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ABSTRACT: By means of quantum mechanics and quantum electrodynamics applied to
coupled harmonic Drude oscillators, we study the interaction between two neutral atoms or
molecules subject to a uniform static electric field. Our focus is to understand the interplay
between leading contributions to field-induced electrostatics/polarization and dispersion
interactions, as considered within the employed Drude model for both non-retarded and
retarded regimes. For the first case, we present an exact solution for two coupled oscillators
obtained by diagonalizing the corresponding quantum-mechanical Hamiltonian and
demonstrate that the external field can control the strength of different intermolecular
interactions and relative orientations of the molecules. In the retarded regime described by
quantum electrodynamics, our analysis shows that field-induced electrostatic and polarization
energies remain unchanged (in isotropic and homogeneous vacuum) compared to the non-
retarded case. For interacting species modeled by quantum Drude oscillators, the developed
framework based on quantum mechanics and quantum electrodynamics yields the leading
contributions to molecular interactions under the combined action of external and vacuum
fields.

The stable structure and properties of biomolecules,
nanostructured materials, and molecular solids are

determined by a delicate balance between different inter-
molecular forces.1−5 In many realistic systems, molecular
interactions are substantially modified by solvents, cell
membranes, ionic channels, and other environments.6−9 A
proper description of such environments demands robust
approaches for modeling both non-retarded and retarded
intermolecular interactions under arbitrary fields. Molecular
interactions in the presence of static and dynamic electro-
magnetic and thermal fields have been studied using various
approaches,9−24 but a comprehensive understanding is still
missing and some results remain controversial. For example,
random and inhomogeneous fields have been shown to affect
the strength and distance dependence of van der Waals (vdW)
interactions or even change their sign.6,17−21 However, similar
to the discussion on the textbook dispersion interaction,25,26

there is still an ongoing debate on the interpretation of
modified vdW interactions as having either an electrostatic or a
quantum-mechanical origin.6,7,27,28 The application of weak
static (in)homogeneous fields in the non-retarded regime9,22,23

yields a visible modification of molecular interactions in second
and third orders of perturbation theory; however, the retarded
regime has not been addressed in these studies. Fiscelli et al.24

used quantum electrodynamics (QED) to propose a dispersion
energy, scaling as R−4 (R−3), with respect to the interatomic
distance for the retarded (non-retarded) regime, for interacting
two-level hydrogen-like atoms in static electric fields. However,

it still remains unclear29,30 whether this term corresponds to
dispersion or electrostatic interactions. In order to resolve
existing controversies and clarify discrepancies in the literature,
here we develop a quantum framework for modeling and
understanding intermolecular interactions in electric fields
based on first-principles of quantum mechanics and QED.
The advances made in this Letter hinge on the usage of two

formalisms that enable an accurate modeling and conceptual
understanding of non-retarded and retarded interactions for
two coupled quantum Drude oscillators (QDOs)31−33 subject
to a static electric field: solving Schrödinger’s equation via
exact diagonalization and using perturbation theory in
QED.34−40 In addition, we employ stochastic electrodynamics
(SED)41−48 as a semiclassical formalism that transparently
connects molecular interactions to the fields that originate
them. The usage of QDOs to accurately and efficiently model
the linear response of valence electrons in atoms and molecules
is a critical aspect because coupled QDOs enable analytical
solutions (with and without an electric field) and have been
convincingly demonstrated to provide a reliable quantitative
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tool to describe response properties of real atoms and
molecules subject to external fields or confinement.31−33,49−55

QDOs can quantitativelywithin a few percent compared to
explicit treatment of electronsdescribe polarization and
dispersion interactions,33,52,53 capture electron density redis-
tribution induced by these interactions,56 and model
intermolecular interactions in electric fields,6,9 among many
other response phenomena.3 Our current study benefits from
many attractive features of QDOs and demonstrates their
applicability to the retarded regime. By means of the developed
framework, we derive dominant contributions to the
interaction energy of two QDOs in an electric field up to
terms ∝ R−6 (R−7) for the non-retarded (retarded) regime.
These contributions, corresponding to a linear response to the
external field, are interpreted as the field-induced electrostatic
and polarization interactions obtained in addition to the
conventional leading-order London/Casimir dispersion inter-
action found to be unchanged in the presence of a static
electric field within the QDO model. We note that most
previous studies in the QED literature employed the two-level
(s and p states) hydrogen-like atom as a model. Unfortunately,
there is no known analytical solution for the case of interacting
hydrogen atoms under an external electric field,24 causing quite
some controversy over the interpretation of field-induced
interatomic interactions.29,30,57 Of course, the coupled QDO
model employed here also introduces approximations. In
particular, the Gaussian form of the QDO wave function does
not capture the effect of deformation of an electron cloud by a
static field, in contrast to a hydrogen atom, for example. In a
homogeneous electric field, the ground-state electron density
of a QDO undergoes a rigid displacement and this means that
the β and γ hyperpolarizabilities vanish.33 Therefore, field-
induced and dispersion-induced changes in the polarizability of
interacting species described by these hyperpolarizabil-
ities12−14,16,58−63 are missing within the QDO model.58,64

Hence, some interactions corresponding to the coupling of the
field-induced and dispersion-induced changes in polarizabilities
will also vanish for coupled QDOs. However, as we discuss
below, such terms are either of higher order (β-terms) or
smaller magnitude (γ-terms) in comparison to the dispersion-
and field-induced electrostatic energies, for weak static electric
fields.
First, we consider the non-retarded case, when the distance

R between two interacting species is small compared to
wavelengths λe of their electronic transitions: R≪ λe = 2πc/ωe,
where c is the speed of light. The system of two interacting
QDOs, which represent two atoms or molecules, separated by
a distance R along the z axis is shown in Figure 1. In the

absence of any field, this system is described by the
Hamiltonian
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where Vint is the Coulomb potential approximated here by the
dipole−dipole coupling
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This form of the interaction breaks the initial symmetry
between z and x/y parts of the Hamiltonian. However, the
symmetry between x and y parts remains. Thus, one needs to
obtain just Hx and Hz from the separation H = Hx + Hy + Hz.
Introducing the normal-mode coordinates
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where D2 ( )
2

2
2

1
2

ω = ±ω ω
±

+ . The Hamiltonian of eq 4

describes two independent QDOs with unit masses and the
frequencies ω+ and ω− of the two normal modes.
Now we introduce a uniform electric field with the

contribution H q qr r( )f 1 1 2 2= − + · to the Hamiltonian.
With the new coordinates, we obtain

H H H H f x f x( )x x x xf′ ≡ + = − ++ + − − (5)

where Hx is given by eq 4 and
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Equation 5 can be rewritten as a quadratic form
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which is the Hamiltonian of two one-dimensional (1D)
oscillators with the frequencies ω+ and ω− and the centers
shifted by f( / )x

2ω+ + and f( / )x
2ω− − , respectively. The

interaction energy of the two oscillators under an external
electric field is given by the difference between the total energy
of the coupled QDOs and the sum of the total energies of two
isolated QDOs in the same field

f
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Figure 1. Two interacting quantum Drude oscillators under the
influence of both the fluctuating vacuum electromagnetic field and an
applied uniform static electric field ( , , )x y z= .
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where q m/i i i i
2 2α ω= is the static polarizability of a QDO. Due

to the symmetry, yΔ is derived in the same way as xΔ by
replacing subscripts x with y. The z-dependent part of the total
Hamiltonian, zΔ , one can obtain similarly to xΔ , by
replacing γx in eq 3 with γz = −2γx. For this case, we obtain z±
= (γzz1′ + [(a2 − a1) ± Dz ]z2′)/ a a D( )z z

2
2 1

2γ + [ − ± ]

a n d a a D( ) z1 2
1/2ω = [ + ∓ ]± , w h e r e

D a a( )z z2 1
2 2γ= − + .

As shown in ref 65, the resulting expressions for the
interaction energy can be expanded as an infinite series with
respect to small terms proportional to R/(4 )1 2 0

2 6α α πϵ .
Retaining all of the leading terms up to R−6 within the QDO
model, we obtain
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Here, the first contribution is the well-known vdW dispersion
energy, stemming from the difference between ℏωi/2 terms in
eq 8 as well as the corresponding expressions for yΔ and

zΔ .65 The dispersion energy is not affected by the static field
within the QDO model. The other two terms in eq 9 are field-
induced contributions, which originate from the terms in eq 8
not containing ℏ. As will be discussed in detail below, these
terms correspond to the field-induced electrostatic and
polarization contributions to the interaction energy, respec-
tively. For real atoms or molecules, eq 9 would contain an
additional term ∝ R−6, which has the approximate form12,14,63

(for an exact analytical expression, see ref 16)
R C R( ) (4 4 7 )/18x y z6

2 2 2 6γ αΔ = − + +γ , where γ is
the second hyperpolarizability and C6 is the dipole−dipole
vdW dispersion coefficient. This contribution is absent within
the QDO model where γ vanishes because of symmetry
reasons.58,64 In addition, it is worth mentioning that vdW
dispersion interaction between two atoms or molecules also
causes dispersion-induced dipoles15,25,66−73 that vary as R−7.
With coupling to an applied static field, it results in an
interaction energy which is linear in the field and scales as R−7.
As first suggested by Hunt,66 such an interaction energy
corresponds to the hyperpolarization of an atom by the
fluctuating field from the neighboring atom in combination
with the applied field, which depends on the B hyper-
polarizability (dipole−dipole−quadrupole hyperpolarizability)
and the static dipole polarizability of the atoms.66 Since a
QDO has a nonvanishing B hyperpolarizability, the dispersion-
induced dipole moment can be captured by taking into
account dipole−quadrupole couplings74 in the interaction
Hamiltonian of eq 2.
In order to extend our results to the retarded regime, R≫ c/

ωe, we consider the coupling between two QDOs in the
framework of QED, where the molecular interactions are
mediated by the fluctuating vacuum radiation field. The total
system consists of two QDOs, an external static field, and the

vacuum field. For a single QDO coupled to the static field, the
Hamiltonian is given by

H H
m

m qr r r( )
2

1
2r

( ) ( )
2

2 2 2ω∇≡ = − ℏ + − ·
(10)

To obtain eigenstates/eigenvalues of H( ), we diagonalize it by
means of the transformation q mr r / 2ω= ′ + , resulting in

H Hr r( ) ( ) /2( ) (0) 2α= ′ − . Thus, the eigenstates and

eigenvalues of H r( )( ) are given by r r( ) ( )n n
( ) (0)ψ ϕ= ′ and

/2n n
( ) (0) 2α= − , respectively, where n

(0)ϕ and n
(0)

denote the eigenstates and eigenvalues of an isolated
oscillator.75 Similar to eq 8, the constant energy shift in

n
( ) arises due to the static dipole induced by the external

electric field. The matrix elements of the dipole moment, μ =
qr, are obtained by

l k q l l 1x l k l k x k l, 1 , 1 ,μ σ δ δ α δ⟨ | | ⟩ = [ + + ] ++ − (11)

with m/2σ ω= ℏ as the QDO characteristic length and the
bras/kets defined such that ⟨x|i⟩ = ψi(x). In a similar way, one
obtains μy and μz. The first and second terms on the r.h.s. of eq
11 correspond to the fluctuating and field-induced static QDO
dipoles, respectively.
The Hamiltonian of the total noninteracting system is

H H H H0 rad 1
( )

2
( )= + + (12)

where Hrad corresponds to the vacuum radiation field. In the
dipole approximation of the multipolar-coupling formalism, the
interaction Hamiltonian is given by36
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Here, D⊥ is the transverse component of the vacuum
displacement field given by
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with V as the quantization volume. The annihilation and
creation operators of a mode with the wave vector k and
polarization ek̂λ, akλ and akλ

† , obey the bosonic commutation
relations.36 The ground state of H0 is given by |0⟩ = |0, 0, 0⟩1|
0, 0, 0⟩2|{0}⟩, where the QDO ket states are defined such that

n n nr r, , ( )i x y z i n n n i, ,x y z
ψ⟨ | ⟩ = { } , and |{0}⟩ is the ground state of

the vacuum field. Excited states of the total unperturbed
system can be written similarly. By using these states, we follow
standard perturbation theory to obtain interaction energies
distinguishing between different contributions resulting from
coupling of either fluctuating or field-induced static QDO
dipole moments, given by eq 11, to the vacuum field.
The first- and third-order corrections vanish, since in such

cases akλ and akλ
† occur between two identical states of the

vacuum field. The second-order perturbation

H I I H
E E

0 0

I I

(2)

0

int int

0
∑= −

⟨ | | ⟩⟨ | | ⟩
−≠ (15)

yields nonvanishing interaction terms only when the vacuum
field in |I⟩ is in a single-photon excitation and both QDOs are
in their ground states, namely, |I⟩ = |0, 0, 0⟩1|0, 0, 0⟩2|1kλ⟩. For
t h i s c a s e , a f t e r r emo v i n g t h e s e l f - e n e r g i e s ,
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R R( ) ( ) ( )Δ = − ∞ , we obtain an interaction energy
between the two QDOs given by

R
R

( )
( 2 )

4
x y z(2) 1 2

2 2 2

0
3

α α

πϵ
Δ =

+ −

(16)

which is the same as the second term of eq 9. Considering the
QDO states in |I⟩, this interaction energy corresponds to the
situation when both QDOs couple to the vacuum field via their
static field-induced dipoles and exchange one virtual photon,
indicating the electrostatic nature of this interaction term.
Taking into account the R−3 scaling, this term corresponds to a
field-induced (dipole−dipole) electrostatic interaction.
For the fourth-order correction, we have two terms36

H III III H II II H I I H
E E E E E E
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For non-polar species, only the first term of eq 17 is relevant
and hence widely used in the literature. The second term
becomes relevant for polar atoms/molecules with permanent
electrostatic moments, as they can couple to the vacuum field
via either fluctuating or static dipoles.36,39 In the latter case, the
interacting species can emit/absorb a virtual photon without
undergoing a change in their energy eigenstate. In our case, the
two QDOs possess static field-induced dipoles due to the
applied electric field and the second term in eq 17 plays an
important role. Specifically, when each QDO couples to the
vacuum field via its static field-induced dipole, both fourth-
order terms in eq 16 yield nonvanishing contributions ∝ R−5 of
the same magnitude but opposite sign, canceling each other.65

When both atoms couple to the vacuum field via their
fluctuating dipoles, the treatment of eq 17 as in refs 36 and 37
delivers65 the known London and Casimir−Polder dispersion
energies
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respectively. The former is the first term of eq 9, and the latter
is its counterpart for the retarded regime, where the
frequencies disappear since at large distances each species
effectively “sees” another one as a static object. Finally, when
one of the species couples to the vacuum field via its static
dipole moment and the other one by its fluctuating dipole, the
resulting interaction energy is

R
R

( )
( )( 4 )

2 4
x y z

2
(4) 1 2 1 2

2 2 2

0
2 6

α α α α

πϵ
Δ = −

+ + +

[ ] (19)

which is the third term of eq 9. This interaction stems from the
fourth-order correction and has R−6 scaling, similar to the non-
retarded dispersion energy, but in contrast to the latter remains
unaffected by retardation. These features allow us to identify
the term of eq 19 as the field-induced polarization energy.
Within the employed QED approach, one can also take into

account the influence of a static field on the cloud of virtual
photons surrounding each atom.76−80 Although the effect of
distortions of such photon clouds on the molecular
interactions is usually assumed to be small, it might become
important under external fields, similar to the aforementioned
effects caused by hyperpolarizabilities. Moreover, the impact of
clouds of virtual photons on the molecular interactions can
become even more important for atoms at close separation, i.e.,
when electron exchange effects become crucial. Indeed, the
distortion of photon clouds by a static field can change the
effective atomic vdW radii, but to investigate such effects in
detail,55 one would need to go beyond the perturbative QED
approach used here.
In addition to the two quantum approaches discussed above,

we present a (semi)classical derivation that allows us to
transparently connect different molecular interactions to the
fields originating them. To this end, we employ a SED
approach developed by Boyer81,82 based on the theory of
classical electrodynamics with a random zero-point radiation
field. Within this picture, the fluctuating vacuum field induces
random polarization of atoms (modeled by classical
oscillators) and couples them to each other through their
electromagnetic fields, as described in classical electro-
dynamics. For the retarded regime, R ≫ c/ω, only large
wavelengths contribute to the interatomic interaction and the
SED equation of motion for a dipole oscillator reduces to mω2r
= qE(r, t). Solving this equation yields μ(r, t) = αE(r, t), with
E as the total electric field at point r and time t. The energy of
the electric dipole moment induced by E in the same field is
known from electrodynamics as E1

2
2α= − ⟨ ⟩, where the

bracket indicates time averaging.
Since we apply a static electric field on top of the random

radiation field, the oscillator dipole has two parts, each related
to one of these fields. According to Figure 1, the first QDO is
located at the origin, while we bring the second QDO to the
point r2 = (0, 0, R) from z = +∞. The difference in the energy
o f the osc i l l a to r s fo r the two configura t ions ,

R R( ) ( ) ( )Δ = − ∞ , is the interaction energy. The
total electric field at r2 is given by

t t tE r E r E r r( , ) ( , ) ( , ) ( )2 0 2 2 21 1
= + + +μ μ (20)

with E and as radiation and static fields, respectively. Here,
the random radiation field is defined by43
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where kck( , ) /22 2λ πℌ = ℏ is the energy of each mode of the
random field and the sum runs over the two possible
polarizations. The random phase θ ranges from 0 to 2π and
ϵ(k , λ) are orthogonal unit polarization vectors ,
ϵ(k, λ)·ϵ(k′, λ′) = δλλ′. Then, tE r( , )21μ is a time-dependent

field radiated by the oscillating dipole of the first species
induced by the random radiation field. Similarly, r( )21μ is the

electric field of the static dipole of the first oscillator, which is
induced by the uniform external electric field. The electric field
of an oscillating electric dipole is83
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where rr n n( ) (3 ( ) )/4 0
3μ μ πϵ= · −μ is the electric field of a

static electric dipole. Therefore, the energy of the second
oscillator, with the static polarizability α2, under the total
e l ec t r i c fie ld g i ven by eq 20 i s obta ined a s

tr E r( ) ( , )2
1
2 2

2
2α= − ⟨ ⟩. Then, subtracting energies for z2 =
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where we keep only nonvanishing terms after time and phase
averaging.65 The first term in eq 23 gives the interaction energy
from the coupling of two fluctuating dipole moments induced
by the random field. This point was addressed by Boyer43 who
obtained the aforementioned London84,85 and Casimir−
Polder81,82,86 results for the non-retarded and retarded
regimes, respectively. Here, we focus on other contributions
to the interaction energy. The second term in eq 23 is the
coupling of the field-induced dipole of the second oscillator
with the static field of the field-induced dipole of the first
oscillator which gives the electrostatic interaction energy
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The third term of eq 23 describes the interaction of the dipole
moment of the second oscillator induced by the static field of
the first oscillator with the same field and yields the interaction
energy
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The mechanism responsible for this interaction is similar to the
one for intermolecular polarization (induction) interaction
between molecules with permanent dipole moments, with the
difference that here the static dipoles are induced by the
external field and hence the interaction is a field-induced
polarization interaction. Adding the term coming from the
interaction of the dipole moment of the first oscillator with the
static field of the field-induced dipole of the second oscillator
yields the full field-induced polarization energy given by eq 19.
The polarization energy of eq 25 was originally derived from a
pure classical point of view, by considering the coupling of a
pair of polarizable objects, interacting and therefore possessing
the collisional contribution Δα to the pair polarizability, to an
external static field.10−16

Our results, obtained within the QDO model for the linear-
response regime, show that the field-induced electrostatic and
polarization energies are not influenced by the retardation
effects and only the conventional leading-order London/
Casimir dispersion energy changes the distance scaling law
going from the non-retarded to retarded regime. However,
without aforementioned contributions coming from disper-
sion-induced changes in the polarizability12−14,16,58−64 and
dipole moments15,25,66−74 of interacting species as well as field-
induced hyperpolarization effects,57,87 the dispersion inter-
action remains unchanged by the external uniform static field,
for both regimes. This fact is in contradiction to the recent
results of Fiscelli et al.,24 who obtained a drastic change in the
distance dependence of dispersion interaction energy between
two atoms after applying a static electric field (R−3/R−4 for the
non-retarded/retarded regime). In ref 24, the wave functions
of a two-level “hydrogen” atom in a static electric field were
obtained from perturbation theory. The interaction energy
between two atoms in a field was calculated from QED
perturbation theory using the atomic wave functions obtained
in the first step. However, since these functions do not form a
complete set, employing them as a basis set for the second use
of the perturbation theory in ref 24 is questionable. A similar
conclusion was recently obtained in ref 57 independently of
our work.65

Due to the analytical solutions of the QDOs, the results of
eq 9 can be straightforwardly generalized to any number of
QDOs, with each of them under their own static field. This

Figure 2. Dispersion force (Fdisp) as well as field-induced electrostatic (Fel) and polarization (Fpol) forces for two interacting benzene molecules
separated by the corresponding equilibrium distance Req = 4.75 Å and Req = 3.54 Å within (a) T-shape and (b) sandwich structures, respectively.
The results are shown for two different alignments of the external field and the molecules: the field is either parallel (∥) or perpendicular (⊥) to the
line connecting the molecule centers.
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provides an opportunity to effectively model internal atom-
dependent electric fields present in large molecules. Moreover,
the developed framework paves the way for tuning
intermolecular interactions by means of external static electric
fields, which is important for many practical applications
including biophysics.88 This is demonstrated in Figure 2, where
the intermolecular forces in a benzene dimer are considered for
its two different equilibrium structures, the so-called “T-shape”
and “sandwich”.89,90 The interplay between the field-induced
forces and the dispersion force can lead either to cooperation
or competition. In the case of the “T-shape” structure, the total
electrostatic force can overtake the dispersion force, if a static
electric field with strength 2.25 V/Å is applied perpendicularly
to the dimer. For the “sandwich” configuration, the strength of
the perpendicular compensating field is around 3.22 V/Å.
Although for the considered molecular dimers at the
equilibrium distance these fields are relatively strong, they
are still weaker than internal molecular fields experienced by
valence electrons. Moreover, as shown in ref 65, the field
required for mutual compensation of the intermolecular forces
becomes much weaker at larger separations. Furthermore, for
large molecules or nanoscale systems with a multiplicity of
normal modes contributing to eq 8, a significantly smaller
magnitude of the electric field will be required to overcome the
dispersion attraction.91 Altogether, this shows that applied
static electric fields can be used to influence the stability and
dynamics of complex molecular systems.
Before summarizing our results, it is important to emphasize

some of the remaining limitations of the employed coupled
QDO model, whose resolution would be needed to form a
complete physical picture of intermolecular interactions under
a static electric field. As was exhaustively discussed in ref 33, a
QDO does possess multipole hyperpolarizabilities starting
from the dipole−dipole-quadrupole one, but the first (β) and
second (γ) hyperpolarizabilities vanish due to the spherical
symmetry and Gaussian wave function, respectively. Therefore,
a single QDO does not fully capture the contributions to the
intermolecular interaction energy which are related to
hyperpolarization effects of interacting atoms and molecules
in static fields. For a pair of two-level hydrogen atoms, it is
known57 that the energy contribution from the field-induced β
hyperpolarizabilities of the atoms scales as R−11. Therefore, this
contribution can be neglected in comparison to the dispersion-
and field-induced electrostatic and polarization interactions. It
has been shown that dispersion interactions modify the
polarizability of an interacting pair where the leading-order
correction scales as R−6 and depends on the γ hyper-
polarizability of atoms or molecules.12−14,16,58−64 In a static
electric field, the dispersion-induced polarizability yields an
additional interaction energy (quadratic in the applied field)
that scales as R−6 being comparable14,63 to the field-induced
polarization energy in eq 9. To capture a complete picture of
the dipolar interactions in a static field, one could use more
than one QDO to represent atoms or molecules, which brings
anharmonicity to the system and breaks the spherical
symmetry of the model when interacting with external fields.
Such a multi-QDO model would exhibit β and γ hyper-
polarizabilities and thus provide more realistic response
properties in comparison to single QDOs. The dipolar
interactions between two (or many) multi-QDO systems can
be expressed as a coupled-QDO problem, which is still exactly
solvable.

In addition, the considered contributions to molecular
interactions between atoms or molecules represented by
QDOs were derived assuming large interspecies distances,
effectively neglecting exchange and overlap effects. Within the
QDO model, an inclusion of the exchange interaction is
possible with a further generalization of the existing formalism
valid for two identical QDOs54,92 to the case of heteronuclear
species. The overlap effects can also be included following the
work of refs 59 and 93.
In summary, we presented dominant contributions to the

interaction energy between two closed-shell atoms or
molecules in a uniform static electric field for both short
(non-retarded regime) and long (retarded regime) separation
distances. Based on first principles of quantum mechanics and
QED and employing the QDO model as a reliable tool for
modeling atomic/molecular responses, our framework admits
many generalizations. In addition to external fields, the internal
field from atomic charges and dipoles within a molecule can be
treated as well, leading to an efficient many-body model of
different types of intramolecular and intermolecular inter-
actions on equal footing. More general time-dependent fields
can also be included. A particularly interesting and novel
research direction is to develop and apply a QED treatment to
many-body states for a set of many interacting QDOs. This
could generalize the transition from the London to Casimir
regime for an assembly of atoms or molecules beyond the well-
known two-body case. All in all, we are confident that our
framework barely scratches the surface of possible develop-
ments and applications in the field of molecular interactions
under the combined action of external and vacuum fields.
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