term %= ( ftAy)” is commonly referred
to as the dipole self-energy (DSE). Note that in the literature, Egs. (7)
and (8) are sometimes written in the multipolar gauge, where the
transverse polarization field is used instead of the dipole operator.*”*®

The widely used Pauli-Fierz (PF) QED Hamiltonian'*"**">*
in recent studies of polariton chemistry can be then obtained by using
the following unitary transformation

Uy = exp {—igéﬁfz}. )

Note that Uya'aUl, = a'a, UsaU, = ia, and Uga' U, = —ia'.
By applying U4 on H 4.g, we have the PF Hamiltonian as follows:

- P
HPF = U¢HdEU¢

~ i 1 R . . e .
~ iy +hwc(a*a +5) F o Aoa +2) + 2 (- o)

2
1 2

The above PF Hamiltonian has the advantage as a pure real
Hamiltonian and the photonic DOF can be viewed”""” and computa-
tionally treated”>”" as an additional “nuclear coordinate.”

We emphasize that both the operators and the wavefunctions
should be gauge transformed (though U), in order to have a gauge
invariant expectation values. This means that

0— 00U, |¥) — Uw), 1)
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such that (O) = (¥|O|¥) = ((P|U)(TOU")(U|P)). In the case
of global unitary transforms (no spatial or momentum dependence),
this is equivalent to simply writing the matrix/vector expressions of the
operator/wavefunction in the new basis. Even though gauge transfor-
mations are not as simple as a basis change, the same principle applies.
For cavity QED, this principle is particularly salient for the pho-
ton number operator, as it is commonly asked, “how many photons
are in the cavity?”'®*” In response to this, the Coulomb gauge result is
taken to be the physical photon number‘ % and is defined as
~2 D .

A 1
a = pc‘l‘ﬁ c*g. (12)

N AT
NPAA =a

Under the dipole gauge, it should be

¢k = U U
2
1 R 20 . We . 1
= =N - 13
Zh(,()c ( C + h [l 0) Zh qp»A 2 ) ( )

At ESFITNE | DT (A i ot (O i (A
where d =Ua'U =/ZU(q.-1p)U = /Ela. — L (p.
++v/2wc/hjtAy)]. For the PF Hamiltonian, the photon number opera-
tor should then be

=
(@
=

L
2

Nop = UyUa"al' 0, = (0,0a"0"0})(0,0a0"0)) = '

2

1 ~2 [OR N 2 ~
_ @ LAy o 14
2o e T on <q°+ R A0 ’ (14
where

At Py fratirtet (OF ~ 20 .

=UygUa U U, = o (qc—i- \/TIIA0> - CPC:|> (15)

and the physical number operator is
N=U,Ua'al' U} =¢'e #a'a. (16)

This has been pointed out extensively in Refs. 18 and 20. Using the
incorrect expression a'a under the dipole gauge will overestimate the
actual photon number, causing inaccurate and misleading results.

C. Asymptotically decoupled Hamiltonian

While the Coulomb and dipole gauges are by far the most com-
mon representations for light-matter couplings, in recent works, the
asymptotically decoupled AD Hamiltonian was introduced to increase
the simulation accuracy for models with arbitrarily strong coupling
strengths.””"’ We begin by rewriting H .4 from Eq. (4) in its expanded
form

. . e PAo Ly A
Hyn = Hy + hoiaa + 2200 +a) + Aol (@' +a) 17
m 2m
where the zero point energy of the photonic mode is omitted for sim-

plicity. Then we perform a Bogoliubov transformation on the photonic
degrees of freedom to rewrite Hy,.5 as

Hon = Hy +1Qb'b — xog - p(b' +b), (18)

pubs.aip.org/aip/cpr

where Q = {/®? + 2N|g|” is the dressed photon frequency with a
particle number N, g = qAg\/w./mh is the coupling strength, and
xq = \/h/mQ is a characteristic length. The Bogoliubov transform
used in Eq. (18) is of the form, b + b= VQ/o(a+
the linear term in (a 4 a") from Eq. (17). R o
Recall that a position shift operator, U, = e i displaces g by
the amount gy, such that UqO(Q)U; = 0(§ 4 qo). With this in
mind, a shift operator in both photonic and matter coordinates is
introduced, which transforms Eq. (18) into the AD representation

a') to remove

Uap = exp {*%gg 157%} ; (19)

where 7 = i(l;T — b) is the photonic momentum in the Bogoliubov
transformed space and &; = gxq/Q is an effective coupling parameter
in the AD representation. This leads to the introduction of the AD
Hamiltonian, H »p = ULDI:I pA U ap»

. 1 ., o~ . S 1o g
Hap = Z%pf+ V(%) + &gt) + hQb'b fzmjézpj. (20)
j )

By rescaling the mass of each particle to an effective mass,
m;ff = mj[1 + 2|g/w,|’], this asymptotically decoupled Hamiltonian

is then simplified to

X .
Hap = Z effpj + V(% + Egft) + hQb b. 1)

This is simply a photomc I—anmlltoman added to a matter Hamiltonian
with an effective mass scaling in the kinetic energy and a shift in coor-
dinates in the potential energy. Note that the coupling is mediated by
the shifting of each x; by the photonic operator weighted by an effec-
tive coupling term §,. However, [€,(g)| has a finite peak and then
asymptotically approaches zero for large |g|. In other words, in this
representation, the photonic and matter degrees of freedom asymptoti-
cally decouple at arbitrarily high coupling strength. For this reason,
this representation was put forward as a convenient Hamiltonian
when considering systems in the deep strong coupling regime and
beyond.

This AD Hamiltonian has also been expanded upon in recent
work for solid-state materials in reciprocal space in Ref. 40, but is
beyond the scope of this review as we are focused on molecular QED
(Fig. 1).

I1l. QED HAMILTONIANS IN TRUNCATED HILBERT
SPACES

Investigating the cavity QED computationally always requires a
truncation of electronic states applied to the QED Hamiltonians,”"*”
as the electronic Hilbert space in principle has an infinite basis size for
any real system. Additionally, as these matter electronic states are often
difficult to obtain, one typically projects the QED Hamiltonian to a
few physically relevant electronic states, which can still produce accu-
rate results in the low energy regime. However, when dealing with
strong light-matter coupling, the manner in which the truncation of
the Hilbert space is performed drastically changes the accuracy and
consequentially the convergence of results with basis size. In the con-
text of this review, we assume that simulations are done via direct diag-
onalization of the Hamiltonian (instead of perturbative or similarly
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FIG. 2. Block diagram describing the relationships between various Hamiltonians
discussed in this article. Hamiltonians in the top row have poor matter state conver-
gence properties. Hamiltonians in the second row have poor Fock state conver-
gence properties. Hamiltonians in the bottom row have good matter and Fock state
convergence properties.

approximate approaches), benchmarking the different Hamiltonians
by the minimum basis size required for their eigenenergies to
converge.

Additionally, as with any truncation, the choice of basis is funda-
mental in determining the validity of said truncation. While for the
photonic DOF, we always choose to truncate in the Fock basis, for
matter DOFs there are a few commonly chosen bases that are dis-
cussed in this review. Foremost among these is the adiabatic basis.
These are the eigensolutions to the electronic Hamiltonian (the matter
Hamiltonian excluding the nuclear kinetic energy). While these are
convenient states to obtain via electronic structure, they are in princi-
ple parameterized by the nuclear DOFs. In contrast to these are the
diabatic states, which are independent of the nuclear coordinate.
However, these diabatic states are difficult to obtain with exact solu-
tions not existing beyond simple systems. As such, the Mulliken-Hush
quasi-diabats can be used as approximate diabatic states for small
changes in the nuclear configuration. In this section, all three of these
basis choices are used to demonstrate the behavior of truncating the
light-matter Hamiltonians, but the fundamental idea of gauge ambigu-
ities and how to properly truncate the matter DOF is independent of
the matter basis choice.

As such, this section reviews the recent literature results on trun-
cating the Hilbert space of these QED systems. Sections 111 B and 11 C
discuss two different ways to truncate the matter DOF of the dipole
and Coulomb gauge Hamiltonians from Secs. IT A and II B. Then, Sec.
IIID discusses a new representation of the light-matter coupling in a
truncated Hilbert space, the polarized Fock state (PFS) Hamiltonian.
Finally, Secs. 111 E and III F briefly discuss how performing truncations
applies for more general systems with many modes and beyond the
long-wavelength approximation, respectively (Note that the full
descriptions for these generalized systems are found in Sec. V1.)

A. Benchmark model computational details

To accurately illustrate the performance of different truncated
QED Hamiltonians, we test the accuracy of the Hamiltonians dis-
cussed in this review on a model molecular system inside a cavity of
frequency . = 400 meV. Figure 3 shows the potential energy

REVIEW pubs.aip.org/aip/cpr
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FIG. 3. Shin-Metiu model molecular system using parameters listed in Table |. (a)
Potential energy surfaces of the first four molecular states. (b) Diabatic potentials
(dashed curves) Vye(R) (red) and Va(R) (blue), with diabatic coupling Vap (gold).
(c) Matrix elements of i in the adiabatic representation (solid) g (green), g,
(orange), and p, (light blue), as well as in the diabatic representation (dashed
curves) e (red) and py (blue).

surfaces, diabatic potentials, and dipole matrix elements of the model
system that we use to benchmark these Hamiltonians, the so-called
Shin-Metiu proton-transfer model system.

This Shin-Metiu model molecular system”” contains two fixed
ions, one moving electron, and a proton (whose position is R), all
interacting with each other through modified Coulombic potentials.
These model potentials are characterlzed by a total Hamiltonian of
Hy = Tr + Hyg, where Tr = R/Zmp is the k1net1c energy of the
transferring proton, with the proton mass m,. Hy is the electronic
Hamiltonian

Hel = Tr + VeN + VNN» (22)

where T, = ﬁf /2m, represents the kinetic energy operator of the sin-
gle electron with mass m,.. As this is a single-dimensional model
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system, the electron-nuclei potential term, VeN is a modified Coulomb
potential expressed as

erf (M) erf (w)
VeN - _ 2 R. o 2 R,

Zp€ Zpe

|r — R |r — Rp|
erf(w
2 Rc
— _— 23
zZpe |T_RA| ) ( )

where r is the electronic coordinate and e = 1 a.u. is the fundamental
charge, R is the proton coordinate, while Rp and R, are the positions
of the static donor and acceptor ions, respectively. Furthermore, Zp» ZD»
and z, represent the charge of the proton, donor ion, and acceptor
ion, respectively. Additionally, R. characterizes the degree of shielding
of the modified Coulomb interaction between the electron and the
ions, where under the limit of R. — 0, we recover the unshielded
Coulomb potential.

The nuclear-nuclear interaction potential Vyy is similarly a
modified Coulomb potential between the proton and the ions,
expressed as

R—R R—R
erf (@) erf (M)
VN 2 Rn 2 Rn

N = Z,ZDp€ + z,za€ (24)
P |R — Rp P IR— Ryl

where R, is the nuclear-nuclear analog to R.. The parameter values of

the Shin—-Metiu model used in this review are tabulated in Table I. All

numerical results in this review assume this model system for the mat-

ter Hamiltonian.

B. Dipole and Coulomb gauge Hamiltonians

We begin with the simplest case of matter truncation. Consider a
finite subset of electronic states {|«)}, where the projection operator
P =3l defines the truncation of the full electronic
Hilbert space 1, = P + Q to the corresponding subspace P. This
truncation reduces the size of the Hilbert space from originally i,®
]1R ® ]lph to now P ® HR ® Ilph, where 1y and lph represent the
identity operators of the nuclear and photonic DOF, respectively. The
truncated matter Hamiltonian is

Hy = PHWP = PTP + PV (x)P. (25)
Throughout this review, we use calligraphic symbols (such as Hy) to
indicate operators in the truncated Hilbert space.

TABLE I. Parameters used in the molecular Hamiltonian FIM.

Parameter Model

Zp, 2D ZA 1 (unitless)
Rp —35A
Ry 35A
R, 1.75 A
R, 1.0A
my 1836 a.u.
Me 1a.u.

REVIEW pubs.aip.org/aip/cpr

The simplest way to then write the QED Hamiltonians from Secs.
II'A andII B in this truncated subspace would then be to truncate each
matter operator by P. Truncating the momentum operator and dipole
operator as Pp P and PjiP, the QED Hamiltonians under the trun-
cated subspace are commonly defined as

R,y = PO HGOP + iy
5 a2
_ j
HM+HPh+Zj:<— PpJPA—i-W), (26a)
Hag = Hm +Hpn + i PaPAy(a" —a) + a;);( APA,)
(26b)

Note that 7:[;,A = 751:IP.A75 = ﬁUTI:IM UP + th. It is well known
that the above two Hamiltonians do not generate the same polariton
eigenspectrum’ 7% °* under the ultra-strong coupling regime,”
explicitly breaking down the gauge invariance. This leads to the gauge
ambiguity”***** as to which Hamiltonian, ’H; 4 or Hyg, is viable to
compute physical quantities when applying P. This is attributed”* t

the fact that HP  usually requires a larger subset of the matter states
to converge or generate consistent results with 745, and apparently,
under the complete basis limit, they are gauge invariant [see Figs. 4(a)-
4(d)]. Further, this fundamentally different behavior of Hp‘ s and Hag
upon state truncation is also attributed to the fundamental asymmetry
of the operators p and i =}, z%;."" This gauge ambiguity histori-
cally sources from the mid- 20th century with studies on the two-level
approximation for atom systems. o Figures 4(a)-4(d) show these con-
vergence properties of both the dipole and Coulomb gauge
Hamiltonians, demonstrating that for this Shin-Metiu model system,

Energy (eV)

Energy (eV)

Energy (eV)

) . )
-3 2 -1 0 1 2 3-3 -2 -1 0 1 2 3
R (a.u.) R (a.u.)

FIG. 4. Comparison of the polariton potential energy surfaces of the Shin—Metiu
model generated from four different QED Hamiltonians under different levels of trun-
cation for Ap = 0.15 a.u. and @, = 400 meV. (a) Pauli-Fierz Hamiltonian with 2
matter states and 4 Fock states. (b) Coulomb gauge Hamiltonian with 2 matter
states and 4 Fock states. (c) Pauli-Fierz Hamiltonian with 2 matter states and 10
Fock states. (d) Coulomb gauge Hamiltonian with 18 matter states and 6 Fock
states. (€) Properly truncated Coulomb gauge Hamiltonian with 2 matter states and
4 Fock states. (f) Polarized Fock state (PFS) Hamiltonian with 2 matter states and 4
Fock states. This shows how the latter two Hamiltonians require less matter and
Fock states to converge compared to the former two.
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H,.4 requires 9 times more matter states to converge [see Figs. 4(c)
and 4(d)].

Performing the same truncation scheme, the PF Hamﬂtoman in
thei . t}'uncAa)rteAdJr electronic  basis,  FHpp = UngEU{) = Hu
+UgUH U U, is expressed as

Oc n
7(79}177 - Ag)?

2
1 [2 . .
= Hu+ pc—o—zw (qc thPyP~A0> . (27)

Note that Uy is only a function of the photonic DOF, thus it does not
bring any matter operator that was originally confined in P to Q.
Therefore, HPF provides consistent results with Hd g» ensuring that
there are no ambiguities between H . and Hpe.

'HPF = 7:(1\4 -+ th + (JJC']AD[A!,]AD . Ao(& + ﬁf) -+

C. Properly truncated Coulomb gauge Hamiltonian
Reference 36 contends that the gauge ambiguity between the
Coulomb and dipole gauges emerges because the PU" and UP in
7:[;4 A [Eq. (26a)] do not consistently constrain light-matter interaction
operators in the same electronic subspace as do those corresponding
operators in 7:(d.E. The source of this ambiguity lies in how much

information of the full system is constrained in the subspace P and
how much is neglected upon truncation, center in the subspace

O =1, — P, even when the matter eigenspectrum is converged for a
truncation in P. Naturally, in the limit of P — Il,, both le 5 and
7:(th have the same results, but in using UP to create 7:l; 4> informa-
tion on the light-matter coupling is cast into the subspace Q. Namely,
the diamagnetic term zJ-ZAZ /2m; in 7:[; 4 that is effectively evaluated in
the full space“'” flr (based on the Thomas-Reiche-Kuhn sum rule),
hence is not properly confined in 2. As such, it overestimates its con-
tribution in the subspace,”’”” and by confining it within 7, the results
can be significantly improved.”' Reference 36 proposes that the best
way to confine the diamagnetic term to the projected subspace is to
reformulate U as a unitary operator in said subspace. As such, using

PUP " does not resolve this gauge ambiguity either.

Based on the above conjecture, the gauge ambiguity in the trun-
cated electronic subspace will be resolved by defining the following
unitary operator:

U= exp {—%75!175 . A] = exp {—%ﬁ(fgﬁ) 'A}’ (28)

such that all terms in U = Y0 (=

confined within the subspace 73, and upon gauge transformation, all

%)"(75;1?)"1&" are properly

light-matter interaction operators are now consistently confined in 7
for both gauges. Here, I is defined analogously to the PZW gauge
operator U in the full space [Eq. (5)], and PP = ji(X,p) in princi-
ple is a function of both % and p, due to the finite level projection that
ruins the locality of X 19 Further, I is a unitary transformation oper-
ator in the P subspace and the identity operator in the subspace of

pubs.aip.org/aip/cpr

j, — P, such that we still have i’ = 1, ® jR ® Tlph — U
Using U , one can define the following Coulomb gauge Hamiltonian:*®

Hoa = U Hll + Hpp, (29)

analogous to H p-a in Eq. (6) in the full space. One can then formally
show that 7:lp, A [Eq. (29)] and 7:[th [Eq. (26b)] are related through u

[Eq. (28)] as follows: Z:I?ZKP,AZ;IT = 7:lM + I;{I:IphZ:{Jr = Hqz. Note that
to establish the last equality we have used the fact that UH phl;l !
= U(1022 +3p2)U" =302 + 1 (pe + /20 [RPRPAG). The
unitary relation between 45 and the new HP.  formally proves that
there are no gauge ambiguities between these two gauges when follow-
ing this truncation scheme.

While the above formulation is general and exact, it may not be
immediately clear to the reader how to apply it. As such, we will walk
through performing this truncation scheme for molecular QED, where
the nuclear kinetic energy, Tk is typically separated from the electronic
Hamiltonian Hy = Hy — Tr. The adiabatic electronic states |o(R))
are the eigenstates of H, through Hgla(R)) = (T, + V)|2(R))
= E,(R)|«(R)). Using P =3, |oc( ))(a( )|, the pro;ected elec-
tronic  Hamiltonian  is  Hgq = PHaP =, E,(R)|2)(%|.
Alternatively, diabatic electronic states”” " {|p), |¢)} can be obtained
by the unitary transform® ' from the adiabatic states |o:(R)). The
character of the diabatic states do not depend on R, such that
(@|Vr|§) = 0. With P =3 |@) (¢l Ha = PHaP =3, Voo (R)
X10Y 0]+ s Voo R o) where Voo(R) = (ol ald) is
diabatic matrix element of H .

By splitting the matter Hamiltonian as Hy = Tgr + Hy, then the
resulting molecular QED Hamiltonian in this gauge is

Pl

§\-1

75 — ViitA +P)’P + U Hall + Hpp,  (30)

where the sum over j only includes nuclei, i = PP, and P; repre-
sents the residue momentum P; =1 (1)*[jA, [ﬁA,f)j]] +--- In the
above expression, we did not specify the choice of 75, which could be
either adiabatic or diabatic. Under the limiting case when Ay = 0 or
I ‘A= 0, both the —Vjﬁf\ and 131» terms become 0, and Z/Allr
—U—-Polz® ﬂph. As one would expect, the zero-coupling limit
returns to just the addition of the two DOFs, ’}:[ A— Hu+H ph-
When usmg adiabatic states for the truncatlon, one can show
27
that " Pp?P = (P, —ihd 2, a/,\ «)(B|)*, where d]oc/f = (o|Vj|p)
are the well-known derlvative couplings. In addition to these adiabatic
derivative couplings, the light—matter interaction also induced addi-
tional “derivative”-type couplings, — yA and P;.
When using the Mulliken-Hush dlabatlc states, o8

eigenstates of the ji = PP operator, such that it = > o Byl D) (D],

7% which are the

one can prove that P; =0 for all nuclei. This is because that

Vii =34 Vjny|$)($], thus both fiA and [ilA,f)j] become purely
diagonal matrices, hence all of the higher order commutators in
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A . R . ..
U p;U become zero, resulting in P; = 0 for j € R. This is analogous
to the diabatization criteria for pure matter systems, where d’% o= 0,

furthering the analogy of VjﬁA and P; being similar to a derivative
coupling.

This scheme of properly truncating the matter DOF thus yields
gauge invariant results for this matter truncation, regardless of the
matter basis. Additionally, it preserves the favorable Fock state conver-
gence behavior of the Coulomb gauge Hamiltonian. Consequently, it
requires fewer matter and Fock states than either of the Hamiltonians
discussed above. This convergence behavior is demonstrated numeri-
cally in Fig. 4(e) for the Shin—-Metiu molecular model.

D. Polarized Fock-state Hamiltonian

The polarized Fock-state Hamiltonian takes advantage of the dis-
appearance of P ; when the Hamiltonian is expressed in the Mulliken—
Hush diabatic basis to form an equivalent Hamiltonian that provides
additional physical intuition. In the Mulliken-Hush diabatic basis, the
matter Hamiltonian is expressed as

HM—TR+ZV¢ IO}l + > Voo R)d)ol,  (BD)
dFe

where V (R) represents the diabatic potentials, V, (R) represents the
diabatic coupling. The PF Hamiltonian in Eq. (10) under the |¢) basis
is expressed as

~ MH

Ty = U Husll,
a pc O‘)g ~ 0 2
=Hpy +7+27(qc+q<p(R)|¢><¢|) 5 (32)
¢
where qg)(R) = hiwcAo - 1y (R), p, is eigen-dipole value for [¢), and

U, is the unitary operator that changes the basis to the eigenbasis of 1.
In this representation, the photonic DOF is simply a displaced har-
monic oscillator centered about —g¢(R). This displacement can be
viewed as a polarization of the photon field due to the presence of the
molecule-cavity coupling, such that the photon field corresponds to a
non-zero (hence polarized) vector potential, in contrast to the vacuum
photon field.

We can then rewrite this displaced harmonic oscillator term in
Eq. (32) in its own Fock basis, diagonalizing it as

L[+ 2+ b ) ing ()
<b¢b¢+ >ﬁwcln¢( )) = (n¢+ )hwc|n¢( ), (33)

where the polarized Fock state (PES) |n4(R)) = |ny) is the Fock state
of a displaced Harmonic oscillator, with the displacement fqg)

= —\/ﬁ)cAo : ,“¢(R)
Ing) = e_i(_qi)ﬁ/h|n> = eiq&ﬁ/h\n%and ny =0,1,2..., 00 is the quan-
tum number for the PFS. Further, l;; = (?];5 +ip)/v/2 and 5(1,
= —1i 2 are the creation and annihilation operators o e

?Jﬁ/} ip)/V2 h i d ihilati p f th

specific to the diabatic state |¢p) such that

PES |ny), with the photon field momentum operator p and polarized
photon field coordinate operator z}ib =g+ qg) (R). Note that in

pubs.aip.org/aip/cpr

contrast to a noninteracting photonic system, the PES s, (R) has an
explicit dependence on the eigen-dipole of the molecule for each given
nuclear coordinate. As such PFS’s corresponding to different MH dia-
bats are not in general, orthogonal, i.e., (ng4|m,) # 64, Under the spe-
cial case of the atomic cavity QED, the PFS representation reduces to
the qubit-shifted Fock basis {|n),|m_)}, which has been used to
solve the polariton eigen-spectrum for the quantum Rabi model”* "
throughout the range of light-matter coupling and to derive the gener-
alized rotating-wave approximation.”””>’® These non-orthogonal
Fock states and their overlap (m_|n.) have shown to effectively cap-
ture the light-matter interactions in a quantum Rabi model.”*””

To express the full light-matter Hamiltonian in the PFS represen-
tation, the PF Hamiltonian [Eq. (32)] undergoes a unitary shift opera-
tor (similar to a polaron transformation'”) u pol Of the form

polexp[ S ®)9) m} (34)

such that it unshifts that displaced Harmonic oscillator in Eq. (32)
when applied to Hpg. Note that this is also similar to the coherent state
transformation™””” %" or the Lang-Firsov transformation””"*"'""
that are used in ab initio QED calculations; however, for the purpose
of those calculations, the matter DOF is not represented in the
Mulliken-Hush basis, and the general form of fi is used instead of the
matrix elements, qg). Consequently, these ab initio techniques also
show the same computational advantages for the photonic DOF as
PES but solve the matter DOF self-consistently.

Upon the transformation by U pol» we then have the PES
Hamiltonian as

~ At~ MH A~
Hers = U Hpp Upol
it e n 1
= Uy Trllpor + Y _(V4(R) + (n¢ + 5) haod)| ¢, ng) (ng, ¢|
$.ng
+ Y (mlng) Ve (R)]§, ng) (my, ol. (35)
Ny Mg, OFp

In contrast to other representations such as those discussed in Sec. 11,
this Hamiltonian does not have an explicit light-matter interaction
term. Instead, all interactions are mediated via the overlap of the
shflfted Fock states through the (m,|ng)Vy,(R) term and the
u PO]TRL{ pol term.
We can further express the I/ OITRZ/I pol term in the [¢, 1) basis
as
Uy Trllpo :ﬁ (P —ih Y dm¢n¢¢,m¢,)(n¢,,¢|)2, (36)

b.ng,me

where d,,,n, = (mg|Vr|ng) originates from the R-dependence of
PES. Note that there is no non-adiabatic couplings between states
with  different ~diabatic ~characters, since (¢, ny|Vr|@, my)
= (ny|Vr|mg)(p|@) = 0 (because we assume that |¢) and |¢p) are
strict diabatic basis), and they are orthogonal (¢|p) = 0 for ¢ # ¢.
The polaritonic non-adiabatic coupling can be analytically evaluated as
follows:

1 At n
(| Vxls) = — 3 Ao - Visy(R)mgfb —blng).  (37)
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Thus, these terms couple off-resonant states that are separated by A,
through the (b — b) term. This non-adiabatic coupling is reminiscent
of the vector potential boost of matter momentum in the Coulomb
gauge.

Intuitively, this PFS representation strives to improve the Fock
state convergence of the d - E Hamiltonian by using a shifted harmonic
oscillator basis instead of the traditional Fock basis of the pure light
Hamiltonian. This is because the light-matter coupling itself causes a
shift in the photonic Hamiltonian [as shown in Eq. (33)]. Thus, a shifted
harmonic oscillator basis is a more natural basis in which to represent
this system. This leads to a significant improvement in Fock state con-
vergence over the d-E Hamiltonian, as shown numerically in Fig. 4.
Additionally, Fig. 5 shows in further detail the advantageous conver-

gence properties of the PFS representation compared to 4 and HP‘ A

In fact, this PFS representation is equivalent to the properly trun-
cated Coulomb gauge Hamiltonian in Eq. (30). To see this, we first
look at how U rotates g,

REVIEW pubs.aip.org/aip/cpr

P IO JPSUNIN N 20 PN
U U U, = U, Uy exp —ﬁq/ i A [ Ul
~f i 2 N
=U, exp h\/ﬂ”'Aop
i 2 . N
= exp ﬁ;\/h_a)‘:”¢'A0|¢><¢‘pc = Upal- (39)

With the properties shown in Egs. (38) and (40), we can directly show
that Hpps and ’Hp.  differ only by a change in basis for the matter
Hilbert space and a phase rotation in the photonic Hilbert space by the
following relationship:

N MH N N AN
Hpps = IHPF pol = upol(u#

upol( [eHdEUe] )

U )U pol

At Bojot oot p
U300 = |5 U3al, + Ut Ug) = =L (39) = L ' ' Harll 0l
< Tt
This relation directly leads to wYo e (40)
R=0.0
|"II
‘:'f::-::___
S
) ’
Lf 0.8 pa=——ssiieaecsssszoccodf P
T
R === '--'2;; sa==asiiic]
--pA == Vu.p.A
--dE  — Exact ~eagzommmmemmmeeeeee
0 : L ! ! | | e .
0 0.1 0.2 03 0 0.1 0.2 03 O 0.1 0.2 03 0 0.1 0.2 0.3
Ao A A, Ao
e T T T T f T T T T T T T h
(©) d.E ()' (@) (h) E ;
1.2 4 b 4 b z b
S : ' ‘
o) « Vu.p.A ) i
LL(ID 08 \L L P : b '
I
W |
0.4 $=o—0—0—0-0-0-0—0—0—¢  $~0-0—0—0—0—0-0-0-0 foressosos
0 - 5 & i - i S é e Ol b o & o 4 o Y L L L ) - - - e . -
4 6 8 10 12 14 4 6 8 10 12 14 4 6 8 10 12 14 4 6 8 10 12 14
Nf Nf Nf Nf

FIG. 5. Comparison of the PFS Hamiltonian (red) energy eigenspectrum with that of the Coulomb (blue) and dipole (green) gauge Hamiltonians (w, = 400 meV) for the Shin—
Metiu model at different R values (denoted at the top of each column). The top panels (a—d) graph the eigenenergies of each Hamiltonian using 2 matter states and 4 Fock
states against the exact (gray). The bottom panels (e-h) plot the eigenenergies of the dipole gauge Hamiltonian vs the PFS Hamiltonian at different R values with an

Ao = 0.15 and two matter states as a function of the number of Fock states used.
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Note that [Ug, U ] = 0 since they act on different degrees of freedom.
In this way, T pgs and 7:[],, 4 are intrinsically related. It follows naturally
that they would have very similar convergence properties.
Consequentially, in the full basis limit, the PFS representation is equiv-
alent to the p A Hamiltonian. This is shown in Sec. ITT E.

Figure 2 summarizes the relationships between all the
Hamiltonians discussed thus far.

E. Truncation of the photonic mode for the Coulomb
and dipole gauges

All the Hamiltonians previously discussed in this review are
under the single mode approximation; however, many types of cavities
such as the Fabry-Pérot cavity has infinite number of quantized modes
(see Sec. VI). It is then pertinent to consider how to truncate this
many-mode Hilbert space to a more computable space with a small
finite number of modes. Whenever a truncation occurs, the gauge
invariance condition may become ambiguous.

Although less ubiquitous than the gauge ambiguities present
under matter truncation, it should be noted that the truncation of pho-
tonic modes also leads to gauge ambiguities that can be resolved in a
manner similar to the process discussed in Sec. I11C.'"”” However,
unlike in the case of matter truncation, for mode truncation, the dipole
gauge Hamiltonian leads to ambiguities. To see this, recall how Hpa
and H 4.5 can be written in terms of the PZW operator:

I:Ip-A: UTI:IMU—FI:IP}I, (41)
I:Id,EZI:IM+0HPhi]T. (42)

However, now H ph = Ziio h(uk&z& &> Where ay is the photonic anni-
hilation operator for the kth mode. ()

It is convenient to define a projection operator, P °, that trun-
cates this many-mode Hilbert space to an m-mode Hilbert space:

~ (m) . m—1 00
P =Tu® (kczao ; 1) (g 2 |0k,><0k,|), (43)

where |n) is the nth Fock state in the kth mode and 7 y is the identity
operator for the matter Hilbert space.

For the case of matter truncation, it was argued that to properly
truncate polariton systems in a truncated subspace, the pure matter
and photonic operators should be truncated first and then transformed
with a properly truncated PZW operator. As discussed in Ref. 102, the
same procedure must be used for mode truncation. In this manner,
the new m-mode PZW operator is
(m)

0™ = " dP

i
=e = exp _ﬁﬂ'ZAk(altJ"ak)- (44)
=0

If we formulate the equivalents to Egs. (41) and (42) in this m-mode
subspace as

Hos = U PHNPU + PHuWP, (45)
Hap = 75HM75 + Z/A[']ADI:IPh'fDZ;fT, (46)
which always guarantees gauge invariant results through Hg

=u ’f{p. AU " We can find the Coulomb gauge Hamiltonian under an
m-mode truncation by using Eq. (45)

pubs.aip.org/aip/cpr
Hyn = U™ P iU + P horala P
k=0

2
(47)

Since H ) is a pure matter operator, it is invariant upon mode trunca-

tion and therefore commutes with P, 75(m)I:IM75(m) = I:IM75(m). In
the case of a single mode m = 1, Eq. (47) reduces to the well-known
single-mode minimal coupling Hamiltonian [see Eq. (4)].
Interestingly, if we apply a simple mode truncation, 7:[;(:2)
= 75(m)I:I P A75(m) has the same form of Eq. (47) up to a constant that
represents the zero-point energy of all modes.

Since the minimal coupling Hamiltonian is formed by boosting
the matter Hamiltonian, a naive mode truncation has a minimal effect,
only causing a zero-point energy (ZPE) shift.

(m)

‘@>

2 /m) b m)
Hon =P " HyaP

(m)

Il
ﬁ)

0 0P + 2" hogata P
k=0

>

m—1
. e CAg .
:HM+Z[Ewka;ak+ k( Z+ak)}
k=0 m
m—1 2 ( )
~F ~ ~(m
+o ;|Ak|(uk +ay)| +EP, (48)

where & = 3°;° |Ax|*/2m is ZPE of the other projected modes com-
ing from " (af + &k)zf?(m) =P for k > m (note that the only

surviving term is ﬁ(m)&kiz,tf?(m) = 75(m)). This is very different from
what happens in the case of a matter truncation.

Now, the Hamiltonian that fails under a simple mode truncation
is the dipole gauge Hamiltonian.

pm) s m) o s (m)

Hap =

Il
,’_‘Q)
=
_|_
=
IS
~
Q>
e
Y
~
+
8.
~
>
=~
=
>
~
I
Y
T

(A ). (49)

>

k

0
=0

This procedure la{ga.ks the gauge invariance and generate different
results from H_ ., because the dipole self-energies for all the
modes are still explicitly present, even for the modes k € [m, o],
which are supposed to be projected away. Thus, the dipole gauge
Hamiltonian should be truncated using the scheme presented in
Eq. (46),
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A = g+ 0P (Zhwkakak>7s<m>a<m>*
pard
. n—1
=Hy+ {hwkakak + oA - (@) — ax) +— (Ax - i)’
pary

(50)

This provides gauge invariant results with Eq. (48) and reduces to the
well-known single mode case [see Eq. (7)] when m = 1. In this man-
ner, one should carefully consider the proper manner of truncation
even for mode truncation.

F. Generalization of truncation scheme beyond the
long-wavelength approximation

In a recent work,”’ a generalized scheme for resolving gauge
ambiguities beyond the long-wavelength approximation and for arbi-
trary gauges. In this picture, the matter is no longer approximated as a
dipole and instead must be described as a charge density function,

p(x),

(x, {t;}) Zq] X — 1), (51)

where j indexes over all charged particles of charge g; and position t;
and x is the global Cartesian coordinate system. This charge density
function is used to fix the longltudlnal (curl-free) component of the
auxiliary polarization field, P* (x, {£;}), such that

(x, {#}) = —p(x {£;}), (52)

and the transverse (divergence-free) component must be defined for a

given gauge, g. For example, in the Coulomb gauge, f’i = 0 and in the
multi-polar gauge (the dipole gauge beyond the long-wavelength

approximation), P'* = =, qit) Jo ds oy (x — stj).
To transform between gauges, a more generalized gauge transfor-
mation in terms of the polarization fields is needed

Weg = exp {hjdx [Pg -P{]-A(x)|, (53)

where Wgﬁgr is a unitary operator that transforms an operator from
the gauge, g, to the gauge, ¢/, A (x) is once again the transverse compo-
nent of the vector potential, the explicit x, {f‘j} dependence is not writ-
ten for brevity.

With this formalism, the light-matter Hamiltonian in an arbi-
trary gauge, H ¢»> can now be written as

H, = WC_.gHMWCHg o+ Wnp g Hon W (54)

mp—g*

Under the long-wavelength approximation, this result reduces to the
relations shown in Egs. (41) and (42). Similar to Sec. IT under the long-
wavelength approximation, transforming g — ¢’ follows the simple
relation Hg = Wgag/H Wgﬂg

To resolve gauge ambiguities upon truncation, a similar process
to Secs. III C-IITE is performed. First, the pure matter and the pure
photonic Hamiltonians are projectefl, Hy — Hy and Hyp, — Hpp.

Then, the unitary operator, W, ., is properly confined in the
truncated subspace. For the matter DOFs, the argument in the

pubs.aip.org/aip/cpr

exponential of Wgﬂgr is no longer given to be linear with {r;} with the
relaxation of the long-wavelength approximation. Due to this, the
argument of the exponential cannot be d1rectly projected by P.
Instead, Wgﬂgr must be represented in terms of ¥; = Prﬂ? In this
manner, the polarlzatlon field is projected in terms of {r;} such that

(x, {t;}) — P*(x, {1j}). For the photonic DOFs, the mode trunca-
tlon in this regime 1s done in the same fashion as in Sec. 11 E, where
the vector potential is directly projected as A (x) — PA (x)P = A(x).
The gauge transformation in the properly confined in the truncated
subspace can then be written as

Wgﬂg’ = exp {ﬁjdx [’PL ’pgﬂ : Jf(x) ) (55)

where the (x, {{ }) dependence in ﬁ'i is suppressed for brevity.
Finally, the gauge invariant Hamiltonian for an arbitrary gauge, g,
can be constructed using the properly confined gauge transformation,
We g, as
Hy = WegH MW

+ Wanp g Hop W1 (56)

C—g mp—g*

In this manner, even beyond the long-wavelength approximation,
gauge ambiguities can be resolved by carefully representing all opera-
tors in terms of truncated coordinate and momentum operators. In
Ref. 43, the formal derivation of this method in the context of macro-
scopic QED is provided at length.

IV. MODEL HAMILTONIANS IN QUANTUM OPTICS

In quantum optics, a two-level atom coupled to a single mode in
an optical cavity is a well-studied subject. This leads to well-known
model Hamiltonians, such as the Rabi model and the Jaynes-
Cummings model. Since these two models are also widely used in
recent investigations of polariton chemistry, here we briefly derive
them from the PF Hamiltonian.

We consider a molecule with two electronic states

Hu =T + Ey(R)[g)(g] + Ee(R)[e) (el. (57)

and the transition dipole is p,, = (e|ft|g). Note that the permanent
dipoles in a molecule p,, = (e y|e> Mg, = (g|it|g) are not necessarily
zero, as opposed to the atomic case where they are always zero. Hence,
it is not always a good approximation to drop them.

The Rabi model, however, assumes that one can ignore the per-
manent dipole moments (PDM) and leads to the dipole operator
expression in the subspace P = |g)(g| + |e){e| of

PIP = pg(le) (gl + lg)(el) = my(67 +6), (58)

where we have defined the creation operator 6" = |e) (¢| and annihila-
tion operator ¢ = |g)(e| of the electronic excitation. The PF
Hamiltonian [Eq. (10)] in the subspace P thus becomes

'HnoPDM:HM +th+on'ﬂeg(&T+&)( +a)+ (Ao ﬂeg) :

(59)

Dropping the DSE (the last term) from Eq. (59) leads to the Rabi
model

Huravi = Hu + Hon + 0Ao - u, (67 +6)(@" +a).  (60)
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Dropping both the DSE and the counter-rotating terms 6'a" and ¢a

leads to the well-known Jaynes—Cummings (JC) model "’ * as follows:
Hic = Hu + Hpn + 0Aq - p, (674 + 6a'). (61)

This Jaynes—Cummings Hamiltonian is used ubiquitously across
the field of quantum optics, from quantum computing'’* applications
to fundamental physics experiments.'”>'"° For experimentalists and
theorists alike, this well-established Hamiltonian is appealing due to its
simplicity and intuitive physical interpretation. Equation (61) can be
broken down and interpreted in four parts: Hy; is the pure matter
Hamiltonian, H ph is the pure light Hamiltonian, wA, - yeg&T& repre-
sents absorption of a photon of energy , and wA - yeg(r&T represents
emission of a photon of energy w. While in many cases this is a conve-
nient and adequate Hamiltonian for weak coupling strengths, in chem-
ically relevant coupling strengths (strong coupling and beyond), this
Jaynes—Cummings Hamiltonian is no longer adequate.

To demonstrate the limitations due to the series of approxima-
tions in the Jaynes—-Cummings Hamiltonian, we compare it to three
other two-level system Hamiltonians to isolate the effect of a given
approximation on the accuracy of the polaritonic eigenspectrum.
Namely, we will compare it to the Rabi Hamiltonian, the PF
Hamiltonian without PDM [Eq. (59)], and introduce a two-level
Pauli-Fierz Hamiltonian without DSE,

Huopse = Hu + Hpn + 0A, - p(a’ + a). (62)

In Fig. 6, ’I:[nopDM and ﬂnoDSE are compared to the Rabi and JC
models. This helps explain which approximations lead to the various
errors in the JC Hamiltonian eigenspectrum, and provides some
insight into why the JC Hamiltonian tends to outperform the Rabi
Hamiltonian even though the former has more approximations.
Compared to the more rigorous two-level PF Hamiltonian, the JC
Hamiltonian makes three additional approximations: the neglection of
DSE, the removal of PDM, and the rotating-wave approximation.

As shown in Fig. 6(c), the removal of PDM leads to an increase in
the splitting at the various avoided crossings. Then, removing the DSE
[in Fig. 6(d)] causes a uniform, R-dependent downward shift for all

Energy (eV)

Energy (eV)

FIG. 6. Comparison of the polariton potential energy surfaces of the Shin—Metiu
model coupled to a cavity mode with Ay = 0.15 a.u. and @, = 400 meV generated
from four different quantum optics model Hamiltonians with the full Pauli-Fierz
Hamiltonian plotted in the light gray lines. (a) Rabi Hamiltonian. (b) Jaynes—
Cummings (JC) Hamiltonian. (c) Two-level Pauli-Fierz Hamiltonian without the
permanent dipole moments (PDM). (d) Pauli-Fierz Hamiltonian without the dipole
self-energy (DSE).

REVIEW pubs.aip.org/aip/cpr

states. The combination of these approximations gives the Rabi model,
as seen in Fig. 6(a). The JC model comes from applying the RWA on
the Rabi model. By comparing Figs. 6(a) and 6(b), we see that the
RWA cancels some of the errors induced by neglecting the DSE. Due
to this partial cancelation of errors, the JC model indeed provides
more accurate eigenspectra than the Rabi model in many cases.

V. CONNECTION AND DIFFERENCE WITH THE
FLOQUET THEORY

While this review focuses on cavity QED, another popular
method for modeling light-matter interactions is the Floquet theory.
For the sake of clarity, in this section, we will briefly introduce Floquet
theory and contrast it with cavity QED to provide context as to the use
cases for each.

We start our analysis by expanding the minimal coupling
Hamiltonian in the Coulomb gauge from Eq. (4) for a single electron
(m = 1) in a potential

Hyn=FHy—p-A+A" + Hy, (63)

where in cavity QED, A = eAy(a' + @) is proportional to the coordi-
nate operator for a quantum harmonic oscillator. Figure 7(b) shows
the structure of this Hamiltonian in its matrix formalism.

Typically, Floquet theory is used to describe laser-driven systems,
and treats the light field classically (the infinite photon limit).
Following the formalism of Ref. 107, Hyy, is ignored and A — A(f)
= 2Apesin(wt) is now the classical vector potential for a monochro-
matic plane wave. The resulting Hamiltonian becomes

A N . . A2 .
H;A(t) =Hy +A(2) —hV - eAO(eta}t o efzwt) +70(6210)t 4 e—tht)7

(64)

WA,
W Ay +now
Wi, -nw
M AV
A2)2
0

W A,
M Ay +n(w+ A2)
W 44 vwWn+1
AVn+1Vn+2/2
0

FIG. 7. Comparison with Floquet theory: schematic comparison of the matrix formu-
|ation for (a) the time-dependent Schrodinger equation with Floquet theory from Eg.
(66) and (b) time-independent Schrodinger equation with the Coulomb gauge
Hamiltonian."”
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where p = —ihV and the A term is just a zero point energy that will
be ignored going forward. Since in this perspective light is just a classi-
cal, oscillating electromagnetic field with perfect periodicity, a time
analog to Bloch’s theorem can be used to express a state that satisfies
the time-dependent Schrodinger equation, |, (#)), in terms of static
states, [i)%) as

o0

[W(6) = e Y ), (65)

n=-—0o0

where o indexes over the Floquet states, E, is a quasienergy, and o is
the driving frequency of the EM field.'® Using Egs. (64) and (65), the

time-dependent Schrodinger equation in the Sambe space'’” can be
written as
e A :
E,|¥.(6) = Y {(HM + nho) e
n=—00
LAV - eAO(ei(n+l)Lot _ ei(n—l)wt)
A, ;
_ 4o (ez(n+2)wt n ez(n—z)wt) |wz> (66)

2

The right hand side of this equation is an operator whose structure is
visualized in Fig. 7(a) with each block corresponding to a given n. The
first term of Eq. (66) corresponds to the diagonal blocks, the second
term corresponds the light green off diagonal blocks, and the third
term corresponds the light blue off diagonal blocks.

It should be noted that this analysis is done in the Coulomb
gauge. A similar derivation can be done in the dipole gauge, creating a
Floquet equivalent to the PF Hamiltonian shown in Eq. (10). The
time-dependent Schrodinger equation can then be written as

o0

ENL() = Y Kﬁmgmoe. B+ )

n=—0o0

_AOﬁ . e(ei(nJrl)(ut 4 ei(nfl)mt):| \lﬁi) (67)

Because there is no A(t)* term in this Hamiltonian, this Hamiltonian
is tridiagonal in the photonic DOF. This significantly decreases the
number of n blocks needed to converge the eigenspectrum of this
Hamiltonian, making this form more popular for modeling laser-
driven systems. A detailed matrix form of the Floquet Hamiltonian
can be found in Ref. 110, Chapter 9 (see Fig. 9.5).

Figure 7 shows a schematic comparison of the matrix formulation
of the Floquet TDSE matrix (panel a) and the QED Hamiltonian
(panel b). In the Floquet TDSE matrix, only the diagonal matrix blocks
change with 7, and there is no well-defined lower or upper bound for
n, since n indexes over temporal unit cells of an infinitely oscillating
wave. In contrast, the QED Hamiltonian has n-dependent off diagonal
blocks, and # has a lower bound as it is the number of photons.
However, in both cases, the general structure of the matrix is similar
with the matter Hamiltonian boosted by # on the diagonals and the off
diagonal couplings mediated by the p A-type coupling.

Fundamentally, Floquet theory depends on the assumption that
the light field is strong enough that the photon number is reaching the
infinite limit. In that limit, the matrix structure of Fig. 7(a) converges
to that of Fig. 7(b) upon rescaling Ay and subtracting a zero point
energy. As discussed in Ref. 111, the Floquet picture in this limit can

REVIEW pubs.aip.org/aip/cpr

be thought of as the QED Hamiltonian when considering a range of
Fock states that are sufficiently highly excited such that
\/n & \/n + on, where on is the number of Floquet blocks considered.
Thus, under this limit of an intense field interacting with the matter,
Floquet theory is a natural choice for strongly driven systems since
numerical convergence can be reached for a few Floquet blocks.
However, in the few photon limit, Floquet theory does break down,
and the explicit QED treatment is necessary. It also suggests that the
fundamental difference between the Floquet picture and the QED pic-
ture arises in the few photon limits. For example, when the hybrid sys-
tem quickly explores several photon-dressed states |g,n + 1) — |e, n)
through light-matter coupling and |e,n) — |g,n) through non-
adiabatic coupling (e|V|g), the system will explore the different pho-
ton number blocks, and the light-matter coupling strength scales with
\/n due to the operator nature of the coupling term (a' + @). The
Floquet picture, on the other hand, always exhibits the same light-mat-
ter coupling strength. This difference between the QED and Floquet
pictures has been observed in a recent theoretical study.'"”

VI. GENERALIZED HAMILTONIANS FOR MANY
MOLECULES AND MODES

Sections 11-V were chiefly concerned with Hamiltonians under
the long-wavelength approximation and for a single photonic mode to
more clearly demonstrate the relations between different gauges and
representations. However, to accurately reproduce the results of
experiments such as those with Fabry-Pérot cavities,”'*'>'"*'** these
approximations are no longer adequate. In this manner, we must use
generalized Hamiltonians to model such systems, so building on the
formalism introduced in Secs. IT and 111, we use this section as a practi-
cal example of creating Hamiltonians that represent more complex
systems. In doing so, many modes coupled to many molecules are con-
sidered, and we partially relax the long-wavelength approximation
such that A is no longer spatially invariant while the matter interac-
tions are still approximated as dipoles. Such a Hamiltonian is necessary
to describe many molecules coupled to a Fabry-Pérot cavity, as
depicted in Fig. 8(a). In that situation, we explicitly consider a 1D array
of molecules.'”” Several useful review articles related to this topic can
be found in Refs. 126 and 127.

(a)
Y x
?—»

z

Molecules

Mirror

0 [deg]

FIG. 8. (a) Schematic of many colinear molecules in a Fabry-Pérot (FP) cavity. é;
and &, are the unit vectors indicating the directions of the s and p polarized compo-
nents of E |, respectively. (b) Schematic dispersion plot of the upper and lower
polariton states in a FP cavity (solid lines) as a function of angle (6) with the same
physical parameters as are used in Ref. 113. The dispersion plot of a completely
uncoupled system (dashed lines) is also shown to illustrate the Rabi splitting.
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In Fabry-Pérot cavities, the planar mirrors explicitly quantize the
vacuum field in the z-direction [see Fig. 8(a)] such that for perfect mir-
rors, there are only a countable infinite set of allowed k, wavevectors,

k, = n,=1,2,...00. (68)

Where L, is the distance between the two mirrors. In the litera-
ture,' "> * k, is often denoted as k| because it is perpendicular to both
mirrors [not to be confused with the transverse component of the field
in Eq. (B3a)]. Note that the components of the total wavevector that
are parallel to the mirror (k, and k,) are not subject to these boundary
conditions from the mirrors, and are commonly referred to as kH in
the literature [not to be confused with the longitudinal component of
the field, such as Eq. (B2)]. Both k, and k, are in principle, quasi-
continuous because the boundary length for the lateral directions
(x and y in Fig. 8) are generally much larger than the mirror distance
L,. Despite the physical volume of the cavity being very large, strong
coupling still occurs experimentally. As such the “cavity quantization
volume” is often estimated as V = S - L,, where S is the effective
quantization area in which molecules are coupled to the cavity
modes.” Using the experimentally measured Qy and V), one can esti-
mate how many molecules N are effectively coupled to the cavity.'' ' **
For example, in Ref 128, they achieve a Rabi splitting of Qp = 120
meV and estimate the cavity volume as V ~ 1 — 10,um3 , estimating
N ~ 107 — 10® molecules effectively coupled to the cavity.

Overall, this leads to many photonic modes that can be energeti-
cally close to a matter state transition, such as electronic excita-
tionsl 13,125,126,129-133 or Vibrational excitationS.ZA,] 0,117,124,134,135 For
these cavities, the photonic dispersion relations are the same for both
the transverse electric (TE) and transverse magnetic (TM) polariza-
tions, and experimentally, one can easily access both,' #5615

For simplicity, let us focus on the TE mode, and set k, = 0, sim-
plifying the system to a 2D cavity with all modes having the same
polarization. For a given mode with the wavevector, k (see Fig. 8), the
total energy of the photon is

h h

Epn(0) = hooy = n—c JRR+k = n—ckzx/l Ftan20,  (69)
eff eff

where c is the speed of the light, ne is the effective refractive index

inside the cavity, and 0 is the angle of k from the normal of the mirror

[see Fig. 8(a)]. This angle 0 is often referred to as the “incident angle”

of the photon, which is tan 0 = k, /k,. When 0 = 0, we have

hic
Ep (O) = ﬂ

. = ha, (70)

where o, is the photon frequency of the fundamental mode of the cav-
ity quantized direction (z-direction), which is commonly used in the
single mode approximation of the cavity QED. Further, under the sin-
gle mode approximation (by setting k, = 0) the photonic momentum
ik (or the field propagation direction) will be perpendicular to the cav-
ity mirror.

In principle, the Fabry-Pérot cavity has a countable infinite set of
possible k, that satisfy the mirror boundary conditions [Eq. (68)].
Often, one only considers the single k, that is close to the matter exci-
tation energy. However, when Ejj, (0) is much smaller than the matter
excitation energy, multiple modes that contain various k, [Eq. (68)] in
the range of matter-energy and a given range of  have to be

REVIEW pubs.aip.org/aip/cpr

: 29,132 . . . .
considered.'””""” In this review, we only consider the case for a single

k, (such thatk, = n/L,).

Note that for Fabry-Pérot cavities, wy is polarization indepen-
dent, so typically only the TE mode is considered, as is the case of this
example. We emphasize that for a plasmonic cavity, Eq. (69) no longer
always holds. For example, the plasmonic cavities in Ref. 138 and 139
have a similar dispersion relation for the TM polarization g m

2 . o
=0 /k+ ()", but a linear dispersion for the TE mode

ore = - (2% =k, ), where a, is the lattice constant in the x-direc-
g Mg \ ax

tion for the plasmonic lattice and nef is the effective index of refraction
of the ambient material in the cavity. In such cases where the cavity
dispersion is polarization dependent, both the TE and TM polariza-
tions must be explicitly considered.'”*'** However, for the purpose of
this case study, we will simply look at the TE polarization in a Fabry—
Pérot cavity. We refer the reader to Ref. 140 for further discussions on
plasmonic cavities.

With the motivation of this model in mind, we use this section as
a case study on formulating generalized Hamiltonians that are compu-
tationally accessible, starting from the fundamental p - A Hamiltonian.
We first take this into a generalized dipole-gauge Hamiltonian and
then further approximate and simplify it to a generalized Tavis—
Cummings Hamiltonian.

A. Generalized dipole-gauge Hamiltonian

When considering many molecules in a line coupled to the many
modes in a Fabry-Pérot cavity [such as in Fig. 8(a)], often any inter-
mode coupling between different k,-modes such as phononic coupling
is ignored. As such the eigenspectrum of such a system is plotted on a
dispersion plot [see Fig. 8(b)], where for each point along the k, (or
equivalently 0) axis, the Hamiltonian is projected to the set of modes
with the said k, and diagonalized. This truncation is classified by the
projection operator,

Peo=1u® Y k) ekl (71)

ke Mgy ke,

where 1y is the identity for all matter degrees of freedom, and
{Inkx.)} are the Fock states for a given k, and k.. To avoid gauge
ambiguities, this mode truncation can be performed as discussed in
Ref. 102, where the Py, enters the exponential of the PZW operator
[see Eq. (44)]. Then, for each k,, this truncated Hamiltonian is diago-
nalized to find the dispersion plots [see Fig. 8(b)] and corresponding
Hopfield' " coefficients as a function of k,.

To perform these calculations in the dipole gauge, which is
advantageous for molecular systems, we start from the minimal cou-
pling Hamiltonian [Eq. (4)], and group the matter system into
well-separated molecules (i.e., where the electronic wavefunctions have
negligible intermolecular overlap).'*” This will allow us to perform a
“multi-centered” PZW transformation to form a generalized dipole
gauge Hamiltonian for this system.

In such circumstances (when the intermolecular distances are
much longer than the intramolecular distances), we can write A(ﬁj)
~ A(X,) for all particles, j, within the molecule, A, with the center of
mass, X4. This is a much less restrictive form of the long-wavelength
approximation, where now we are just approximating that the field is
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slowly varying across a given molecule, not the entire system. The total
Hamiltonian is then written as

[N] - 2
Hyox= Zhwkakak + Z 2m] A (X4))

AjeEA

+ Vcoul + Z Vcoul’ (72)
AZB

where {A, B} index over the molecules in the system whose centers of
mass are located at X4, {j} indexes over each charged particle j in
the molecule A, é}gcoul is the intramolecular Coulomb potential in mol-
ecule A, and V__, is the intermolecular Coulomb potential between
molecules A and B.

Now to transform this into the dipole gauge, we use the PZW
operator [Eq. (5)], but now with A(X4) spatially varying inside the
cavity (but still approximated as constant within a given molecule)

. hoo g
A(Xy) = kz 260wkven [e *af .+ e* Xy ] (73)

where the general expression of the quantized electric field E, and
magnetic field B can be found in standard QED textbooks (e.g., Refs.
42 and 145 or the Appendix of Ref. 19) or in Appendix B.

The corresponding PZW gauge transform operator becomes a
multi-centered PZW operator'*'*® expressed as

N
UN—exp[—%ZﬁA~A(XA)], (74)

which has speciﬁc centers of molecules x,. This Uy is still a boost
operator on pj, since we are still assuming that the individual rnole%—
cules can be well described by their grhpoles, ) UNp Uy
~ pJ +q; A(X4). We can also evaluate Uyax Uy as

h

enfi (Ry)e %a 75
260kaenFA( A)e ) ( )

UNakUL =ay+ Zi
A

where i, (R4) is the dipole operator of molecule A with the nuclear
configuration R ;.

Additionally, the phase rotation from Eq. (9) can be generalized
for many modes as

U¢ =" Zw“k"““ (76)

where all the modes now experience a phase rotation.
Now, we can write our generalized dipole gauge Hamiltonian in
full space as

(N] [N] ~ [N] ~ Nt

Hyp = U, UvH oA UL,
- FE |
=Hy+ kgn hwk(a;r(ak +E)

w - A~ ikex ~1 —ikx,
+; (,/Zkkk_,,-ﬂA(RA)(ake’k A tage ik )

+Z (it (Ra)) (- g (R e 5= >)] 77)

pubs.aip.org/aip/cpr

where we introduced a coupling parameter for this more complicated
system, Ag, = 4 /g(%vékﬁ' While this form is significantly more man-

ageable to calculate compared to the fundamental minimal coupling
Hamiltonian, it still suffers from very unfavorable scaling in its basis
size. For j molecules with [ states and mk,-modes with n Fock states,
the basis size is /n™, which is nearly impossible for all but the simplest
model matter systems. To remedy this, we need to make some further
approximations to the many-mode, many-molecule equivalent of the
Jaynes-Cummings model, the so-called generalized Tavis—Cummings
model.

B. Generalized Tavis-Cummings Hamiltonian

Intuitively, ~ the  generalized Tavis-Cummings (GTC)
Hamiltonian is to the generalized dipole gauge Hamiltonian [Eq. (77)]
as the Jaynes—-Cummings Hamiltonian [Eq. (61)] is to the traditional
dipole gauge Hamiltonian [Eq. (7)]. In this manner, there are a series
of approximations from Eq. (77) to obtain the GTC Hamiltonian.
Namely, we first truncate each molecule to the two-level approxima-
tion and remove permanent dipole, such that the dipole operator for a
given molecule can be written as fi, = 6., where ¥ is the transi-
tion dipole moment between the ground and excited states for the
molecule A. Then, the dipole self-energy terms [last line of Eq. (77)]
are entirely neglected. Finally, the rotating wave approximation is per-
formed such that for the interaction terms become

/ lkn ”A(RA)(akekXA +a‘r ﬂkxA)

lkn ”A (RA)( & 1kxA+a AT —zkxA) (78)

where ¢, is the lowering operator for molecule A’s two-level system.
This series then leads to an expression of the GTC Hamiltonian,

1
haog (&L&k + 7)
2
,/ e - 1B (6 a0 +aAa;eik"A)}. (79)

This generalized Tavis—Cummings model now lives only in the single-
excitation subspace, reducing the basis size to j+ m + 1 for j mole-
cules and mk,-modes. This drastically reduces the computational cost
of modeling large systems. Recently, studies involving this GTC
Hamiltonian have been able to shine new light on the experimentally
found dispersion plots," """ * [see Fig. 8(b)].

One such observed phenomenon that can be predicted by the
GTC is the presence of collective “bright” and “dark” states (referring
to the presence (or lack thereof) of photonic character) formed by the
hybridization of each molecule with each k, mode. These states, sche-
matically illustrated in the dispersion plot in Fig. 8(b) are the result of
the light-matter hybridization of j singly-excited molecular states
hybridizing with a single photon. These j + 1 excited states exactly
become two bright states and j — 1 dark states, where the bright states
are the many molecule equivalents of the JC |*) states [see the solid
lines in Fig. 8(b)]. The dark states, however, have no photonic charac-
ter and are the linear combinations of the matter such that these

HGTC = HM + Z
k,n
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collective states have no transition dipole and are completely
decoupled from the polaritonic “bright” states [see the flat dashed line
in Fig. 8(b)].

VII. CONCLUSIONS AND OUTLOOK

There has been a great deal of progress in the last few years in
understanding different representations and gauges to model these
cQED systems. In an effort to summarize the many different
approaches to this problem in one place, this review focuses on the
various ways to formulate cCQED Hamiltonians for different levels of
approximation and applications.

Section II discusses three different representations to express the
cavity-matter hybrid system in full space. It begins with the minimal
coupling Hamiltonian in the Coulomb gauge (Sec. 1T A), where the
light-matter interaction is mediated through the matter momentum
and the photonic field’s vector potential. Then, the Power-Zienau-
Woolly (PZW) transformation is introduced under the long-
wavelength approximation (or equivalently dipole approximation),
and the dipole gauge and Pauli-Fierz Hamiltonians (Sec. I1B) are
derived from the minimal coupling Hamiltonian. Finally, a new repre-
sentation, called the asymptotically decoupled Hamiltonian, is pre-
sented from the minimal coupling Hamiltonian and its advantageous
convergence properties are discussed (Sec. IT C).

In Sec. III, we go on to discuss complications that ensue due to a
finite truncation of the infinite Hilbert space Hamiltonians in Sec. I
and their corresponding resolutions. When projecting the dipole gauge
Hamiltonian (Sec. II B) and minimal coupling Hamiltonian (Sec. IT A)
to a finite matter eigenbasis, the polariton energies do not match, indi-
cating that performing a simple projection breaks the gauge invariance
(Sec. 111 B). These gauge ambiguities can be understood since projec-
ting the PZW operator loses its unitary property. By properly truncat-
ing all operators, these ambiguities can be resolved a so-called properly
truncated Coulomb gauge Hamiltonian is formed (Sec. I1I C). Building
off of this, by performing a change of basis and a phase rotation, the
polarized Fock state representation can be formed from this properly
truncated Coulomb gauge Hamiltonian, which for molecular systems
can have its eigenspectrum converge for a very small basis set (Sec.
111 D). It has also been shown that truncating the number of photonic
modes also leads to gauge ambiguities that can be resolved using a
method similar to the resolution for the matter DOFs (Sec. II1E).
Additionally, these gauge ambiguities have recently been resolved for
Hamiltonians beyond the long-wavelength approximation (Sec. 1T F).

Section IV then connects the rigorous cQED Hamiltonians from
Secs. 1T and III to the more commonly used quantum optic models
such as the Jaynes-Cummings model and the Rabi model. This sec-
tion, carefully discusses the different levels of approximations that each
model are under and compares the accuracy of each model.

Additionally, Sec. V contrasts the cCQED methods discussed in this
review with the commonly used Floquet theory for laser driven media.
This shows the limits in which the cQED methods approach the
Floquet picture, as well as the reasons to use one method over another.

Since many experiments are done in Fabry-Pérot cavities, Sec. V1
discusses the Hamiltonians used for such systems. Since Fabry-Pérot
cavities are made of flat mirrors, they have a quasi-continuous spectrum
of photonic modes and typically hold many molecules, so it is helpful to
use Hamiltonians that explicitly consider this. This section discusses the
generalized multi-center dipole gauge Hamiltonian that considers many
molecules as individual dipoles inside a cavity (Sec. VIA). Then, by
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making a series of approximations, the generalized Tavis—Cummings
Hamiltonian is formulated, which can drastically reduce the computa-
tional cost of modeling these very complex systems (Sec. VI B).

Even with the numerous recent advances in the field, there are
still many mysteries to be solved in polariton chemistry. Typically, the
first step in approaching these challenges is to formulate the
Hamiltonian to describe the system. With a summary of the different
representations, truncation schemes, and levels of approximation in
various cQED Hamiltonians, we hope that this review will provide the-
orists with a full toolbox such that they can fit the best method to their
own application and start unraveling the mysteries of the field.
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APPENDIX A: REVIEW OF MOLECULAR
HAMILTONIANS

Here, we briefly review some basic knowledge of the molecular
Hamiltonian, which will be useful for our discussions of molecular
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cavity QED. We begin by defining the matter Hamiltonian as
follows:

Hy =T+ V&) :Z%mjﬁf—i-V(ﬁj), (A1)
i

where j is the index of the jth charged particle (including all elec-
trons and nuclei), with the corresponding mass, m;, and canonical
momentum, p; = —ihV;. We denote electronic coordinate with r,
and nuclear coordinate w1th R, and use X; € {r;,R;} to represent
either the electron or nucleus, with X being the coordinate operator
for all charged particles. Further, T = Tg + T, is the kinetic energy
operator for all charged particles, where Tg and T, represent the
kinetic energy operator for nuclei and for electrons, respectively.
Further, V(%) is the potential operator that describes the
Coulombic interactions among the electrons and nuclei. The elec-
tronic Hamiltonian is often defined as

Hel:HM_TR:Tr_"V(ﬁL (AZ)

which includes the kinetic energy of electrons, electron-electron
interactions, electron-nuclear interactions, and nuclear-nuclear
interactions. The essential task of the electronic structure commu-
nity is focused on solving the eigenstates of H at a particular
nuclear configuration R as follows:

ﬁﬂ“//ac(R» = Em(R)hpac(R»’ (A3)

where E,(R) is commonly referred to as the oy, potential energy
surface (PES) or adiabatic energy, and [¢,(R)) is commonly
referred to as the oy, adiabatic electronic state.

In the adiabatic electronic basis {[y,(R))}, the matter
Hamiltonian can be expressed as’®””

Hy = ( —ihy_ dyglp,) wﬁl) +ZE . (A9)
ofp

where P is the nuclear momentum operator, M is the tensor of
nuclear masses, and we have used the shorthand notation
[V,) = [, (R)), and d,p is the derivative coupling expressed as

d, = (¥, (R)| Ve[, (R)). (A5)

Note that the above equation is equivalent’”’* to the commonly
used form of the vibronic Hamiltonian

where D,5 = (1, (R)|V|/4(R)) is the second derivative coupling.
A simple proof can be found in Ref. 18.

Later, we will see that the dipole operator plays an important
role in describing light-matter interactions, so let us spend a bit of
time to discuss the molecular dipole operator. The total dipole oper-
ator of the entire molecule is

=) 5% (A6)
j
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where z; is the charge for the jth charged particle. The matrix ele-
ments of the total dipole operators can be obtained using the adia-
batic states as

Hyp(R) = (i, (R)| ity 5 (R)). (A7)

For o # f, p,z(R) is referred to as the transition dipole between
state |/,) and [;), while u,,(R) is commonly referred to as the
permanent dipole for state [i/,,).

It is often difficult to get accurate electronic states for highly
excited adiabatic states. It is thus ideal to consider a Hilbert sub-
space of the electronic Hamiltonian. Considering a finite subset of
electronic states {|z//,x>} [see Eq. (A3)] where there is a total of N/
matter states, one can define the following projection operator:

N
P = Z V5 (R)) (V5 (R)

which defines the truncation of the full electronic Hilbert space
1 =P+ Q which has an 1nﬁn1te basis, to a subspace P that con-
tains a total of A states, where 1, is the identity operator in the
electronic Hilbert subspace (the subspace containing all of the elec-
tron DOF) and Q = 1, — P is the subspace being projected out.

Using the projection operator, one can define the projected
matter Hamiltonian (or the truncated matter Hamiltonian) as
follows:

l, (A8)

Hu = PHyP = PTP + PV (x)P. (A9)
Throughout this review, we use calligraphic symbols (such as )
to indicate operators in the truncated Hilbert space.

One can also explicitly write the dipole operator in the trun-
cated Hilbert space as follows:

P”P Z”m W/oc | + Z ,uo(ﬂ ‘Wac

P

) (Wp(R)[.

(A10)

In the same truncated electronic subspace as defined by P [Eq.
(A8)], we can diagonalize the dipole matrix in Eq. (A10) to obtain

PP = Zu,,,, ) b, ) (bl (A11)

where |¢,) is the eigenstate of the projected dipole operator PP
with

N

6,) =Y G R)W,(R)), (A12)

o

and C:(R) = <WQ(R)‘¢V>

The projection operator in Eq. (A8) can also be expressed as

N
P = ; |, (], (A13)

which is simply a unitary transform of Eq. (A8) [from the
[, (R))-representation to the |¢,)-representation].
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In the literature, the eigenstates of PP, {I$,)}, are referred
to as the Mulliken-Hush (MH) diabatic states,”®”* . 149-151 which are
commonly used as approximate diabatic states that are defined
based on their characters. They are approximate diabatic states in
the sense that

<¢1/|VR|¢€> = 07 (A14)

hence, we drop the R-dependence in |¢,). Constructing rigorous
diabatic states (where the derivative coupling is rigorously zero for
all possible nuclear configurations) in a finite set of electronic
Hilbert spaces is generally impossible, except for diatomic mole-
cules. Recent theoretical progress on diabatization can be found in
Refs. 71, 152 and 153

In the electronic subspace defined within the MH diabatic sub-
space using P [Eq. (A13)], Hq [Eq. (A2)] has off diagonal (or “dia-
batic”) coupling terms

Vie(R) = (¢, |Halo.) Zc”* R)(V,|Halth,).  (A15)

We can explicitly express the matter state projected

HMfTR+ZvW )W) Wl + > VieR) ) (| (Al6)
v#e

This is also the molecular Hamiltonian for any diabatic
representation.

APPENDIX B: REVIEW OF QUANTUM
ELECTRODYNAMICS

We provide a quick review of quantum electrodynamics
(QED). 1721 We begin by writing the electric field as E(r)
=E||(r) + E, (r), with its longitudinal part E(r) that is curl-free
(irrotational), V X EH( r) = 0, and the transverse part, E | (r), that is
divergence-free (solenoidal), V- E | (r) = 0. The magnetic field is
purely transverse B(r) = B, (r), because it is divergence-free
V -B(r) = 0. These fields have spatial dependence, with spatial
coordinate r (not to be confused with the electronic coordinate
operator, t).

In the context of cavity QED, most simulations are performed
in one of two gauges, either the Coulomb gauge™ or the dipole
gauge,'” "°° where the term ‘gauge” refers to the specific represen-
tation of the vector potential A. Expressing A = AH + A, with its
longitudinal part AH that is curl-free V x AH =0, and the trans-
verse part A, that is divergence-free V- A| = 0. In principle, one
can do gauge transformations that change the longitudinal part ;1”,
because the physically observed quantities will not change (e.g., the
magnetic field, since B=VxA=VY xA,). One often refers to
fixing a gauge by choosing the value of V x A such that the gauge
transformation is effectively adding an additional V component to
AH’ which is purely longitudinal because when y is a scalar function
in space, Vy is curl-free (V x Vy = 0).

When deriving QED from first principles, one often uses the
minimal coupling Hamiltonian in the Coulomb gauge™' [see Eq.
(4)]. From there, the electric-dipole Hamiltonian can be found via a
gauge transformation. The commonly used Pauli-Fierz (PF) QED
Hamiltonian'"*"*" [see Eq. (10)] in recent studies of polariton

pubs.aip.org/aip/cpr

chemistry can be obtained by applying another gauge transforma-
tion on the electric-dipole Hamiltonian. We will further discuss the
consequence of matter state truncation on gauge invariance, the
connection with the commonly used quantum optics model
Hamiltonians, and when they will break down in molecular QED.
When fixing a specific gauge, one defines the gauge-dependent
vector and scalar potentials for the electromagnetic field. By choos-
ing the Coulomb Gauge (i.e., by enforcing V - A = 0) which makes
the vector potential purely transverse, A = A, the Hamiltonian of
point charge particles (including both electrons and nuclei) interact-
ing with the electromagnetic field can be written as follows:"
|

: . 5 2
H= j z—mj(PJ—‘ZJAL(rj)) +

+%0Jdr3 £ 1) + @B’ ()], (B1)

€o A2
EJdﬁEH(r)

where the sum includes both the nuclear and electronic DOFs, I
and p; are the position and momentum of the charged particle j,
with the charge g; and mass m;. Further, A, (r), E,(r), and B (r)
are the transverse vector potential, electric field, and magnetic field,
respectively. The energy associated with Ejj(r) [the second term in
Eq. (B1)] is given by

2
€0 302 q; iqj
— | dr’E =)y —
ZJ r H(f) 21;260(2 ) ' SMOZ‘XI,M
=Y €+ V(R) - V(). (B2)

Here, the first term }; € in the third line of Eq. (B2) is a time-
independent infinite quantity that is referred to as the self-energy
(not to be confused with the dipole self-energy), which can be
regarded as a shift of the zero-point energy'”” and is dropped in the
last line of the above equation. In short, the Coulomb potential
Veoul(X) = V(X) emerges from the longitudinal electric field.

The last term in Eq. (B1) is the energy associated with the
transverse fields E, (r) and B (r). The general expressions for
A, (r),E, (r),and B, (r) are®

ek hwk zk-r ~t —ikr
E ae B3a
ok \ 2¢V + ), (B3a)
& A haox . k- At ik
E (r)=i ek I (B3b)
L0 =13 e Le )
. k x e | hwy ik _
B r:iE — (g™ — gl T B3c
L( ) o ZSQV( k k )7 ( )

where @] and ay are the raising and lowering operators of the mode
that has a wavevector of k = (ky, k,, k), and they satisfy the canon-
ical commutation relation™”

af,ay] = Ok I (B4)

aj and ay are the creation and annihilation operators of the photon,
respectively, 0y ¢ is the Kronecker delta, and the frequency of mode
k is w; = c[k|. Here k = [k|k aligns in the direction of the unit
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vector k and &Lk is the polarization unit vector for E, (r) and
A (r). The polarization of the photonic field can be written as a lin-
ear combination of the transverse electric (TE) polarization, e g,
and the transverse magnetic ™ polarization, € Ty, in relation to a
given interface and propagation direction. The TE mode’s polariza-
tion, €y g, is defined as being perpendicular to the propagation
direction and parallel to the interface. The TM mode’s polarization,
e, tm, is defined as being perpendicular to both the propagation
direction and the TE polarization. For a given polarization, €, the
transverse electric field is along € and the magnetic field is along
the k x €y direction. For example, for the TM mode, the transverse
electric field polarization is along €y g and the transverse magnetic
field polarization is along —ej 1.

When considering a planar Fabry-Pérot (FP) microcavity,
A, (r), E, (r), and B (r) satisfy the boundary conditions and thus
the wavevector k becomes quantized.”'”” For cavity mirrors
imposing a boundary condition along z direction (see Fig. 8), the z
component of the wavevector k, = n £ withn=1,2,3... as a posi-
tive integer. Note that k, and k, still remain quasi-continuous varia-
bles. These are discussed in detall in Sect. VL.

Using the above expressions, the energy of the transverse fields,
i.e., the last term in Eq. (B1) is quantized as follows:

) At A 1

) Jvdr3 [Ei (r) + c2B2L (r)} = zk: (alak + E) haoy, (B5)
where the spatial integral dr® is done within the effective quantized
volume V of the cavity. Thus, Eq. (B1) is quantized as

. N1 N o a1
Hpa =Zz—mj(pj AL(xj))Z + V(&) + ;(aﬂak +§>hwk.
j

(B6)

This is commonly referred to as the “p - A” or the minimal coupling
QED Hamiltonian, in the sense that the light and matter coupling is
only carried through the matter momentum and the vector poten-
tial of the field. The minimal coupling structure in Eq. (4) comes
naturally due to the local U(1) symmetry of the EM field, which is
an Abelian gauge field.

Assuming that the size of the molecular system is much
smaller than the length of the cavity in the quantized direction,
which is commonly referred to as the long-wavelength approxima-
tion, the transverse fields can be treated as spatially uniform, i.e.,
e*T ~ 1, such that

- hwk a ~
A (r)~A, = Z Y K+ ab). (B7)

APPENDIX C: DERIVATION OF BAKER-CAMPBELL-
HAUSDORFF IDENTITY

For the properly truncated Coulomb gauge Hamiltonian
(see Sec. 111 C), the residual momentum, 13,-, and the transformed
electronic Hamiltonian, I;{Tﬂell;{, must be found by using the

Baker-Campbell-Hausdorff (BCH) Identity, which is of the
form

REVIEW pubs.aip.org/aip/cpr
ebe =B+ [A,B) + 5[4 [AB)) + 5[4 (4 [ B])) 4o
(C1)

where A and B are arbitrary operators.
To derive this identity, we first define a function f (1),

F(2) = eABe, (C2)

where / is a scalar parameter. With this formalism, f(0) =B and
f(1) = eABe 4. We can then write f(1) by Taylor expanding about
A=0,

{M" ‘2:0 H(1=0)".

(C3)

.=_|H

By using the commutation relation, [A, exp(+2A)] = 0, the first
derivative of f (1) can be expressed as

= e;'A A ,B]e’m‘ (C4)

Similarly,

= 4[4, [A, B]]e*“. (C5)

By recursion the nth derivative becomes apparent. Since the B in
Eq. (C2) is any arbitrary operator, the nth derivative can be
expressed in a similar manner to the first derivative

4" () _ { Adf“(@} <o

az T

where d"~'f (0)/dA"" is evaluated at Z = 0 so the oA =t = 1.
By evaluating Eq. (C6) at 4 = 0 for each n and inputting the values
into Eq. (C3), we get

FOy=B+ (48] 4[4, 48]+ 5[4, [4, [4,B]] +, ©)

which perfectly agrees with the statement of the BCH identity in Eq.
(C1).
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