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Abstract

A microscopic quantum electrodynamic model of a linear medium consisting of discrete quantized electric and magnetic
dipoles is used to derive Maxwell equations of motion for macroscopic fields. It is found that the material properties of a linear
medium are carried in the sum of the vacuum, electric, and magnetic susceptibilities.
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The electrodynamics of ponderable media is, at In this Letter, classical equations of motion for
an atomistic level, the interaction of an electromag- macroscopic electric and magnetic fields in a contin-
netic field in the vacuum interacting with the individ- uous linear medium are derived from the fully mi-
ual particles of matter, generating reaction fieldls croscopic quantum electrodynamic theory. Beginning
2]. Quantum electrodynamics describes this interac- with a microscopic quantum electrodynamic model of
tion microscopically in terms of the interaction of the alinear medium in terms of the quantized vacuum field
quantized vacuum field with the individual quantized and quantized electric and magnetic oscillators, the
constituents of matter, while the classical theory of medium is eliminated, within the formalism of quan-
electric and magnetic fields in matter is based on ex- tum electrodynamics, in the good-cavity lini®]. Ap-
perimental studies of macroapic, averaged fields in  plying the adiabatic-following and continuum approx-
continuous matter. imations produces an effective macroscopic quantum

Hamiltonian[4]. Inverting the Ginzburg macroscopic

guantization procedu&—7], we obtain the analogous

classical effective Hamiltonian, identify the bare, or
"~ E-mail address: michael.crenshaw@us.army.mil fundamental, electric and magnetic fields in a linear
(M.E. Crenshaw). medium, and derive equations of motion for the clas-
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sical fields. Retaining both the dielectric and magnetic
properties of a general linear medium, we find that the
inverse index of refraction appears as a linear combi-
nation of the vacuum, electric, and magnetic suscep-
tibilities. Then, the phase velocity of light in a linear
mediumcn~? is a linear function of the susceptibili-
ties whereas the product of the electric permittivity
and magnetic permeability is nonlinear in the elec-
tric and magnetic susceptibilities and is therefore in-
congruous with a linear medium. Consequently, the
Maxwell equations
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for the bare field€’ = —c~19A/9r andH’' = n~1V x

A that are derived here have no explicit dependence on
the electric permittivitye or magnetic permeability

and the permittivity and permeability of free space no

longer separate the formulations of the Maxwell equa-

tions in Sl and Gaussian cgs units.

The linear medium is regarded microscopically as
being a mixture of discrete enumerated atom-like elec-
tric dipoles and spin-like magnetic dipoles and each
electric and magnetic dipole is located by an indepen-
dent position vector. The Hamiltonian for the model
linear medium is
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wherealT andg; are the creation and destruction oper-
ators for field modesy; is the frequency of the field in
the modd, b,‘: andbp,, are the creation and destruction
operators for the electric dipole at the fixed position
I, cl, andc,, are the creation and destruction oper-
ators for the magnetic dipole at the fixed positign

wyp IS the resonance frequency associated with the elec-
tric dipoles,w,. is the resonance frequency associated
with the magnetic dipoles,
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is the electric dipole interaction in terms of the electric
dipole momeny,, and

(5

is the magnetic dipole interaction in terms of the mag-
netic dipole momeng,,. In order to condense the
notation, the operator subscriptfor sums over the
polarizations is combined with the mode indeX he
usual dipole and rotating-wave approximations have
been employed and zero-point energies have been
suppressed. The dipole and rotating-wave approxima-
tions are used extensively in quantum optics and their
characteristics and limitations are well known. As no
sources are present, we work in the Coulomb gauge.

Microscopic Heisenberg equations of motion for
the material and field mode operators

21wy

1/2 .
) ’Al'm : (k X é([k)

da .
— =—iwa
dt 1d]
+ Zh;“bnefik"r” + Z fl*cmef"k"rm, (3a)
n m
! = —iwpb, — Zhlaleikl'r", (3b)
I

dem = —iwcCp — Zﬁaleik"rm (3c¢)
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are readily obtained from the Hamiltonié®).

In the continuum electrodynamics of linear di-
electrics, the medium is elimated with the contribu-
tion of the medium carried as a constant of proportion-
ality onto the basic macraospic fields. The analogous
elimination of the medium can be performed within
the formalism of quantum electrodynamics by elim-
inating the equations of motion for the oscillators in
the good-cavity limif3,4]. Substituting the formal in-
tegral of Egs(3b) and (3c)nto Eq.(3a)one obtains
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