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Quantum electromagnetic waves in nonstationary linear media
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We present a quantum description of electromagnetic waves propagating through time-dependent homogeneous
nondispersive conducting and nonconducting linear media without charge sources. Based on the Coulomb gauge
and the quantum invariant method, we find the exact wave functions for this problem. In addition, we construct
coherent and squeezed states for the quantized electromagnetic waves and evaluate the quantum fluctuations in
coordinate and momentum space as well as the uncertainty product for each mode of the electromagnetic field.
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I. INTRODUCTION

The old and fundamental problem of the behavior (classical
and quantum) of electromagnetic waves propagating through
material media has always attracted the attention of physicists.
The story of the solution of this problem is a familiar one. Yet,
the solution of this problem has been very important for the
development of our understanding of nature.

The quantization of electromagnetic waves is tradition-
ally performed in empty cavities or in free space by the
association of a quantum-mechanical harmonic oscillator with
each mode of the electromagnetic field [1,2]. The quantum
behavior of electromagnetic waves is well understood in the
case of electromagnetic fields in empty cavities or in free
space only. In the case of electromagnetic waves interacting
with external currents and other sources the quantum behavior
of these waves is not so clear.

In the past few years, the problem of electromagnetic waves
propagating through dispersive and nondispersive material
media has become an important subject and much activity has
been taking place in this field [3—-20]. The great interest in this
subject is motivated partly by the advent of modern optical ma-
terials such as optical fibers and photonic crystal and partly by
the growth of experiments on quantum optics processes taking
place inside material [6,8,9]. Here it is worth remarking that in
dispersive media the inclusion of losses into the system can be
performed either by means of areservoir having a large number
of degrees of freedom which leads to an energy flow from the
medium to the reservoir [8,9,15] or through a phenomeno-
logical approach in which time-dependent parameters are
introduced ab initio [16,19,20].

In this paper, we present a quantum description for
the problem of electromagnetic waves propagating through
homogeneous nondispersive linear media, in the absence of
sources, with time-dependent electric permittivity and con-
ductivity. We show that this problem can be analyzed in terms
of a damped quantum-mechanical time-dependent harmonic
oscillator. Furthermore, on the basis of the Coulomb gauge,
quadratic invariants, and the quantum invariant method we
solve the time-dependent Schrodinger equation for this prob-
lem. In addition, we construct coherent and squeezed states for
the quantized electromagnetic waves and evaluate the quantum

*iapedrosa@fisica.ufpb.br

1050-2947/2011/83(3)/032108(5)

032108-1

PACS number(s): 03.65.—w, 03.50.De, 12.20.—m, 42.50.Ct

fluctuations in coordinate and momentum space as well as the
uncertainty product for each mode of the electromagnetic field.

We organize this paper as follows. In Sec. II we obtain
the classical Hamiltonian for the electromagnetic waves
propagating through time-dependent conducting and noncon-
ducting linear media without charge density from Maxwell’s
equations. In Sec. IIl, we use quadratic invariants together
with the dynamical invariant method to solve the Schrédinger
equation for the problem. In Sec. IV, we construct coherent and
squeezed states for the quantized electromagnetic waves and
evaluate the quantum fluctuation in coordinate and momentum
space as well as the uncertainty product for each mode of the
electromagnetic field. In Sec. V, we conclude the paper with
a short summary.

II. CLASSICAL ELECTROMAGNETIC WAVES IN
TIME-VARYING MEDIA

The electromagnetic field dynamics in time-dependent ho-
mogeneous conducting linear media, in the absence of charge
sources, is governed by the phenomenological Maxwell’s
equations. Furthermorg, the relgtigns betv&ieen theéﬁelds arld
currents are given as D = ¢(t)E, B = uoH, and J = o (t)E.
Here, () and o(¢) are heuristically introduced as the time-
dependent electric permittivity and conductivity, respectively,
while ug is the magnetic permeability. In general, the electric
permittivity and the magnetic permeability are complex.
However, we will restrict our discussion to materials where
they are real. This is the case [21,22], for instance, of
poor conductors and other materials for frequency below
the resonant frequency. Since Maxwell’s equations are gauge
invariant, we are free to choose the most appropriate gauge
for our problem. For convenience we choose to work in the
Coulomb gauge [1,2]. In this gauge the vector potential is
purely transverse which is convenient for our case since we
are dealing with electromagnetic waves. Furthermore, in the
Coulomb gauge the divergence of the vector potential A is
zero and the scalar potential is null in the absence of sources.
Consequently, both the electric E and magnetic B fields are
determined from the vector potential via the familiar relations

dA

B=VxA and E=——. @))
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Therefore, using Maxwell’s equations one can verify that the
vector potential satisfies the equation [23]
VZA—HO(S—FU)%—MOSBZ—A =0 2
dt at2 ’

where the dot represents a time derivative. Here we notice
that the time dependence of the electric permittivity gives
rise to the unusual term ¢ in Eq. (2). This time dependence
which, in principle, may be associated with the internal
response of the localized charges to an external perturbation,
causes an additional attenuation of the electromagnetic field
(for ¢ > 0). Furthermore, for nondispersive nonconducting di-
electric media, o () = 0, the media become absorbing because
of the time dependence, just as if it were in contact with a
reservoir (time-dependent background medium) or if it were a
conductor [23].

Let us now consider the solutions of Eq. (2). To treat
this equation we consider electromagnetic waves in a certain
volume of space. Then, we write the vector potential in terms
of the mode #;(¥) and amplitude g;(¢) functions of each cavity
mode as [1,2,16,20]

AG.0 =Y i) 3)
l

The substitution of Eq. (3) into the damped wave Eq. (2)
leads to
2

2 o U)[ - -
Vau(r) + —u(r) =0, “4)
Co
3261[ éE+o 3611 2
—_— — 4+ Q7 (t)g; =0, 5
4+ —— L2l 5)

where w; is the natural frequency of the mode /, ¢y =
1//1t0€(0) is the velocity of light inside the medium at
t =0, and €2;(¢) is a modified frequency defined as €; =
c(t)wy/co, with c(t) = 1/4/1oe(t) being the velocity of the
electromagnetic wave in the time-dependent medium. Now, it
is easy to verify that the equations of motion for the amplitudes
q(t) given by Eq. (5) can be directly obtained from the classical
Hamiltonian

2
1
Hi(t) = 0Pl 4~ 0r 00207, (©)
280 2
where ¢; and p; are canonical conjugated variables, with A(z)
given by
0
A = / D to@, 7
0 e(t)

Hence, the total Hamiltonian of the electromagnetic field is a
sum of individual Hamiltonians corresponding to each mode,
that is, ), H;.

Next we move our attention to the solutions of Eq. (4).
Considering the electromagnetic field to be contained in a
certain cubic volume V of nonrefracting media, the mode
functions are required to satisfy the transversality condition
V -i)(F) = 0 and to form a complete orthonormal set [1,2].
Furthermore, assuming periodic boundary conditions on the
surface, the mode function may be written in terms of plane
waves as [1,2,16,20]

i, (F) = L™t g, (8)
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where L = V173 is the size of the cube, |/2,| = wy/co is the
wave vector, and é;, are unit vectors in the directions of
polarization (v = 1,2), which must be perpendicular to the
wave vector because of the transversality condition. With the
spatial mode functions i#; completely determined, we only
need the canonical variable ¢;(¢) in order to obtain the vector
potential and, consequently, a complete classical description
of the electromagnetic field. Then, the electric field confined
in the cubic volume of side L can be written as

—A(t)

7o € N ik ¥
EG.0= T3 IO ane ™ pi(n), 9)
1 v

Here we observe that we have quoted some of the results of
this section in a recent paper [23].

III. QUANTUM ELECTROMAGNETIC WAVES IN
TIME-DEPENDENT CONDUCTING MEDIA

In order to obtain a quantum description of electromagnetic
waves propagating in a conducting linear media with time-
dependent electric permittivity and conductivity we need to
quantize the electromagnetic field. Now as the spatial mode
functions i;(¥) are completely determined, the amplitude of
each normal mode in Eq. (3) needed to specify a particular
field configuration is ¢;(¢) [1]. Furthermore, for each canonical
operator ¢; the electromagnetic field is completely specified
since E and B field operators may be derived by inserting the
operator A given by Eq. (3) into Eq. (1). So, we move our
attention to the canonical operator ¢;(¢) in order to obtain
the vector potential. For this purpose, we must solve the
Schrédinger equation associated with the Hamiltonian (6)

.0
H(0)V(g1] = lha‘lf[qz,t], (10)
where p; is now the moment operator p; = —ihd/dq with

[gi, pi1 = ih. The solutions of Eq. (10) can be obtained with
the aid of the dynamical invariant method devised by Lewis
and Riesenfeld [24,25]. Following this method, we look for a
nontrivial Hermitian operator 7;(¢) which satisfies the equation
dl; 1 1.0 al; 0 1
E_i_h[l’ 1]+a—t—- (11)
If the exact invariant [;(f) (constant of motion) does not
contain any time-dependent operator, the Schrédinger equa-
tion solutions are straightforwardly written in terms of the
orthonormalized eigenfunctions ¢, (¢;,t) of I;(¢),

Li(O)pn(qist) = Andulqu,1), (12)
and the phase functions §,(t) as
Yn(qit) = e, (qi,1), (13)

Here, the 1, are time-independent eigenvalues and the phase
functions B, () are to be determined by the equation

dp,(t)
dt

with the orthonormality condition (¢, |¢,) = 8,/s.

Linear invariant operators satisfying Eq. (11) are innumer-
able [26,27]. These operators allow one to derive the wave
function rather directly since they are readily diagonalized.

h

a
= <¢>n|ih§ — Hil¢n), (14)
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However, the wave function obtained is given in terms of
plane waves which varies depending on the choice of an
arbitrary weight function [26-28]. So, it is hard to investigate
classical and quantum correspondence on basis of this wave
function [28]. Furthermore, it is not an easy task to construct
coherent states based on these linear invariants. For these
reasons, in this paper we are interested in dealing with
quadratic Hermitian invariants. In this case the derivation of
the wave function, compared to that obtained through linear
invariants, is lengthier. However, as will be seen later, coherent
states based on quadratic invariants are easily constructed.
Consequently, one can more easily analyze the classical and
quantum correspondence. Now, it is known that a quadratic
invariant satisfying (11) is given by [29,30]

1 2
Il(r)=5[(%) +(P1Pz—80€A(t)Plf]1)2:|, (15)

where p;(t) is a time-dependent real function satisfying the
Milne-Pinney equation [29,31,32]

—2A(t)

A0 + QO pr = —— (16)
€0P;

¢E4+o

o1(1) +
€

Next, we look for the eigenstates of ¢,(q,?) of I;(t). For this
purpose, we consider the unitary transformation [29,30]

¢,(q1,t) = Uu(qu,1) a7
with
l'S()eA(t),[)z 2
U = - . 18
o (120, "

Making use of this transformation, we can rewrite the
eigenvalue equation (12) as

L(qi.1) = Ay (qr.1), (19)

where

o, a g
[ =vunut=-2p= 4 29

. 20
27 dqt 207 0

If we now define a new variable z; = ¢q;/0;, we can express
Eq. (19) as

0 e = hana) @1)
28Zl2 2 On(Z1) = An®nlZ]),

where g, is related to ¢;, by
on(z) = walar/ o0 = £ (a1, (22)

The factor ,011/ ? has been introduced to satisfy the normalization
condition. Therefore, the solutions ¢, (z;) of Eq. (21) are the
eigenfunctions

1 12 2 1\ 12
o) =\ —— = exp A g (= 2
" 1231210 on) M \n ’

(23)

with the respective eigenvalues

kn=h<n+%>. 24)
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Here H, is the Hermite polynomial of order n. So, making use
of Egs. (17), (18), (22), and (23) we find that

1 1/2
D=\ i o
®n(qi,t) (nl/Zhl/zn!Z”,m)
ieoe“”(,@z ie_w)) 2:|
X exp oy U
[ 2 \o o sopf )"

12
% H, [(%) ﬂ] (25)
L1

The next step is to find the phase function given by Eq. (14).
After some basic calculations, we get that

1 t ef/\(r)
Bu(t) = — (n + —> / ——dr. (26)
2) Jo eopi(r)
Therefore, we can write the solutions of the Schrédinger
equation (10) as

| | 12
wtar) = extlifa) (i)
igge™ (Dz ie_A(l)> 2:|
X exp —+ 9
[ o \p o sop? )7

1/2
x H[(%) ﬂ}, 27)
L1

with the phase function ,(¢) given by Eq. (26). Equation (27)
represents the exact wave functions for each mode of the
electromagnetic field. Furthermore, the evolution of a general
Schrédinger state can be written as W(g;,1) = Y, ¢, ¥n(qu,1),
where the ¢, are time-independent coefficients. Finally, we
observe that for € and o constants, the results of this section
coincide with those of Ref. [30].

IV. COHERENT AND SQUEEZED STATES FOR THE
QUANTIZED ELECTROMAGNETIC WAVES

In this section, we construct coherent and squeezed states
for the quantized electromagnetic waves propagating in time-
dependent conducting media. As will be seen later, these
states are indeed equivalent to the squeezed states of the
quantized electromagnetic field. In doing so, we introduce
the annihilation and creation operators defined as

p= (L . L (28)
1=\ P pLpI |,

T 1\ /2 a
b'=(—= — —i , 29
! <2h> [Pl zp;p;} 29

with [bl’,bf] = 1. In terms of these operators, the invariant I/
given by Eq. (20) can be rewritten as

’ rtq 1
whose coherent states have the form [29,33,34]
|C¥|2 o’ )
valrt) =exp (=) ) oA SP A Dl gu@). (B
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where « is an arbitrary complex number. Then, using
Egs. (17), (18), (22), and (31) we find that the coherent states
for the system described by the Hamiltonian (6) are given by

(ieoe“” o,

1
balqi,t) = —75 €Xp qi ) Pa(21,1). (32)

0 2np;
These states satisfy the eigenvalue equation
biga(qi,t) = a1(t)Pa(qi1), (33)

with b; and b related by

1 1/2
by =U'bU = ( ) [% +i(pipr — 806“”/51611)} (34)

2n
and
(1) = @ expl2ifo(1)]. (35)
1 ! e ®
fol) =3 fo s (36)

Note that, in terms of the operator b;, the invariant in
Eq. (15) can be expressed as I; = h(blsz + %). Now, after a
straightforward calculation we find that the expectation values
of ¢; and p; in the coherent state ¢,(qg;,?) are given by

(@) = Qnlal?p})*sin[—2Bo(t) + &1, (37)
(p)) = Qhlal?)'?

X {soe“”p,sin[—zﬂo(t) + &]—picos[—zﬂou) + 61]} :
()

(38)

where §; is the argument of the complex number «. Here we
note that expression (37) is a solution of Eq. (5). Hence, the
center of the coherent state wave packet follows the motion
of a classical particle. Thus, the above result agrees with
the original idea of Schrodinger about the coherent states,
who was interested in finding quantum mechanical states
which followed the motion of a classical particle in a given
potential [35]. Also, we can use the result (37) to show that
when the electric field (9) is in a state ¢, (q;,¢), its expectation
value looks like a classical field, as it should be. In what follows
we evaluate the quantum fluctuations in ¢; and p; in the state
dq(q1,1). After some algebra we find that

/)
(Ag)* = q7) — (@) = Epf (39)

nl1
(Ap)* = (pf)— (p)* = 3 [; + (806’“0,01)2} . (40)
1

Thus, the uncertainty product is expressed as

/)
(Ag(Ap) = 511+ (8" prp1)*1"2. (41)

Here, we observe that the uncertainty relation (41), in general,
does not attain its minimum value. This occurs, as we have
already mentioned, because the states ¢,(g;,?) correspond to
the squeezed states. This will be seen more clearly below. It
is also worth mentioning that if the medium is a dielectric
material [o() = 0] with constant permittivity [e(f) = gy =
cte] and if we take the particular solution p; = (1/gow;)'/? of
the Milne-Pinney equation (16), the uncertainty product attains
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its minimum value. This occurs because, in this case, both the
Hamiltonian (6) and the coherent states ¢,(q;,¢) reduce to the
ordinary harmonic oscillator model. In the following, we show
that the state ¢,(g;,7) correspond to the squeezed states. For
this purpose, let us introduce the annihilation and creation

operators a; and a,T of the standard oscillator model given by

| 12 .
a = ( ) [eowrqr +ipi], (42)
271806()1

172
af = (= [eowiqr — ipi]. 43)
! 2h80a)1

These operators are related to operators b; and b!, which were
defined previously, by the Bogoliubov transformations [36—39]

by = u(t)a; + v(t)a;, (44)
b} = u*(t)a) + v*(t)ay, (45)

whose coefficients are expressed as

12
1 1 A -

u(t) = T o igoe”™" o1 + gowipr |, (46)
0w 1

12
1 1 A -

v(t) = T o igoe™ o —eowypop ). (47)
0w I

A straightforward calculation shows that the Bogoliubov
coefficients u(¢) and v(r) satisfy the relation

lu@®)* — @) = 1. (48)

Therefore, from Eqgs. (33), (44), and (48), we see that the states
¢« (q1,1) are, by definition, equal to well-known squeezed states
[30,36,37,39-41]. Furthermore, in terms of the coefficients
u(t) and v(¢) the quantum fluctuations in ¢;(¢) and p;(¢) for the
squeezed states ¢, (g;,t) can be written as

(Aq)* = ol — vl?, (49)
Eowy
heow,
(Ap)? = %m +ul?, (50)
where
/)
(Ag)(App) = S lu = vllu +v]. (51)

The uncertainty product is minimized if u = yv for y
real [37]. Furthermore, note that the relation (51) is equivalent
to Eq. (41), as it should be.

V. SUMMARY

In this work, we have presented a simple and direct
quantum description for the problem of electromagnetic waves
propagating in time-dependent conducting and nonconducting
media without charge sources. We have seen that this problem
can be analyzed by associating a damped quantum-mechanical
oscillator with each mode of the electromagnetic field.
Furthermore, with the aid of the quantum invariant method and
a quadratic invariant we have derived exact waves functions for
this problem. In addition, we have constructed coherent states
for the quantized electromagnetic waves and have calculated
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the quantum fluctuations in coordinate and momentum space
as well as the uncertainty product for each mode of the
electromagnetic field. We have also shown that the expectation
value of the coordinate ¢; follows the motion of a classical
particle. What is more, we have seen that this uncertainty
product, in general, does not attain its minimum value.Yet,
by employing a direct procedure we have shown that this
latter result occurs because the coherent states constructed
previously correspond to squeezed states. Finally, we expect

PHYSICAL REVIEW A 83, 032108 (2011)

that the approach developed in this work can be useful to inves-
tigate subjects related to the quantization of electromagnetic
waves propagating in conducting and nonconducting media
with material properties varying in time.
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