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Abstract. There are several possible applications of quantum electrodynamics
in dielectric media which require a quantum description for the electromagnetic
field interacting with matter fields. The associated quantum models can refer
to macroscopic electromagnetic fields or, in alternative, to mesoscopic fields
(polarization fields) describing an effective interaction between electromagnetic
field and matter fields. We adopt the latter approach, and focus on the
Hopfield model for the electromagnetic field in a dielectric dispersive medium
in a framework in which space-time dependent mesoscopic parameters occur,
like susceptibility, matter resonance frequency, and also coupling between
electromagnetic field and polarization field. Our most direct goal is to describe
in a phenomenological way a space-time varying dielectric perturbation induced
by means of the Kerr effect in nonlinear dielectric media. This extension of
the model is implemented by means of a Lorentz-invariant Lagrangian which,
for constant microscopic parameters, and in the rest frame, coincides with the
standard one. Moreover, we deduce a covariant scalar product and provide a
canonical quantization scheme which keeps into account the constraints implicit
in the model. Examples of viable applications are indicated.
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1. Introduction

A longstanding field of investigation for quantum field
theory is represented by pair creation in external fields
or by moving boundaries. We limit ourselves to quote
a couple of seminal papers which were published at the
birth of modern quantum field theory [Il 2]. We are
mainly interested in photon pair creation associated
with variations of the dielectric constant in a dielectric
medium, which has been a subject of important inves-
tigations, as e.g. a series of papers by Schwinger con-
cerning a possible relation between dynamical Casimir
effect and sonoluminescence [3]. In this paper, instead
of quantizing phenomenologically the electromagnetic
field in presence of a dielectric medium (see e.g. [d]), we
delve into a less phenomenological situation in which
dielectric properties are modeled as in the Hopfield
model: the electromagnetic field interacts with a set
of oscillators reproducing sources for dispersive prop-
erties of the electromagnetic field in matter [5] [6] [7], [§].
We refer to a more general situation where electric
susceptibility, resonance frequencies of the electromag-
netic field and also the coupling between electromag-
netic field and oscillators (the latter ones can be identi-
fied with the mesoscopic polarization fields) depend on
space-time variables. In this respect, we can refer our
approach to other models which generalize the Hop-
field model, see [9] 10, 1], but we stress that we don’t
take into account absorption in our paper. The latter
assumption is reasonable as far as emission phenomena
we are interested in are not too near the absorption re-
gion, and the focus is pair-creation. Any framework
including absorption would imply a much more tricky

approach (cf. e.g. [9L 10 [IT]).

In order to corroborate the physical interest of
our model and its canonical quantization, we recall
that, by means of the Kerr effect, it is possible to in-
duce dielectric perturbations which propagate in the
dielectric medium. These perturbations represent in-
homogeneities which arise as a consequence of intense
laser pulse propagating in a dielectric medium (see e.g.
[12]). As a result of microscopic interactions, involved
in non-linear electrodynamics, a mean motion of a di-
electric perturbation with a different refractive index
occurs. Instead of attempting immediately a first prin-
ciple study on this subject, i.e. instead of working out
a microscopic model for this case, we begin considering
a semi-phenomenological approach, in which we adopt

a Lagrangian model which would be ‘first principle-
based’ apart for the appearance in the Lagrangian of
a (phenomenological) contribution to the refractive in-
dex arising from the Kerr effect. Interesting results
can be still deduced from this framework, as well as a
well-defined route for quantizing the model. Our aim
is to get a model which allows to deal with sufficiently
general situations of interest, as e.g. the ones created
by means of the Kerr effect: traveling dielectric pertur-
bations moving with different laws of motions should
be allowed. For example, a uniformly moving perturba-
tion (which is characteristic of the Kerr effect), but also
an accelerating one and even a rotating one, each of
which represents a very interesting benchmark for pho-
ton pair creation in external fields (or under changing
external conditions). For situations covering the uni-
formly moving case, its relation with analogue gravity
framework and for experimental measure of Hawking
radiation, see e.g. [13| 14l 15 16, 17, 18, 19]. Thus
our approach allows as well the cases where a different
space-time evolution is taken into account. As a con-
sequence of microscopic interactions, modified electric
susceptibility, proper frequency and coupling constant
between electric field and polarization are postulated
to occur, which are meant to reproduce a suitable be-
haviour of the refractive index perturbation.

In the actual construction of the model, we can re-
fer to the aforementioned traveling perturbations, but,
in order to be even much more general, we can allow
a generic behavior for the susceptibility x(t,z,y, 2),
which is a scalar function of the space-time coordi-
nates. Moreover, we allow an analogous nature also
for wo(t, x,y, z), the latter being the proper frequency
of the matter oscillators. As e.g. in [9] 10, 11, we
generalize the coupling between electric field and po-
larization field(s), in our case by introducing a scalar
function g(t, x,y, z) which plays the role of coupling.

The only reasonable constraint we impose are
that asymptotically in time x,w,g are constant, for
obtaining well-defined particle states IN and OUT.
Moreover, we can allow couplings with N oscillators,
in such a way that we can manage with N different
susceptibilities, resonances and couplings.

There are two further features of our model which
are very important: relativistic covariance and
quantization in a covariant gauge. Covariance is
fundamental for gettting rid of any ambiguity in actual
calculations, and in order to respect a fundamental
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requirement for a physical model. We stress that
these are per se interesting contributions to the
microscopically-grounded works on the subject of
electromagnetic field in dielectric media, because a
covariant generalization is presented and its canonical
quantization in a covariant gauge is performed.
Covariance, as is known, and is confirmed since the
original work by Minkowski [20] and e.g. by [21] 22],
is not simply a speculative exercise in the picture at
hand, but allows to get the correct behavior of physical
quantities when changing from a inertial observer to
another one. An important example is represented by
a uniformly travelling perturbation v =const moving
along the z-direction, where we can use covariance
for passing to the comoving frame, where the theory
is static, and where physical interpretation of the
scattering process is much more perspicuous [23].

It is also worth mentioning a longstanding series of
studies concerning electrodynamics of moving media,
where covariance of the formalism plays a key-role.
We limit ourselves to quote some seminal papers [24],
[25] 26| 27], where phenomenological electrodynamics is
adopted (ref. [27] is explicitly devoted to the dispersive
case). In particular, [24] and [26] are also important
references for the dielectric models in analogue gravity
[28]. See also [29], where a covariant model for moving
(homogeneous) dispersive dielectric media is studied
and quantized in the Coulomb gauge.

As to quantization, we can provide a scheme of
constrained quantization where all subtleties of the
theory are taken into account (see e.g. [30, [31]), and
still covariance plays an important role for obtaining
consistent quantization rules which would not be so
clearly stated otherwise. As far as dispersive effects
are not involving magnetic properties of the material,
we can also consider that our model, for constant
dielectric susceptibility, represents an improvement of
the phenomenological model studied in [32].

It is worth mentioning that a very general and
interesting picture is provided in [I1I], where the
susceptibility is a tensor field depending on space
and time. Absorption is also included by means
of a bath of oscillators whose interactions with the
electromagnetic field originate dissipative effects. Still,
as a novelty with respect to the aforementioned picture,
we develop a formalism leaving room for covariance and
also quantization in a covariant gauge, which are not
treated therein.

2. A covariant form for the Hopfield model

In the following, we take into consideration the
electromagnetic field Lagrangian which is apt for a
dispersive lossless dielectric medium, as in Hopfield
model [Bl [0 [7]. A further field, representing material

polarization, is introduced and coupled to the free
electromagnetic field as follows:

1 /1. 2 1 2
Lem: =— [ -A - — ANA
8 (c +V90) 87T(v )
1 52 2p2 g A ;
* o (P2 -wip?) - L (P-A+A.-P)

- g(P-Vgo—i-ch-P).

As an example, a traveling perturbation is described by
introducing x(z—uvt,y, z),wo(x—vt,y, 2), g(x—vt,y, 2).
Only a first-principle introduction of the Kerr effect,
like e.g. the one obtained by introducing a fourth
power of P would require substantial modifications
(because of the non-linear term), but we do not pursue
this problem herein.

In order to pursue a more standard calculation for in-
ferring particle creation, we introduce a covariant gen-
eralization of the Hopfield model in 341 dimensions:
this would make easier to find out an inner product
with respect to which one could calculate the Bogoli-
ubov coefficients in order to check if particle creation
occurs in the standard way. The problem consists, of
course, in finding a covariant form for the polariza-
tion part of the Hopfield Lagrangian. This is not a so
trivial task. The main problem is represented by the
kinetic part of the polarization field Lagrangian; with
this aim, let us introduce v* as the 4-velocity of the
bulk dielectric medium (we mean the velocity of the
dielectric sample, not the one of the dielectric pertur-
bation). Then, the covariant lagrangian density is:

1 1
L= ——F, F" — ?0,P,)(v° 0, P"
7 PP = g (070,P) (470, P
1 g v
=+ E #P'u — %(’UN‘PV — 'UUPIU‘)F'U‘ . (1)

Minkowski metric 7,, is chosen with the standard
signature for quantum field theory: (4, —,—,—). The
latter model appears to be the principal candidate in
our consideration, because it provides a field equation
for P, which, for constant y, gives rise e.g. in
the eikonal approximation to the correct covariant
dispersion relation.

We have introduced a 4-vector in order to describe
the polarization field in a covariant form. We have
introduced, as a consequence, also the component P,
of the field, which is absent in the rest frame. Actually,
this new component is not an independent one, it
depends on the spatial components, as can be easily
ascertained by constructing the 4-vector corresponding
to the standard polarization field, see e.g. [22, [33].
Indeed, the following condition has to be implemented:

v P, =0, (2)
which is required at the level of the classical theory for

the polarization vector. Note that in the rest frame,
where v* = (¢,0,0,0), the above condition amounts
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to Py = 0. We assume this condition too. It is
worth mentioning that this condition is the correct
one for our harmonic oscillator field P coupled to the
electromagnetic field, regardless of its specific nature
of polarization field.

As to the field equations,
electromagnetic field we obtain

)ova (2

and for the polarization field we have

in the case of the

_iayFW_vyay (%pu P”):O, (3)

1 1
— %0, ( ) V9P — =P+ Ly Frv — 0. (4)
Xwg X c

By contracting with v, the equation for the electro-
magnetic field and taking into account (2) we get
Ou(EF + 4niPF) = 0, where EV := v, F"". This
is just the Gauss law for the electric induction field
DF := EM + 4x2P*#. This is the right condition
to identify P* as a polarization field and is required
by compatibility among the transversality condition
and the equations of motion. It is also useful to
define the induction tensor G*¥, which is such that
DY =v,G", H, = %v”ew,ng”‘T = %UVEWPUFPU =
B,,. Notice that, in absence of free charges and cur-
rents, Gauss law and Ampere law are summarized by
the equation 9,G*” = 0, which, contracted with v,,
amounts to 9, (E* + 472 PH) = 0.
It is also easy to realize that, by introducing the
= (A, P.), whose first four components coincide
Wlth A, and the remaining four components coincide
with P, B we obtain a field theory which is quadratic
in ®,.

3. Conserved scalar product for the model

We can now determine the conserved scalar product
associated to the covariant Hopfield model. The first
step in order to determine the scalar product is to
complexify the fields. The complexified lagrangian

density becomes:
LCov — _ 1 E nIT Y
em

167 ¥
wh Py P — 2—P* FPe

1 (10
e [(vP0,P7)(v7 0 P)
9 *
— %P#UPFPH. (5)

A symmetry of (@) is 4, — €'®A,, P, — ¢'*P,, Al =
e A% Pr— e Py, where ¢ is a constant phase.
The associated conserved quantity can be computed by
means of the usual Noether method. The computation
is immediate and gives the conserved current:

) 1
gr =L Lpwa, o+ Leg,propm
2 |4n xwd
- —(P*“vp — P*Puf)A, — c.c.} . (6)
c

i @, is the direct sum of A, and P,.

Indeed, a direct computation shows that on the
solutions of the equations of motion J# satisfies
OuJ" = 0. Thus, the standard argument shows that
on any spacelike slice 3; the quantity @ := f T3z
does not depend from ¢. This defines a conserved
(Hermitian) quadratic form @ on ®,, = (A,, P,):

Q((A,, P)) = Z/ [1F*0”A + Lo, PP,
4m xwd

—(P*Ovp - PPNA, —ce.| Pz (7)
c

This gives the conserved scalar product by means of
the usual polarization formula. Then we obtain the

conserved scalar product:
((Auapu)l(;l )

' 1
S L povg o —vpa , P*7 P,
2 boM 47T 0

g *0 * [0v A *
—Z(P™ v — P** A ——F A
C( v U) 47T v

—LU”B PP+ 2 (PO’UP -
X‘Uo

This scalar product is very important in relation to the
quantization of the model. Indeed, it allows to define
positive and negative norm states for the solutions of
the field equations, i.e. it allows to define in a proper
way particles and antiparticles respectively. A proper
quantization for the model is discussed in the following
section.

For example, if x(t,x) = xo,wo(t,X) = wo, g(t,x) = 1
and we work in the lab frame, the scalar product among
plane waves (with on shell momenta)

P”UO)AZ Bz, (8)

(A“,P”) _ (Aue—iwt-i-ik-x

i i) )
and
(A,u7 I}u) _ (A,uefidthril‘;-x

— ing_ow2 _AAL —iottik- x), (10)

where A*, A* in @) and in (I0) stand for constant
4-vectors representing the amplitude of the respective
plane waves, is

((A#a Pﬂ)l(Altv Pﬂ))
w1 Xowd

c l4r (Wi —w?)?

where A* = (0,A) and A* = (0, A).

= A" A 5O (k —k), (11)

4. Quantization of the covariant model

The introduction of the condition (2) amounts to a
constraint to be imposed on the system. This affects
also the quantization of the covariant Hopfield model,
in the sense that the covariant form of the Heisenberg
commutation relations has to be consistent with the
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constraints of the theory.

As to the electromagnetic part of the Lagrangian,
the procedure we follow slightly departs from what
could be considered as standard, e.g. the usual
quantization under covariant gauge conditions like the
Lorentz gauge 0,A* = 0, and where a Gupta-Bleuler
formalism (see e.g. [34]) can be adopted in order to
get rid of spurious degrees of freedom, leaving only
transverse (physical) ones. Instead, we follow the Dirac
approach in which all first-class constraints which are
associated with the gauge freedom are first reduced to
second-class ones by means of suitable explicit gauge-
fixing terms in the Lagrange formalism, and then
quantized [35], 36]. Constraints are then implemented
operatorially, rather than in a weak sense (as in the
Gupta-Bleuler approach). See e.g. [30] B}, 37, 38].

In order to perform a complete quantization of the
full Hopfield covariant model, in a covariant gauge,
we have to take into account both the electromagnetic
part and the polarization part of the Lagrangian.

Both these parts require a suitable implementation of
the constraints. We can add the constraints to the
covariant Lagrangian, thus obtaining:

1 1
Le=——F, F'" — ?0,P,)(v° 0, P"

o7 P = gy (V9P w70, P

1 g v

+ EP“P'UI — %(U,LLPL/ — ’UIIP,LL)F#
§

+ B(9,A") + 2 B? + A(v, P"), (12)

2
where B plays the usual role of auxiliary hermitian
scalar field, also known as B-field [41], [30], and ¢ is a
constant which is useful for reproducing various gauge
conditions (the so-called Re¢-gauges). The equations of
motions are

e () e (25)

+0"B =0, (13)
1 1 g
—0°9, | — | vPosPY — =P + Lo, FP
(XW§> ’ X ¢’
+Avt =0, (14)
0,AY +€&B = 0. (15)

Furthermore, as far as the conjugate momenta are
concerned, we obtain:

agifxo =1 = % (16)
a%f;xi =10y = —ﬁ(amz D' A%)

C%(UOPl v PY), (17)
aaaf; = :715=0, (18)
a‘gf;“ =104 = —Xigcv%“agw, (19)
0L _ =0 (20)

00\

As to the classical Hamiltonian density, according to
the standard procedure we have:

H = (0, AM)I14 , + (O P")Ip , — Lo+ umy

B
+ yrp + 2(IY — ?)
. 1 .
= 27TC2(H24)2 + FFUF” + CA()((?Z'HA z)
Y

k
+ dng(voP; — v Po)llg 4 — CZ—O(akP“)HP L

2.2 2
xwge " 1 2mg 9
_ X0C i — — P, pr P — v
20y PR T gy + =z (Wl —vilb)
+ —29 (v;Pj — v; P))F" — B(9; A") — 532
(&

B
— M P*) +umy +yrp + 2(11% — ?) (21)

In our model there are three primary constraints
75,114 — BJe, . From the analysis of
Poisson brackets of the primary constraints with the
Hamiltonian we can find the following complete set of
constraints:

I'y =g, (22)
B

Iy =119 — = (23)

Iy = v, P, (24)

'y = U#H‘fg, (25)

F5 = )\7 (26)

Fﬁ = TX- (27)

We have taken into account that all functions of
the constraints giving rise to the same submanifold
I's = 0, ¢« = 1,2,3,4,5,6 are to be considered
equivalent, and this allows us to get the former
simplified expressions for T'y,T's. See also [31] [30].
I'1, T, I'g represent primary second-class constraints of
the theory, and they appear explicitly in the expression
of our constrained Hamiltonian defined above. We
provide in the following some more details of the
calculations.

In order to be more explicit, we get

(rp, H)  =9,A +¢B+ 2, (28)
C

{% — B,H} = — cO;T14; — y, (29)

{Trka} - - ’U#PV’7 (30)

which represent the Poisson brackets with the primary
second-class constraints. The first equation (28) fixes
z and is the same one obtains in QED [30], and
implies the same conditions. The second equation
@9) determines y. The third equation ([BQ) introduces
a second-class second-stage constraint. Its Poisson

bracket with the Hamiltonian is
k

2 2
wic v
X0 v, I — cmak(v#P")

(v0)?
which, on the sub manifold defined by the above
constraints amounts to requiring v,II%, = 0, which is

{v,P¥,H} = — (31)



The Hopfield model revisited: Covariance and Quantization 6

then a second-class third-step constraint. Its Poisson
bracket with the Hamiltonian is

1 k
{v 1%, H} = ;v#P“ + CZ—O(aké)(v#H’;) + vty (32)

which, on the submanifold of the previous constraints
implies A = 0. At this point we have a complete set of
constraints, because

{MH}=u

simply fixes u = 0. See also below.

(33)

We can define the matrix {C;;} whose entries are
Cij = {I;,T';}, where {, } stay for the Poisson brack-
ets. In particular, restoring the dependence on space-
time variables (time is fixed), with = = (¢,x), we get
the following non-zero entries: {I'1(¢,x),Ta(t,y)} =
8O (x — y)/e, {Ts(t,x),Ta(t,y)} = v, 0"6G) (x —
y), {Ts5(t,x),Ts(t,y)} = 6@ (x —y). Let us explicit
the Dirac brackets as provided from the theory of con-
strained systems:

{A,B}p ={A B} —{A4, I‘Z—}Cigl{Fj,B}. (34)

We recall that, in a less synthetic form, in the
previous formula one has to take into account
that, by introducing collective symbols for phase-
space variables {X;} = {A*,P* B, A}, {II;} =
{114 1%, g, ma }, we get:
0A oB
ABY= [ & —
s = [0 (5
0A oB
5ﬁl (ta Z) 6Xl (ta Z)
{AT:}C;; T, B}

_ / Budbw{ A, T5(t, ) Y5 (u, w) T (1, w), BY; (35)

a summation convention on repeated indices is
understood. One can also determine the Lagrange
multipliers u, y, z that appear for primary second-class
constraints I'1,I's,'g in the constrained Hamiltonian,
as shown in our previous discussion. It is now easy to
show that the following Dirac brackets hold true:

{AH (tv X)v HZX (tv Y)}D = 77’“/5(3) (X - Y)v (36)
{P”(t,x),ﬂlfp(lt,y)}[)

=" = mv“v”) 0¥ (x—y), (37)
{B(t,x),75(t,y)}p :=0, (38)
{A(t,x),mr(t,y)}p =0, (39)

which represent the basic ingredients for the quantiza-
tion. Indeed, according to Dirac quantization scheme,
we have to impose on quantum operators:

(XU, x), (L, y)] o= h{ X' (t,x), s (t,y)}p.  (40)

0, ¢+ = 1,...,6, are
[30], in particular p.

Moreover, constraints I'; =
implemented as operators (cf.

132):

g =0, (41)
I = 5, (42)

C

v#ﬁ’“ =0, (43)
v, 1% =0, (44)
A=0, (45)
7x=0 (46)

As to the Hamiltonian, we have

. 1 .
H= / 2w () + KFUF“ + cAo(0i1la ;)
s
k

+ 4mg(voP; — vi Po)llg 4 — cv—(é‘kP“)Hp i
Vo

xwac? 1 271 g?

m
- W p Iy — RP#P#_F

g
+ 2c(v ¢

=2 (voP; — viPy)?

—v;P)F9 — B(9;A") — 332
(47)

As we are dealing with a model in which only second
class primary constraints appear, we can also explicit
the Lagrange multipliers as functions of the canonical
variables. By taking into account our previous
analysis, we can limit our attention only to y, z, which
display the only non-trivial behaviour, and replace
y = —cOillg; (cf. @9)), z = —c(0;A* + £B) (cf. 29))
in [@T). (We recall that u=0=)).

It is interesting to note that, according to (@3),([6l),
A and its conjugate variable m, are ‘expelled’ by
constrained quantization, in the sense that they are
reduced both to the zero operator. We can provide
the following interpretation. Condition (2)) holds true
as a consequence of the antisymmetric character of
the induction tensor G*¥ defined at the end of sec.
Indeed, we easily get v, DV = v,v,G* = 0,
which, being D* := EF + 472 P*, and being v, E" :=
v, FYH = 0, necessarily implies also v,P* = 0.
This condition is then preserved by quantization. This
fact corroborates the previous results concerning the
quantization of the model.

B
— M, P*) +umy +yrp + 2(11% — ?)]

4.1. Scalar product and constraints

We notice that we have introduced in our setting
constraints even in the Lagrangian approach. As
a consequence, we have to take into account how
the scalar product (B) is modified because of the
constraints. After complexification of the constrained
Lagrangian L., we find that it appears only a further
term in the scalar product: if (A,, P,, B, \) stays for
the direct sum of A,, P, B, A, we get

((Au, Py BN (A, B, B,N)
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i |1 ~ 1 ~
_ —F*OUAU 5 P*G'PU 0
2 /Et [47r + xwgv r Y
g %0 *p 0\ A 1 0v 4%
—=(P*™ v — P*Pv°)A, — —F""A
cg v )4 4 Y
——2UP8PPUP;‘UO + g(]501)" - PPUO)A;
XW§ c
—(B*A° - BAO*)} dz. (48)
Notice that, assuming the same fields as in (), we
still obtain the same result.
It is also important to point out that the former scalar
product can be found as follows. We introduce the
phase-space vectors ({ X'}, {II;}), to be intended again
as a direct sum, by using the symplectic form:

. 0
Q.=
Z[ —Tiox10

liox10
0 9

where 11px10 stays for the identity matrix 10 x 10.
Then we can define the following scalar product:

(X)), (X1 1))
= XL X )

(49)

(50)

where - stays for the usual Euclidean scalar product.
Then, by taking into account the definitions for II;
one gets the same result as in (@8). This is the
extension to a canonical quantization scheme and
to 3+1 dimensions of the results obtained for 141
dimensions in [18].

It is also possible to introduce the operator H such
that the Hamiltonian in (#7) can be written as follows
(see e.g. [39]):

1 _ - _
S (X} {0}, H({X"}, {T1.}))
1 — ~ ~ =
=5 [Ty - BURY, ()b
which is such that, by defining ¥ := ({X'}, {II;}), one
obtains the Hamiltonian equations in the form
U= —iQ(VyH) = —iQHV, (52)

where Vg = ({0x:},{0g,}) It is also evident that, due
to the trivialization of A\ and 7, we can restrict our
considerations to a 9 x 9 dimensional phase space in a
straightforward way.

H

(51)

4.2. Construction of physical states and physical
operators

In this subsection, we delve into the problem of
constructing physical states and observables in our
canonical approach in covariant gauges. As well-
known, the price to be paid for covariance is the
appearance of negative norm states, and also of zero-
norm ones. As in QED, one has to face with the
problem of non-physical states, which have to be
eliminated from the physical spectrum. Also the
Fano diagonalization procedure has to be revisited

in view of the particular gauge conditions. In the
standard approach to quantum electrodynamics, the
calculation of the S-matrix requires several ingredients.
Lacking a clear and well-defined way to implement
a full non-perturbative quantum field theory in the
Heisenberg representation, a perturbative approach is
implemented in the interaction representation, where
the fields evolve as free fields (i.e. their evolution
is prescribed by the free field Hamiltonian Hy). A
delicate interplay of the interacting (renormalizable)
theory with asymptotic free fields occurs (cf. e.g. [30]
for the case of QED). Asymptotic free fields (IN and
OUT fields) satisfy canonical commutation relations
and their creation and annichilation operators satisfy
free-field commutation rules. In the present case, in
order to simplify a bit our picture, we limit ourselves to
the homogeneous dielectric medium, without losses and
without dielectric perturbations e.g. induced by means
of the Kerr effect. This is not a so crude limitation,
as in region asymptotically far from the traveling
dielectric perturbation, homogeneity can be assumed
to be preserved. Within the given approximation,
we assume a quantization strategy which goes parallel
to the one of J40], i.e. we quantize the fields as
free, with the coupling ¢ = 0, and then perform
a Fano diagonalization for the physical part of the
Hamiltonian (with g # 0). We expect that the
procedure is consistent with the original commutation
relations for the fields, as is in [40] (cf. also [9]).
Furthermore, we wish to avoid any problem with the
dipole ghost (see e.g. [41]) so we impose the Feynman
gauge £ = 4w in what follows. See also the following
section.

We start from the polarization field. It is a vector field
with four components, so a priori it would involve four
degrees of freedom. Still, the transversality condition
v#P, =0 () reduces to three the degrees of freedom
which are actually available. This is also evident
from (B7), which in the rest frame reduces identically
to zero. Indeed, the set of eight fields {P,,dyP,}
represents a complete but not independent set of initial
conditions, because (2) allows to express Py, 9o Py as a
function of the set {P;, pP;} which is both complete
and independent. We can choose, in particular, a set
of polarization vectors ef, A =1,2,3, such that

3
oV
wov o VW
ENEXT=TT — ,
VP
A=1

which can be easily implemented. See below. As to
P*, we have

(53)

3
1 ipT
"o Az_:l/ 4P 8(DR) [Sbr(p)e™ +hc].  (54)

where DR indicates the free field dispersion relation,
and N, is a suitable normalization factor. Our choice
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for the basis is {ef, e, % —pt<}, where w = v¥p, and
ek =(0,ey), A=1,2, (55)

in such a way that, for A = 1,2 it holds ey - €} = drn,
and

vuel =0, (56)
puehk =0, (57)
where p* is the wave-vector, as usual. The third

polarization is orthogonal to ef,ey, and also to
v#. For the operators by(p) the following canonical
commutation relations (CCR) hold:

ba(p), bl ()| = 60 (p — q).

For the electromagnetic field and the auxiliary
field B quantization requires some more efforts. We
can introduce a further set of polarization vectors
ek, A=0,1,2,3 and of operators ax(p) such that

(58)

AF = Z/d4p—5 DR) [ehax(p)e™* + h.c.], (59)
where W, is a suitable normalization. Usually, one
imposes

3

v
ZeAeA =
A=0

In particular, one may choose the set of polarization
vectors {%,e‘f,eg,eg}, where ey, A\ = 1,2,3 satisfy
3). Still, purposefully, in order to allow a more
direct comparison with common literature and with
[30], we use the Gitman-Tyutin basis we costruct in
the following. Furthermore, in this section, and only
in this section, we choose v* = (¢, 0,0,v). We choose
ek, A = 1,2 as in the case of the polarization field.
The third polarization can be chosen e.g. as follows

(cf. [30]) in the case of the electromagnetic field:
1

(60)

ef =—i—p*,  p’=|pl. (61)
° p|
It is also useful to choose
1
eh = —i—(|p|, —p). 62

Our choices are the same as in [30], apart from a
slightly different normalization of both the vectors. We
shall indicate the basis

{—i ' |(Ipl

as the Gitman-Tyutin basis.

1
) eﬁb,eg,—zmp“} (63)

We stress that in this

basis

egegnuu =0= egegnuw (64)
and

efesnu = —1. (65)

We also get, in the case of the auxiliary field B,

B= / d4psip5(DR) [B(p)e™* + h.c], (66)

where S, is a suitable normalization. We remark that
both A* and B are considered as free fields, and then
DR is a free field dispersion relation. Furthermore,
the equation of motion for B (3] implies that we can
reduce to four the overall degrees of freedom for the
fields A", B, and then only four operators in the set
ax, 8, with A = 0,1,2,3 are independent. We choose,
in analogy with the discussion in [30] (sec. 4.2 therein),

ao(p) = S(p)- (67)
Commutation relations are the same as in [30] , as we

are using the same basis for the electromagnetic sector
of our model. We find

[B(p), B (q)] =0 (68)
and

las(p). B (q)] = —6®)(p — q), (69)
and also

[ax(p), BT (q)] = A=1,2. (70)

Also, we find the following commutation brackets for
ax(p), A =1,2,3:

[a,\(p), a;/ (Q)} = 0w d®(p - q).

All other commutation relations are equal to zero. In
particular, it holds

[a3(p)aa§(q)} =0,

consistently with [30]. We point out that in the
Gitman-Tyutin basis, and in the Feynman gauge,
one may recover the above commutation relations by
first recovering the functional relations between the
creation-distruction operators and the fields and their
conjugate momenta. Cf. eg. chapter 7 in [42], in par-
ticular subsection 7.3.1 therein. We also recall that, a
different choice of the basis with respect to the Gitman-
Tyutin one, leads to different operators ay, d;, which
are linearly related (by means of a unitary transforma-
tion) to the ones of the Gitman-Tyutin basis. More-
over, the same commutation relations as above can be
found also in a gauge with & # 47 [30].

(71)

(72)

It is important to consider the particular form of
the interaction term between the polarization field and
the electromagnetic field. This term is proportional to

E"'P,. (73)

We have to take into account that P* is constrained by
the transversality condition with respect to the velocity
v* ([@). We can also introduce the projection operator

oV
po v UV
PHY ==n

74
(74)
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which is such that v,P* = 0. It is evident that
PP, = P* and P*YE, = E*, so that the interaction
term is transverse with respect to v*. Furthermore,
we are considering isotropic dielectric media, where
P x E. Then, we expect also that P* o« FE".
Moreover, from the equations of motion we have

9, D" = 8, (E" + 4ﬁ%p#) =0. (75)

This equation, in the homogeneous case (which
represents the asymptotic limit in the comoving frame
when a traveling perturbation is present), implies both
OuE* = 0 and 9,P* = 0, due to the aforementioned
constitutive equation. As a consequence, by passing to

the Fourier representation, this amounts to
puE* =0, (76)

i.e. also a transversality condition with respect to p*
is implemented. If we introduce the further projection
operator

aw  P'pY

PH = ; (77)
PP,

we have also

Ef =PWE,. (78)

As a consequence, in the interaction term we have

E* PV, = P*E,P" Poyu, (79)

which means that the interaction term involves only
polarizations which are transverse to both v* and k*.
In other terms, only physical transverse polarizations
of the polarization field and of the electromagnetic
field interact. Note that the projection operators
P P commute. The scalar polarization A\ =
0, which involves only the electromagnetic field,
and the longitudinal one A = 3, which involves
both the electromagnetic field and the polarization
field, correspond to interaction-free parts of the
field, which decouple from the physical spectrum,
as shown below. In particular, we stress that the
longitudinal component of the polarization field does
not participate to any physical process (it corresponds
to a free oscillator which has no interaction with
the electromagnetic field and that cannot enter any
asymptotic (physical) scattering state).

We follow the discussion in [30] in order to con-
struct states. As remarked above, in our framework,
we have very important simplifications to be taken into
account, due to the fact that our model is free (in terms
of path integral approach, it is Gaussian), so that we
can avoid discussing Ward identities, and also the in-
field formalism.

The space of states R is such that, given the
vacuum state

A(P)0) = ax(p)[0) = bA(p)|0) =0,  A=1,2,3,(80)

all states are spanned by states of the form
(B™ @) @)'[0),  A=1,23,

where for simplicity of notation we have left implicit
the dependence on momenta of the operators and
where [, m,n € N. The space R contains states with
zero norm and negative norm as well, due to the fact
that a3,a§,B,BT satisfy non-canonical commutation
relations. We can easily confirm the presence of
negative norm states as follows. Let us define

(81)

1
dy := —(az + B), 82
0 \/5(0’3 ﬁ) ( )
1
ds i= — — ). 83
3 \/5(03 ﬁ) ( )
Then we obtain the commutation relations
[do(p), dh(@)] = —6@)(p — a), (84)
and also
[ds(p), di(a)] = 3P (p — ). (85)
The state d$|0> has negative norm:
(0ldo (p)d(p)]0) = =3 (0). (86)

The space R is a space with indefinite metric. As
remarked in [30], this is the price to be paid in order to
get an explicit Lorentz covariance. One could consider
only the subspace R, of vectors of the form

(a’;)n(b;/)l|0>a A = 15 27 )\I = 15 27 (87)
which has a positive definite metric (it is an Hilbert

space), but explicit covariance is lost. We also indicate
the inverse formulas

- %(dg ~do), (35)
az = i(ds + do). (89)

V2
It is useful to define the physical space Rpp, which is
spanned by vectors of the form

(B @) ®L)'0),  A=12, (90)

It is a proper subspace of R, because states generated
by ag and by bg are absent. If we call Ry the subspace
spanned by vectors ([@0) with m # 0, we have

Rph:RJ_ ® Ro.

N =1,2.

(91)

States in Ry have zero norm and are orthogonal to any
state in Rpp. States in Rpy, can be identified also by
means of the condition

Bl¥) =0, |¥) € Rpn, (92)

as [ commutes with any other operator except for ag.

This condition amounts to the usual Gupta-Bleuler
condition, as it can be expressed as follow:

B (t,x)|¥) =0, (93)
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where B(Jr)(t,x) is the positive frequency part of the
operator B(t,x) (see [30] for details). The space R
can be described, as in [30], as a space whose non-zero
norm vectors represent physical spaces, and vectors
which differ for a zero-norm vector are physically
equivalent:

@) = |¥) <= (|®) - |¥)) € Ro. (94)

We take into account the construction of physical
operators. In [30] it is shown that any physical operator
th, i.e. any operator which is associated with a
physical observable, should be such that

thRph C Rph, (95)
i.e.  Rpn should be invariant. In particular, the
Hamiltonian H should be a physical operator, and
indeed it is. Let us suppose that |¥) € Rp,. Then
we have

BM (¢, x)H|¥) = [BD(t,x), H]|¥)

= ihdo B (t,x)| W) = 0. (96)
This ensures that the space R,y is left invariant under
the action of the Hamiltonian H. .
We point out also that, for any observable F' which

does not depend explicitly on time, in the Heisenberg
picture it holds

(97)

4.3. The Hamiltonian and the Interaction
Representation

In the previous subsection, we have several times
mentioned that we consider the fields as free.
Implicitly, we have referred to the interaction
representation, which is standard in quantum field
theory as far as nontrivial interaction terms appear.
There is no strict need to refer to this representation
in our case, as the theory can be dealt with exactly.
Still, there are nontrivial subtleties, which are related
to the choice of the gauge. As is known, in standard
QED the usual gauge for quantum electrodynamics
is the so called Feynman gauge, i.e. £ = 4w. This
gauge avoids to be faced with the appearance of
the so-called ghost pole in the theory [41], which
represents a nontrivial and quite hard problem to be
dealt with. In the present case, the choice ¢ = 4n
is effective only in the interaction representation, in
the sense that in the Heisenberg representation it is
not available, as it is not difficult to realize. We
defer the study in the latter representation to a future
publication, as even in the homogeneous case (i.e. no
traveling perturbation) there are many tricky formal
problems which require extensive and long calculations.
Herein, in the spirit of most books and studies in
condensed matter physics, we adopt the interaction

representation, so that field operators evolve freely, as
dictated by the free Hamiltonian operator, and states
evolve through the Dyson evolution operator which is
constructed by means of the interaction term in the
Hamiltonian. By referring to our case, we have

HO = Hem + Hpola (98)
where Hj is the free Hamiltonian contribution, with
i 1 ij

Hem = / d3$[27TC2(HA)2 + :[6—7TE]F]

+ eAo(@iTla )~ BOA) — 5B, (99)
and

2 2

B 3 xwje 1

Hpol = / d I[—WHP #H‘L]LD — EP'U'P#
k 2 2
— Cv—(akPH)Hp wt W—Qg(MOi)ﬂ, (100)
Vo C

where we have defined
Mg == vaPg — vgPy. (101)

The interaction term is

Himg = / d3$[gM0iF0i + iMijFij}
c 2c

- / de[ M, ] :/ d*z[2P,E"]. (102)

One has to take into account that, in the interaction
representation, IT% is considered at g = 0, so a sim-
plification in calculations occurs. Note that in (I00)
the last term has been considered as a further contri-
bution to the free Hamiltonian operator, despite the
fact that it is proportional to g2. This is due to the
fact that this term ‘renormalizes’ the proper frequency
wp of the polarization field and, substantially, is a sort
of improvement of the standard free Hamiltonian. See
e.g. [B [7, [40].

Furthermore, the Hamiltonian H.,, can be simplified
by using the equations of motion for the electromag-
netic field: indeed, the last three terms on the solutions
of the equations of motion become

B(8;A%) — §B2

2
= BOyAy — AgdyB + %32,

CAO ((%HA z) —

(103)

and this is true both in the interaction representation
with ¢ = 0 and in full interacting case, as a direct
inspection confirms. Then we obtain

Hem = / d3$[27TCQ(HA)2 + :[6—7TE]FJ

2
+ BOyAy — AgdyB + %B‘ﬂ, (104)

where one can immediately realize that the last three
terms in the free electromagnetic Hamiltonian do
contribute only to the unphysical polarizations, and
then are substantially irrelevant for the physics at hand
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(their role is only formal, being a consequence of the
covariance requirement, as seen).

We display the explicit expression of the Hamiltonian
in terms of creation and annihilation operators.
We recall our choices for the bases: the Gitman-
Tyutin basis ([G3]) for the electromagnetic field, and
{el',eh, % pt <} for the polarization field. We first
fix the normalizations for the fields:

f"t"§53L/1 gﬁ:VQ\/;XWO [ekba(p)e ™" + h.c] , (105)

where the renormalized frequency is

Q = w1+ 4mg?x, (106)

and, for the electromagnetic field and the auxiliary field
we get

AP = Z/ 27) 3/2 “ ) [ehax(p)e ™" + h.c.] (107)

1 d3p (2m)
Cdrn ) @2m)3/2\ po

Do [B(p)eﬂpz + h.c.} . (108)
In the following, each contribution to the Hamilto-
nian is distinguished between transversal and non-
trasversal. We know that H is at most quadratic in
the creation and annihilation operators which span the
space R. Moreover, it can be written as follows:
H=H,, + H, (109)
where ﬂph corresponds to the physical part of the
Hamiltonian, which is the same as in the Coulomb
gauge (cf. [30] for QED), and involves only transverse
polarizations. H' is the remaining part, which involves
unphysical polarizations, which are decoupled from the
physical spectrum.

We develop our calculations for the specific case v =
(¢,0,0,0) for simplicity; we get:

2
Hoon = [ @90y al (b0 (p.1),

A=1
2
ot = [ & 903 by (D0 (p.), (110)
A=1
for the free part, and
mtph—l—/d3 \/mcpoz
(ar (. 1ba(=p, &) — al(p. B (~p.1)) +

@mn>ﬂ@,%wxnwmm¢0]<nn

for the interaction term. We recall that the operators
ax(p,t) in the interaction representation are related

to the ones ax(p) in the Schroedinger and the ones

a’(p,t) in the Heisenberg representations as follows:

ax(p,t) =e (112)
aj(p,t) = ¢ax(p)e (113)
Analogous formulas hold for 3(p,t),as(p,t), ba(p,t).
The contributions to the non-transversal (unphysical)

part of the Hamiltonian are (we omit to use explicit
arguments when no ambiguity occurs)

’iﬁot 7’L‘ﬁ0t
3

ax(p)e

iHt —iHt

2 3 _@ T

Hem—/dp{( 4)66] (114)
for the electromagnetic field, and
fﬂd:/d%9w¥3 (115)

for the polarization part. For the interaction term we

7TX(UO
znt -

(§WOKﬁ( Dbs(—p )+ﬁWn)N(
(5000} (0.0)+ 51000 (0.)) ).

It is important to underline that matrix elements
between physical states of the H' operators vanish:

(@H'W) =0, |B),]T) € Ry (117)

)+

(116)

Indeed, the term in b;bg vanishes because physical
states don’t contain any longitudinal quanta of
polarization by construction. The other terms vanish
as well. It may be interesting to point out that, in our
construction, the condition

(9, P") P w) =0 (118)

is implemented for any |¥) € Rpp. This condition can
be understood as a transversality condition in a weak
sense (as only for A = 1,2 the polarization field imple-
ments the transversality condition automatically, with
puek = 0. Cf. the discussion which follows eq. (T5)).

As to the physical part, we can find a linear
canonical transformation (a Bogoliubov transforma-
tion, known as Fano transformation for this specific
model [5} [6]), which carries H,, into a simplified form
involving quasi-particle states ay(p), with A = 1,2.
In particular, as in the original Hopfield paper [5], we
impose for A =1,2

lax(p), Hph] = w(p)aa(p), (119)
and the corresponding commutation relations are
i), af(@)] = 6,59 (p — ). (120)

In this way we can recover the same dispersion relation
as for the full model, as it is easy to verify. Cf. also
[40].
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4.4. A more general setting

In concluding this section, we point out that the
above model can be easily extended to the case of
N > 1 material harmonic oscillators coupled with the
electromagnetic field. The simple substitutions P* +—

P(‘;c), with k = 1,..., N, wo — wo), X = Xx) and
g+ gy, lead to the desired form of the Lagrangian:
1
L.: = ——F, F"
167" "
— v?0, P, v? 0, Pl ]
}jhxwﬂ)h o Poou) (v 0 Ply)
1 () v
- %Pw)upﬁe) + 50 WPy = v Py F* }
¢ N
+ B(0,A") + 5B + > Ay (WPl (121)
k=1

At the level of the constraints, in place of I's, I’y we
get 2N constraints I'g), [4x), and, analogously, 2N
constraints I'szy, I'g(x). Fields P(*;C) satisfy:

Pk (k) H;m }p

1
— pro_ oV | 5(3) (¢
= k) (77 L )5 (x—y). (122)

5. Example: model with a v =const traveling
dielectric perturbation

Let wus consider the case where the dielectric
perturbation induced by means of the Kerr effect
is traveling with constant velocity v in the lab
frame. We can also assume that dependence on
transverse coordinates y,z is absent (which means
that our dielectric perturbation is actually modelized
as a dielectric slab infinitely extended in transverse
directions). The relevance of a covariant approach is
easily appreciated by taking into account that, in the
reference frame comoving with the perturbation, one
gets a static dependence of the parameters x, wg, g on
x' /v, where o' = y(x — vt), t' = v(t — %) represent
the Lorentz boost connecting lab and comoving frame.
As a consequence of this, it is easily understood that
energy is conserved in the comoving frame, ie. it
is possible to perform a variable separation involving
the time coordinate in such a way that the energy w’
in the comoving frame is conserved. This result is
very important and helpful in interpreting scattering in
presence of the perturbation, and amply corroborates
the relevance of a covariant approach and a consistent
quantization. In particular, it is possible to quantize
the system and to find out a scattering basis for the
quantum fields in a straightforward way, without any
problem arising because of a possible time-dependence
of the perturbation. Moreover, covariance, together
with a correct quantization, allows to find out a

conserved inner product whose associated norm is
fundamental in defining particles and antiparticles
for the given model. Note that the norm sign is
independent on the frame chosen, and then is an
invariant concept (at it should be).

A further paper is dedicated to results and analysis
about this specific model, with special reference
to the question of analogous Hawking radiation in
dielectric media [23]. We limit ourselves to point
out that, as far as the full model with the uniformly
travelling perturbation is concerned, in the lab frame
one can still implement quantization by means of
standard canonical commutation relations. Indeed, the
electromagnetic part can be quantized in the Coulomb
gauge, without any change with respect to the standard
strategy (se e.g. [B], or even [0, 0] for a more
involved model). The polarization field part does not
require a particular care in the definition of the variable
conjugate to P, which is obtained by standard tools of
Lagrangian formalism. One is lead to the following
equal time commutation relations:

1
Pi(t,x), ———8,P;(t,y)| = ih6;;6® (x—y).(123
(%), Ly P ()| = 8307 ). (123)
It can be easily shown that the conjugate momentum

8tP leads to correct Hamiltonian equations for the

polarlzatlon field.

We stress again that, in the lab, the presence of the
travelling perturbation induces an explicit dependence
on t of the total Hamiltonian of the model. This implies
that energy is not conserved in this frame, still one can
expect that some sort of conservation occurs (cf. e.g.
what happens in the case of the generalized Manley-
Rowe identities [23]). This makes the quantization in
the lab less clear and more problematic than the one
in the comoving frame.

6. Asymptotic behavior of solutions in the
comoving frame for v =const

The Hamiltonian (2I)) allows variables separation for
the solutions. Defining;:

Al (z,y, 2, 1) = e~ wttikyytikz gy
PH (:p7 Y, 2, t) — e_Zth+%kyy+%kzsz($)
B(z,y, z,t) ::e_WWt+4kyy+ﬁkzzb(x)
Az, y, 2, 1) —iwtetikyytikez) ()

)
)

)
=€

(124)

we obtain a second order system of ordinary differential
equations for the variables a*(z), p"(z), b(x) and I(z).
Since the equation for I(x) is I(z) = 0 we can omit
this variable from the system. The equation involving
b(x) is algebraic and can be used to simplify the other
eight. To this second order system we can associate a
first order one by introducing;:

o (z) 1= Bua(z), T(x) =

B(x) := 9.b(x),

zpu(x)a
(125)
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then if W(z) := (a*(z), a*(x), p"(z), 7" (z)), we obtain
the following system:

W' (z) = KisW (), (126)

where K¢ is a suitable 16 x 16 operator. This can be
written as K16 = C+R(x), where C is a constant 16x 16
matrix and R(z) contains the non constant part. For
simplicity, let us consider the case where only dielectric
susceptibility varies; then R(z) has the form:

04 04 04 04
| Ay By Cy Dy
R(z) := 0, 04 04 04 |°

04 04 04 O4

where 04 is the 4 x 4 identity matrix, and Ay =
S0, 2 2 S0,
_w wwix(x) 147 B4 _ wox(x) 147 C4 _ _ivwyx (z) 147

(127)

c(vl/)2 cvl vlx(z)
Dy=X g;; I, with I, the 4 x 4 identity matrix. Under

the hypothesis:

/ dz|R(x)| < o0,

which physically can match very well the nature of
travelling perturbation of dx (see e.g. the theory
displayed in [43]), we can infer that, both as z —
oo and as * — —oo, the asymptotic behavior of
solutions is governed by the eigenvalues of C, which
implies that the basis for dx = 0 is asymptotically a
good scattering basis also for the perturbed problem.
To be more precise: the asymptotic region solutions
are a scattering basis, and, moreover, solutions
of the full equations asymptotically behave as the
asymptotic region solutions, which then represent a
good scattering basis.

(128)

7. Conclusions

We have presented a model aimed to a semi-
phenomenological description of quantum electrody-
namics in presence of a dielectric perturbation in a
dielectric medium. The standard Hopfield model has
been made fully covariant, and its quantization proce-
dure has been discussed in detail. We stress that the
requirement of covariance is fundamental in order to
allow a proper interpretation of measurable quantities
(e.g. quantum probabilities) as viewed by different (in-
ertial) observers. E.g., in the discussion of the analogue
Hawking effect in dielectrics, a very important concep-
tual tool consists in the analysis one performs in the
comoving frame of the dielectric perturbation induced
by the Kerr effect. This request for covariance reflects
itself in a more tricky quantization procedure, which
involves both the electromagnetic field, which repre-
sents a constrained system, as any gauge theory, and,
as such, requires a special quantization procedure, and
also the polarization field, due to a further constraint
it carries into the lagrangian of the system. We have

dealt the problem both in a non-covariant approach
and in a covariant one. We have also discussed how to
identify the asymptotic behaviour of the solutions.
Our direct developments of the present work include:
1) a perturbative approach [45] for the model, 2) an ap-
plication of the aforementioned approach to the prob-
lem of photon pair creation by a helicoidal rotating di-
electric perturbation [46], 3) the nonperturbative study
of the analogue Hawking effect [23], together with the
elaboration of a simplified model reproducing the basic
features of the full Hopfield model discussed here. 4)
The description, at the perturbative level, of cosmolog-
ical analogue situations [47].
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