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We consider the quantization of slowly varying optical fields in a dispersive nonlinear medium

and the application of phase-space methods to the resulting quantum field equations. A pragmatic
approach to the quantization of the electromagnetic field is adopted whereby we apply canonical
quantization to the Hamiltonian expressed in terms of the slowly varying electric field envelope, all

approximations (quasimonochromatic and paraxial) having been made at the classical level. This
approach allows us to include material dispersion, diffraction, and nonlinearity. Using phase-space
methods we then develop a c-number functional Fokker-Planck equation from which the quantum
statistical properties of propagating optical fields can be deduced.

I. INTRODUCTION

The aim of this paper is to develop systematic methods
for the calculation of quantum statistical properties of
propagating optical fields. ' We adopt a pragmatic ap-
proach to the quantization of classical field theories with
respect to the approximations typically made when
specific examples are investigated; these are often neces-
sary so that even numerical progress can be made.

In classical nonlinear optics, beam propagation
methods are well developed to deal with envelope field
equations. These are sufficiently accurate to describe a
wide variety of nonlinear, diffractive, and dispersive phe-
nomena. The envelope equations are derived by mak-
ing use of paraxial (restriction on spatial frequency con-
tent) and quasimonochrotnatic (restriction on temporal
frequency content) approximations. Lax et al. s have
shown that under the paraxial approximation even the
freely propagating field only obeys Maxwell's equation
V.E=O in a perturbative sense consistent with the parax-
ial approximation, i.e., the field is not explicitly trans-
verse under the paraxial approximation. We should also
note that the use of such envelope equations is not gen-
erally valid for certain boundary value problems such as
reAection and transmission at the interface between linear
or nonlinear media.

The procedure used in developing a quantum theory of
a free or interacting electromagnetic field (in the nonrela-
tivistic domain) is to use the Coulomb gauge and demand
that fields be transverse. Canonical quantization then
results in the introduction of the transverse 5 function
into the equal time commutation relations. Heisenberg
equations for the field operators may then be derived. To
address the problem of making approximations it is
necessary to define norms for the operators and their spa-
tial and temporal derivatives, and this requires
knowledge of the states of the system, or equivalently the
density operator. Since such a treatment has not been at-
tempted to our knowledge, and would be difficult, to for-
mulate, we propose a simpler approach: to make approx-
imations at the classical level and then quantize. This is

motivated by physical considerations such as the fact that
classically paraxial fields are not explicitly transverse.
The quasimonochromatic approximation (QMA) was dis-
cussed in this way by Graham and Haken when develop-
ing a quantum propagation theory for thermal and two-
level media, though they did not consider the paraxial ap-
proximation. Essentially this procedure allows us to
derive envelope equations at the classical level and then
quantize in canonical fashion. Operator equations of
similar form to the classical equations of motion are then
obtained, with some justification. We note that such a
procedure has already been used implicitly by many au-
thors, most recently by Garrison et al. When the par-
axial approximation is made it is not necessary to
demand the quantized fields be transverse. Indeed Gra-
ham and Haken showed that when the QMA is made
postquantization, it is necessary to alter the full trans-
verse field commutation relations. Our approach has the
useful feature that transverse effects are included in the
quantum theory at a realistic level of approximation.
Furthermore, our free space propagator is the same as
that derived by Yuen and Shapiro.

In this paper we concentrate on situations where the
medium may be treated as a classical nonlinear dielectric,
and we include the effects of dispersion. Although dissi-
pation is not considered explicitly, it may be added to the
formulation straightforwardly. Indeed the effect of
squeezed inputs may also be included. '

To calculate moments and correlations from a quan-
tum theory it is often convenient to use phase-space
methods. This involves converting the operator master
equation into a e-number equation for a quasiprobability
distribution over the phase space. Popular among these
are the Glauber-Sudarshan, "Wigner, Q,

' and positive P
distribution of Drummond and Gardiner. ' For the
latter distribution, equivalent (in the distribution sense)
Ito-type stochastic differential equations (SDE s) exist,
and these have proved useful for the analysis of nonclassi-
cal states of the field in a variety of optical systems. Nu-
merical simulations also then become possible by averag-
ing over an ensemble of stochastic realizations.
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For the field theories of interest here we extend the
Drummond-Gardiner P distributions to spatially distri-
buted systems. Thus we derive functional Fokker-Planck
equations and associated stochastic partial differential
equations (SPDE's). The techniques may be applied to a
whole range of propagation problems. We note that
Drummond, Carter, and co-workers' have recently de-
rived SPDE s using a discretization procedure which cir-
cumvented the definition of functional P distributions.
They applied their results to discuss the squeezing of soli-
tary waves in optical fibers. Yurke and co-workers have
investigated a related problem, and the squeezing of a
train of mode locked pulses in parametric amplification
using "phenomenological" operator equations. '

The remainder of this paper is organized as follows. In
Secs. II and III we develop our classical theory and
quantization procedure with reference to a nontrivial ex-
ample including material dispersion, diffraction, and non-
linearity. In Sec. IV functional phase-space distributions
are defined, and functional Fokker-Planck and SPDE's
are derived and justified. Section V gives our summary
and conclusions.

II. CLASSICAL THEORY

In this section we develop the classical theory of slowly
varying optical fields in a dispersive nonlinear medium.
Initially we consider only the linear problem and careful-
ly outline the various approximations which are made in
obtaining envelope equations.

mean carrier frequency m, and write them as

E(t}=E+(t}e ' '+c.c. ,

B(t)=B+(t)e ' '+c.c. ,

D(t)=D+(t)e ' '+c.c. ,

(2.6a)

(2.6b)

(2.6c)

where the + superscript denotes a positive frequency
component (vector) envelope. Substituting Eqs. (2.6) into
(2.3)—(2.5) yields

VzE+ =p B D+ 2. BD+
Bt2 Bt

(2.7)

V B = —ppV X iCOD2 + BD+
(2.8)

D+(t)=eo E+(t)+ f drR(r)E+(t —w)e' '
0

(2.9)

In the QMA the field envelopes are assumed to be
slowly varying with respect to the exp(ivor) factor. We
therefore perform a Taylor series expansion of E+(t r)—
in powers of ~. If we do this and define'

e(e) =eo 1+f dr R (r)e'"' (2.10)
0

and retain only terms up to order r, or alternatively
truncate beyond B E+/Bt, then D+ can be written as

A. Maxwell equations

Our staring point is the Maxwell equations for propa-
gation in a homogeneous, lossless and isotropic dielec-
tric'

D+(t) =e(~0)E+(t)+i
Bco Bt

1 Be BE+(t)
(2.11)

VXE=—,VxH=
Bt Bt

V-D=V H=O,

(2.1)

(2.2)

where B=ppH, the medium being assumed nonmagnetic,
and

D(t}=eo E(t)+ f drR(r}E(t r}—
0

(2.3)

Here R(r) is the linear polarization response function,
and we have ignored its tensor character for the sake of
clarity in presentation. ' ' For the moment we omit the
explicit spatial dependence of the field. In the usual
manner we obtain the wave equations V E++k E++j

Boo Bt

8 ko ()2E+ =0
2 Qco2 Bt2

The expression (2.10) for the permittivity e(co) ensures
that its real and imaginary parts are related by a
Kramers-Kronig transformation. ' However, in the
remainder of this paper we shall neglect the imaginary
part of the permittivity which is responsible for absorp-
tion on the basis that we are considering a nonresonant
interaction. By substituting Eq. (2.11) into (2.7)—(2.8)
and using Eqs. (2.1) with (2.6), neglecting third- and
higher-order derivatives, we obtain after some manipula-
tion

BD
V E=P0

at2 ' (2.4) (2.12)

V B=—P0VX2 m
j (2.5)

B. Qnasimonochromatic approximation

So far the classical theory is exact. We now discuss
these equations in the QMA by considering fields with

where we have used Eqs. (2.2) which imply that
V E(t)=0 also.

with an identical equation for B+, and we have defined

e( co )co
0

C Ep
(2.13)

In Eq. (2.12) all fields are defined at time t.
For our purposes it is adventageous to consider co as a

function of ko, co=co(ko). Then using the chain rule for
partial derivatives Eq. (2.12) can finally be written in the
QMA as
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2iko BE+
V2E+ k 2E++ p +

1+ (~')'
kp a'E+—1 =0,

at2
(2.14)

where co'=Geo/Bkp is the group velocity, and the last
term in the equation describes material dispersion,
co"=B co/Bko being the group velocity dispersion. '

The QMA imposes constraints on the temporal fre-
quency content of the fields, which for E+ can be written

BE+ B'E+~~'E+~» ~
Bt Bt

(2.15)

We now consider linearly polarized, traveling-wave
solutions which are propagating mainly in the z direction,
and write the field envelopes as

E+(r, t ) =xE(r, t )e (2.16)

B+(r, t ) =yB(r, t )e (2.17)

where x and y are unit vectors transverse to the direction
I

Since no restrictions have been made concerning the spa-
tial field structure the condition V.E+ =0 should still be
enforced.

C. Paraxial approximation

1f=
kpwp

(2.18)

The constraints on the spatial frequency content of the
fields may be written

BE BE
IkoE i » ko

az az2
(2.19)

along with identical equations for B. We shall assume
throughout that these conditions are satisfied. Then sub-
stituting Eq. (2.16) into (2.14) yields the following equa-
tion for the scalar electric field envelope E

of propagation; thus E+ and B+ are orthogonal to each
other and to the direction of propagation. These field
representations are consistent with Eqs. (2.1), (2.4), and
(2.5), but not with Eqs. (2.2). Only for the case of plane
waves (E and 8 constants) are the conditions
V.E=V.H =0 satisfied. However, Lax et al. have
shown that within the paraxial approximation the fields
are transverse to lowest order in a perturbation expan-
sion. The paraxial approximation applies subject to con-
straints on the spatial frequency content of the fields. In
particular, Lax et al. show that if the characteristic
width wp of the optical field is much less than the corre-
sponding Rayleigh range kpwp then the fields may be
treated as transverse to zeroth order in the perturbation
parameter

B 1 B 1
V&+ 2

+2ikp +, + 2az2 Bz co Br (~ )

koN B2—1 1 E(r t)=0,
Bt

(2.20)

where Vz- is the transverse Laplacian describing beam
diffraction [r=—( r r, z )].

As it stands, Eq. (2.20) is not suitable for applying non-
relativistic canonical quantization due to the presence of
the second-order time derivative. However, it is possible
to transform this equation so that this term is replaced by
a second-order spatial (z) derivative. We outline the pro-
cedure here: (1) Transform Eq. (2.20) to a moving coordi-
nate frame defined by t' = t, g=z co't, and dr—op the term
B E/Bt' 2''B E/B(Bt' —in comparison to (co') B E/Bg
since the group velocity co'»1. (2) Transform back to
the original coordinates via t=t', z=g+co't' The re-.
sulting equation for E is

kpco"
V~r+2ik, +,—+, , E(r, r ) =0 .

Bz m' Bt co' Qz2

(2.21)

The basis of the derivation of Eq. (2.21}is that the quanti-
ty

a2 1 a2
E(r, r )

Bz (co') Bt

is of order 0. Thus for a monochromatic field
8 E/Bt =0, and 8 E/Bz should correspondingly be set

I

equal to 0 also. Equations (2.20) and (2.21} therefore
reduce to the same equation for a monochromatic field.
Equation (2.21) is our basic equation describing propaga-
tion in a linear dielectric in the QMA and paraxial ap-
proximation.

D. Nonlinearity

To include a nonlinearity in our model a nonlinear dis-
placement vector term D must be added to Eq. (2.3).
For an isotropic Kerr medium with instantaneous
response this term may be written'

(E E)E, (2.22)

I

E I'E
C

(2.23)

This result is our basic equation describing propagation

where the third-order susceptibility P' ' is real and we
have ignored its tensor character for simplicity. By fol-
lowing though the analysis of the previous subsections
and neglecting all the time derivatives of D " we obtain
the following nonlinear envelope equation for E:

1 8 kp~ 8Vr+2ik, +,—+, , E(r, r )
Bz co Bt co Qz 2

L

2
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of the scalar electric field envelope in a dispersive Kerr-
type nonlinear medium.

A relation between E and B can be obtained by putting
Eqs. (2.16)—(2.17) into (2.6) and then into Eqs. (2.1):

' 1/2

E(r, t) . (2.24)
C E'p

8(r, t}=

Here we have used Eq. (2.11) and have neglected all non-
linear and derivative terms. Under the same conditions
the cycle-averaged energy of the optical field is easily cal-
culated as'

U(()= —,
' fd'r( [me(m)]E E+B Hl H(t)= J d r%(r, t) (2.33)

Schrodinger equation for the field %. It is important to
note, however, that although we have chosen to intro-
duce Planck's constant A into the formalism at this stage
the theory is still classical: Eqs. (2.28} and (2.31) are
equivalent to (2.23) and (2.25} which do not involve fi

Our scaling has been adopted for later convenience when
we apply canonical quantization (Sec. III).

To write the field equations in Hamiltonian form it is
necessary to introduce a new field H related to 4:

H=iAQ' .

The Hamiltonian can then be written as

f d r iE(r, t)
i

CO kp
(2.25) where the Hamiltonian density is given by

We shall adopt Eqs. (2.23}—(2.25} as the appropriate
classical theory of a traveling-wave optical field. Thus all
assumptions concerning the quasioptic nature of the
theory are being made at the classical level. In particu-
lar, in contrast to the exact theory we do not impose the
constraint V E=O, this being consistent with the paraxial
approximation.

E. Hamiltonian formulation

%(r, t)= — V, II V,e — IIi fi co' B+ BII
2m 2 Bz Bz

/Co BII
2 Bz

B(II o'
IIII@% .

Bz

One can easily verify that the Hamilton equations

Be SH Bll
Bt 511

'
Bt

(2.34)

(2.35)

By multiplying through Eq. (2.23) by a constant m
which has units of mass and rearranging we obtain

BE
iK , BE

V TE —l KCO
2m Bz

'2
y(I3)

i
E

i

2E
2 Bz2 2ko c

(2.26)

for which the field equations can be written

. B% fi', B%
i A = — V T%' iRco'—

Bt 2m Bz

B'%'
A q, tq, e

Bz
2.~ BV fi ~2 @y .~, BO

Bt 2m Bz

(2.28)

and we have defined

Bz
(2.29)

3%X' 'co (c0')

4E(co)c
(2.30)

The field energy is then given by

U(t)=%co Jd'r%tq . (2.31)

Equation (2.28) has the form of a nonlinear

where K=mco'/ko is a constant with the dimensions of
action. Since m is arbitrary we can choose it such that
K=A. We further define scaled fields (Ii and (Ii

E=i (I(, E'= i — + (2.27)
2e(ru)

'
2e(a))

are identical to the field equations (2.28) and (2.29), where
5 means a functional derivative. ' Thus II is identified as
the momentum canonically conjugate to %.

It is important to note that the energy U ( t ) and the
Hamiltonian H(t) are distinct objects. U(t) given by Eq.
(2.25), or (2.31},is an expression for the field energy, and
is that generally used in classical nonlinear electromag-
netics. In contrast, the Hamiltonian H(t} does not in
general equal U(t) and it contains in it the dynamics of
the electromagnetic system, including the nonlinearity.
Hillery and Mlod'inow, and Abram ' have critically ex-
amined the model Hamiltonian approach to field quanti-
zation, and pointed out the conceptual problems which
arise when one attempts to develop an exact quantized
theory starting from the full Maxwell equations. Even
after such a procedure has been carried out successfully it
is necessary to make the quasioptic approximations to ad-
dress the problems of interest here. In this paper we
avoid such a route by making quasioptic approximations
at the classical level. Our justification is the belief that
the two methods must result in essentially the same final
quantum theories, although further work is required to
fully clarify this.

For our purposes it is convenient to consider a system
of volume V, to which periodic boundary conditions are
applied. The volume may be taken to infinity later. In
this case one can prove using Noether's theorem that
the field energy U and the Harniltonian H are constants
of the motion, and both have energy units.

III. QUANTUM THEORY

A. Commutation relations

To quantize the classical field theory given in the previ-
ous section we replace the classical fields %' and II by field
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operators which we postulate to obey the equal-time
commutation relations'

(3.1a}

(3.1b)

(3.lc)

Note that since we do not require V-E=O we use a stan-
dard 5 function instead of the transverse 5 function re-
quired in the exact quantized theory. By using the
definition of 11 in Eq. (2.32) we obtain from (3.1c)

[%(r,t), % (r', t)]=5(r—r'} . (3.2)

The Hamiltonian and energy operators of the quan-
tized theory are

H(t)= fd r&(r, t), (3.3)

%(r, t ) = g a„(t)e'"',
v'V (3.9)

4 (r, t)= ga„(t)e
v V

(3.10)

where the boson operators a &,a I, satisfy the usual

nonzero commutation relation

by Hopf and Meystre, ' and Yuen and Shapiro when

dispersion is also absent (co"=0). It can be easily shown
that even in the quantum theory U(t) and H(t) are con-
stants of the motion. Furthermore, the field equations
(3.7) and (3.8) preserve the commutation relations (3.1)
and (3.2), which is a requirement of a consistent quantum
theory.

The operator solutions may be expressed in terms of
boson operators via a plane-wave expansion

U(t)=fico fd r4 4, (3.4)
[a„(t),a„.(t)]=5„„ (3.11)

where the Hamiltonian density is written in terms of 4
and% as

2m ~ ~ 2 Bz Bz

A'co" BV
2 Bz 2

(3.5)

B. Heisenberg equations

In the Heisenberg picture, for a general operator 0 we
have the equation of motion'

= f d r'[O(r, t),%(r', t)] . (3.6)

By substituting 0=%',+ and using the commutation re-
lations (3.1) and (3.2) we obtain the field operator equa-
tions

Here we have used normal ordering of the operators in
the nonlinear term of Eq. (3.5) and in the energy operator
(3.4). The operator ordering of the remaining terms of
the Hamiltonian density (3.5) can be shown to be ir-
relevant.

consistent with (3.2). The quantization volume V on
which periodic boundary conditions are applied may
later be taken to infinity. The wave vector k is defined
relative to the carrier wavevector ko =koz, i.e.,
k=k~+hk, z, with hk, =kz —ko and ko+&=~T+zkz

Some comments on the representations (3.9) and (3.10)
are in order. If the range of summation is unrestricted
the equal time coinmutation relations (3.2) and (3.11) are
immediately satisfied through Fourier transformation.
However, since we assume the field to be paraxial and
quasimonochromatic in nature, it is necessary to restrict
attention to states of the field which are paraxial
(ko »kr), and occupy some bandwidth small compared
with the carrier frequency co. This excludes for example,
evanescent wave states which decay exponentially in the z
direction. Effectively the domain on which the opera-
tors act is restricted to some finite range of k vectors,
without altering the validity of the physical theory. Re-
stricting the range does however alter the commutation
relation (3.2), which becomes proportional to the range of
k. This notion has been used widely in the literature,
usually in relation to the detection of a finite bandwidth
of field states. It is worth stressing that altering (3.2) is
consistent only because attention is restricted to a finite
range of field states.

IV. PHASE-SPACE METHODS

Vz.+ +iAco'
2m az

(3.7)

In this section we develop c-number phase space
methods which enable the quantum statistical properties
of propagating optical fields to be investigated. Our
analysis represents a field-theoretic extension of the P dis-
tribution methods of Drummond and Gardiner. '

2 az2
(3.8)

Thus the classical equations are reproduced in operator
form in the quantum theory. This implies that in the ab-
sence of nonlinearity (0 =0) the Green's function of the
classical scalar problem is the propagator for the quan-
tum theory. This result is well known and has been used

A. Revie~

Given the operator field equations, we are faced with
the task of calculating observable correlations and mo-
ments of the field. Graham and Haken used phase-space
methods based on functional Fokker-Planck and
Langevin equations to discuss the quantum statistics of
propagating fields in thermal and two-level media. More
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recently the Drummond-Gardiner P distribution' has
been widely used to discuss the quantum statistics of
few-mode optical systems. The P distributions are associ-
ated with a phase space integration measure dp, and the
equation of motion for the P distribution specifies the dy-
namics. Often the equation of motion may be written in
Fokker-Planck form, for example in the case of a single-
field mode

turbation, linearization of the SPDE's may enable some
degree of analytical progress to be made. We have, how-
ever, succeeded in finding some exact moments for the
field in the case of self-phase modulation of optical
pulses, and these will be published elsewhere. In cases
where a linearization procedure is not used numerical
simulation of the SPDE's may be the most efficient means
of investigation.

dP
at

a2
A "P+-

Ba~ 2 Ba"Ba"
(4.1)

B. Heuristic deviation of a stochastic
nonlinear Schrodinger equation

where A and D are the drift vector and diffusion matrix,
respectively, and a, a are the complex random variables
associated with the mode annihilation and creation
operators. Indices p and v indicate dagger and non-
dagger variables, and the summation convention is em-

ployed. In the case of the positive P distribution, which
always exists for a physical density operator, the diffusion
matrix is explicitly positive semidefinite (D=BB ) when
expressed in real variables, and a, a are then indepen-
dent random variables which are complex conjugate in
the mean. This establishes an equivalence (in the distri-
bution sense ) between (4.1) and the set of Ito SDE's

= A~+8~ g"(t),
dt

where the zero mean, white-noise sources P(t) obey

(g(tg(t')) =(g (t)g (t')) =5(t —t'),
(g(t)g (t'))=0.

(4.2)

(4.3)

Often it is more efficient to work with the SDE's directly,
since approximation methods are well developed, and this
has commonly been the route taken in quantum optical
applications. Moreover for nonlinear problems where
analytical progress is limited, numerical simulations of
(4.2) are possible.

Extending these ideas to spatially distributed systems,
it is at once clear that the equation of motion for a suit-
ably defined P distribution will be functional in nature.
One may expect that a functional Fokker-Planck equa-
tion for the functional positive P distribution (with a suit-
ably defined functional measure) will have a positive
semidefinite diffusion matrix and be equivalent to a set of
Ito SPDE's. For the example of guided wave propaga-
tion in an optical fiber, Drummond, Carter, and co-
workers' have derived such SPDE's, by taking the con-
tinuum limit of multimode Ito SDE's. This circumvents
the problem of defining functional P distributions as the
continuum limit is taken at a later stage in the formula-
tion. However, from our viewpoint, with the coherent in-
teractions expressed in terms of a Hamiltonian density, it
is most natural to derive equations for functional P distri-
butions, and from these deduce the SPDE's. As we shall
show, this method has the advantage that the effects of
diffraction in addition to dispersion, may be naturally in-
corporated into the formulation, at a realistic level of ap-
proximation.

The quantum statistical properties of propagating
fields in nonlinear media are likely to be very complex,
however, when quantum fluctuations act as a small per-

To introduce our methods and also serve as a useful
and nontrivial example we use the quantized Hamiltonian
density derived in Sec. III, which describes optical propa-
gation in a lossless, dispersive nonlinear medium to define
and derive a functional equation for the functional com-
plex P distribution, and from this infer associated
SPDE's. This method is heuristic in the same sense as in
the case of the usual complex P distribution (when it ex-
ists), as only the positive P distribution implies the ex-
istence of associated SDE's. However, the naive and fas-
ter derivation based on the complex P or Glauber-
Sudarshan P distributions, leads to the same set of SDE's
suitably interpreted. ' In Sec. IV C we present a general
justification of the heuristically derived SPDE's based on
the functional positive P distribution and its associated
measure.

We introduce the multimode coherent states
I f a j ),

defined by

ai, I faj ) =a„
I faj ) for all k, (4.4)

where k is defined relative to ko, the plane-wave wave-
vector component. Thus the field operator 4 given by
(3.14) satisfies

+(r)
I faj ) =1((r)

I faj ),
where

1
1((r)= —g aze'"' .

V

(4.5)

(4.6)

A(f j) I faj && fa'j'
I (4.8)

In terms of a Hamiltonian density A(r) the
Liouville —von Neumann equation reads

iA = fd r[&(r),p(t)],
Bt

(4.9)

and substituting the generalized P expansion (4.7) for p(t)
we have

i fif2)pA =f2)p f d r P[%'(r), A) . (4.10)

Following Drummond and Gardiner' we expand the
density operator for the system p(t) in terms of a func-
tional P distribution P( faj) and associated measure
$}tt,( f a j ), using the off-diagonal coherent state projector
A(faj) (with faj—:fa, a j)

p(t) =fP( f a j )A( f a j )2)p( f a j ), (4.7)

where
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ai, A=a~A,

1+
Bag

(4.11a)

(4.11b)

Now with the Hamiltonian density (3.5) expressed in
terms of the field operators %' and %', an equation of
motion for a P distribution may be derived as follows. (1)
Evaluate the commutator on the right-hand side of (4.10)
using the mode expansions for + and 4' and the identi-
ties'

5'
+ — .[B"B" ] P[4;t]

2 5+5$

+ = A ~+B""g'(r,t ),
at

(4.16)

may naively convert this into equivalent stochastic par-
tial differential equations by means of the correspondence

OP[i( t]
J d3 5

[ AP]
at

Aa& ——a&A,

AQk= ai+ g
A .

Ba&

(4.11c)

(4.11d)

where, as before, superscripts indicate dagger or non-

dagger indices, the summation convention for repeated
indices is employed, and g is a vector of white-noise fields
defined by the nonzero correlations

Sp, = ada„da„.
k

(4.12}

(2) For the case of the functional complex P distribution
define the measure

(g(r, t )g(r', t') ) = (g (r, t }gt(r', t'})

=5(r—r')5(t t') .—

This gives

(4.17)

Now integrate by parts over independent contours for
each of the independent variables. Then an equation of
motion is found by equating the functional integrands on
both sides. (3) Where necessary, integrate by parts over
configuration space so that the equation of motion can be
expressed entirely in terms of the randotn fields g(r)
defined by Eq. (4.6), g (r) which is found from (4.6) by
the replacements P~g, a&~a&, and i~ i, an—d the
functional derivatives defined by

—+to' p(r, t)=a a
Bt Bz

V T+i oPt(r, t )f(r, t)
2m

ECO

2 az2

+&io g(r, t) P(r, t), (4.18}

and

5$(r) v'V „aa„
e ik. r1

5$ (r) i/V q (jaq~

(4.13)

(4.14)

The order of the configuration and phase-space integra-
tions may be reversed. For the case of the positive P it is
more convenient to perform the configuration space in-
tegrations before the functional integrals (see next sec-
tion).

For the Hamiltonian density (3.5), this leads to the
functional Fokker-Planck equation

with a similar equation for P found by the replacements
P~P, i ~ i, and g~—g .

Equation (4.18}and the corresponding equation for g
are nonlinear multiplicative stochastic partial differential
equations and form the basis of our quantum statistical
theory. Standard stochastic methods appropriate to spa-
tially distributed systems may be used to calculate the
linearized quantum fluctuations about any deterministic
solution. ' ' By definition of the P distributions, Eq.
(4.18) allows only normally ordered moments of field

operators to be calculated. In the deterministic limit that
the noise g, g ~0, Eq. (4.18) reduces to one form of the
nonlinear Schrodinger equation, with an additional term
represented by the transverse Laplacian which accounts
for diffraction.

dP[f t] 3 5
Bt 5$(r)

, Bg(r) i' ~i~( )
Bz 2m

C. Functional positive P distribution
1 . „8 P(r)+ lS
2 az2 Here we attempt to justify the correspondence between

the functional Fokker Planck equation and the set of Ito
SPDE's given in Eq. (4.16). Our treatment is merely a
field-theoretic extension of the arguments made by
Drummond and Gardiner. ' In their treatment there ex-
ists a rigorous mathematical correspondence, in the dis-
tribution sense, between the Markovian solution of a
Fokker-Planck equation and the Markov process defined
by the solution of associated Ito SDE's. Although the
solutions of SPDE's have been shown to exhibit the Mar-
kovian property, to our knowledge the precise relation-
ship between functional equations and associated SPDE's

+ioP (r)g'(r)

1 5+—
z [ioP (r)]+c.c. P[P;t],2 5$ (r)

(4. 15)

where c.c. indicates similar terms with g~g, i~ i, —
and 5/5$, 5 /5$ ~5/5$t, 5 /5$, respectively We.
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remains to be shown. Nevertheless we assume that an ex-
tension of the usual arguments of Drummond and Gar-
diner will be suScient to establish the correspondence in

the functional case considered here.

We assume that from an underlying field theory which
may include dissipation, a Markovian master equation
may be derived, and in terms of a functional P distribu-
tion may be expressed in the general form

dP g) A
()P ~ d P 1 AP —ig(Pjkz () + 1 DPv —i[g(Pjk+q(vjk']z

(3t (3t v'L (la(„2L
a2

BCX~k BCXk

(4.19)

where

1 if p is a dagger variable
—1 if p is a non-dagger variable,( )='

(4.20)

A"= A"„+i A", (4.22)

(4.23)

&k =&k, +i&k,y (4.21)

and summation over ju, v, k and k' is implied. The form
of Eq. (3.19) may generally be found by using mode ex-
pansions for the field operators and where necessary per-
forming integration by parts over configuration space,
which is taken to be one dimensional (z) for simplicity
here: L is the quantization length.

Since by construction D is a symmetric matrix, it may
be written in the form D=BB, where the complex ma-
trix B is unique up to orthogonal transformations. We
write all complex variables in terms of their real and
imaginary parts (indicated by subscripts x and y, respec-
tively), that is

and define the (real) functional positive P measure

Sp+ —g dak dak
p, k

(4.24)

The projection operator A is analytic in the complex
variables [a,a I, so that

a = aA= A= —i A.
&a)

(4.25)

We now substitute expressions (4.21)—(4.24) into Eq.
(4.19), and choose the derivatives using the analyticity
property (4.25) in such a way as to make the term in
parentheses completely real. We find

= f2)p+A = f2)p+ f dzP[(bk„A„"+b,k A")+ ,'(B„" B„" hjk—„6k „+B„"B' b, k„bk

+B" B" b" b' +B" B' 5" b" )]Ay x ky k', x y y ky k'y (4.26)

where we have defined the differential operators

1
kg z

— — cos[jiI(p )kz ]L ()a(k „
c}—sin[ri(ju) kz ]

Ba~k
(4.27)

and

b(k = — sin[ri((u)kz] +cos[ri(p)kz]
1 () 8
L ()aj„'„ ()a~k ~

(4.28)

Now integrating by parts, and assuming that at least one solution is obtained by equating the integrands of the func-
tional integrals, we find the functional Fokker-Planck equation

$2 $2 Q2 Q2
g P g iM + g PO'g VO' + g PCTg VO' + g PO'+ VO' + g PCJg VO P

5Q " 5+ ' 2 5Q5p„" " " 5+5$" " ' 5Q5g„" ' 5+5(ti'

(4.29)

where Q and Q are the real and imaginary parts of Q,
and the real functional derivatives are defined by

a a
Sk +ck (4.31)

and

5 a a

5+ &L „Ba"„„()a"„—Sk (4.30)
which follow directly from the definition of Q and the
functional derivatives (3.13) and (3.14). We have also
used the shorthand notation ck and sk for the cosine and
sine functions in (4.27).
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We now define the vectors

ef =(e 0 ) J=~ 3' (4.32)

By 0 (4.34)

We assume the semipositivity of Xl is sufficient to enable
us to write the equivalent Ito equations

A„B„f
A B (4.35)

which on combining real and imaginary parts may be
written in the form

(4.36)

The last equation is the same as that which we would
have found by using the functional complex P distribu-
tion and the procedure of the previous section. Note that
the drift is generally an operator valued vector on the
function space, as was illustrated in the example above.

V. SUMMARY

In this paper we have presented a quantum propaga-
tion theory of slowly varying optical fields. After
quasioptic approximations are made at the classical level,
canonical quantization is applied. To illustrate the tech-
nique we considered an example which includes the usual
complications associated with propagation in a dielectric
medium: linear retarded response, nonlinearity and

with similar definitions for the drift A and noise g vec-
tors, and the semi positive-definite matrix

88 8„8
(4.33)

y

where

8 0

diffraction. To properly resolve the operator ordering is-
sue associated with the nonlinearity, it is perhaps neces-
sary to quantize the medium from a microscopic model.
We adopt normal ordering.

Having derived quantum field equations, the systems
quantum statistical features may be investigated. This is
conveniently done by imbedding the dynamics in a sto-
chastic process defined on a suitable phase space. To this
end we extended the coherent-state phase-space methods
to cover spatially distributed systems. ' Our treatment in
terms of functional Fokker-Planck equations and sto-
chastic partial differential equations is complementary to
that recently developed by Drummond and Carter, ' who
consider guided wave propagation in an optical fiber,
while we include diffractive effects. Diffraction may re-
sult in interesting quantum statistical properties for prop-
agation in planar slab waveguides where the balance be-
tween self-focusing and diffraction allows stable trans-
verse profiles to propagate.

The methods described are applicable to a wide variety
of nonlinear optical processes and configurations, and
may be extended to propagation in anisotropic media.
Quantum optical propagation theory has already provid-
ed interesting predictions on the squeezing of scalar soli-
tons. ' ' We have recently extended this to a vector
theory of a class of anisotropic nonlinear dispersive
media, for example, birefringent optical fibers or Kerr
liquids with static-field-induced birefringence. ' Our re-
sults predict wide band squeezing of quadrature Auctua-
tions in regimes of modulational polarization instabili-
ty. This calculation illustrates the use of the formalism
developed here.

ACKNOWLEDGMENTS

This work was supported by the Joint Services Optical
Program, and one of us (E.M.W. ) acknowledges financial
support from the Air Force Weapons Laboratory
(F29601-87-C-0052).

'Some early references on quantum propagation effects are as
follows: Y. R. Shen, Phys. Rev. 155, 921 (1967); C. Y. She,
ibid. 176, 461 (1968), J. Tucker and D. F. Walls, ibid. 178,
2036 (1969); F. A. Hopf and P. Meystre, Phys. Rev. A 12,
2534 (1975).

~J. A. Fleck, J. R. Morris, and E. S. Bliss, IEEE J. Quant. Elec-
tron. QE-14, 353 (1978).

3J. Van Roey, J. van der Donk, and P. E. Lagasse, J. Opt. Soc.
Am. 71, 803 (1981).

4A. Hasegawa and Y. Kodama, Proc. IEEE 69, 1145 (1981).
5M. Lax, W. H. Louisell, and W. B. McKnight, Phys. Rev. A

11, 1365 (1975).
6W. Heitler, The Quantum Theory of Radiation (Dover, New

York, 1955).
~R. Graham and H. Haken, Z. Phys. 234, 193 (1970); 235, 166

(1970).
8J. C. Garrison, H. Nathel, and R. Y. Chiao (unpublished).
H. Yuen and J. H. Shapiro, IEEE Trans. Inf. Theory IT-24,

657 (1978); H. P. Yuen, J. H. Shapiro, and J. A. Machado

Mata, ibid. IT-25, 179 (1979).
' C. W. Gardiner and M. J. Collett, Phys. Rev. A 31, 3761

(1985).
R. J. Glauber, Phys. Rev. 131, 2766 (1963); E. C. G. Su-
darshan, Phys. Rev. Lett. 10, 277 (1963).
M. Hillery, R. F. O' Connell, M. O. Scully, and E. P. Wigner,
Phys. Rep. 106, 121 (1984).

' P. D. Drummond and C. W. Gardiner, J. Phys. A 13, 2353
(1980); C. W. Gardiner, Handbook of Stochastic Methods
(Springer-Verlag, Berlin, 1983).

~4S. J. Carter, P. D. Drummond, M. D. Reid, and R. M. Shelby,
Phys. Rev. Lett. 58, 1841 (1987); P. D. Drummond and S. J.
Carter, J. Opt. Soc. Am. B 4, 1565 (1987).

'~B. Yurke, P. Grangier, R. E. Slusher, and M. J. Potasek, Phys.
Rev. A 35, 3586 (1987); M. J. Potasek and B. Yurke, ibid. 35,
3974 (1987). For parametric amplification see also A. S.
Lane, P. Tombesi, H. J. Carmichael, and D. F. Walls, Opt.
Commun. 48, 155 (1983); C. W. Gardiner and C. M. Savage,
ibid. 50, 173 (1983).



38 QUANTIZATION AND PHASE-SPACE METHODS FOR SLOWLY. . . 221

L. D. Landau and E. M. Lifshitz, Electrodynamics of Continu

ous Media (Pergamon, Oxford, 1966).
' P. N. Butcher, Engineering Experimental Station, Ohio State

University Nonlinear Optical Phenomena Bulletin No. 200,
1965.

'8See, e.g. , A. E. Siegman, Lasers (University Science Books,
Mill Valley, California, 1986).

t9L. Schiff, Quantum Mechanics (Wiley, New York, 1950), p.
341.
M. Hillery and L. D. Mlodinow, Phys. Rev. A 30, 1860 (1984).
'I. Abram, Phys. Rev. A 35, 4661 (1987).
See for example, L. H. Ryder, Quantum Field Theory (Cam-

bridge University Press, London, 1985), p. 81.
See, for example, B. Yurke and co-workers in Ref. 15; C. M.
Caves and D. D. Crouch, J. Opt. Soc. Am. B 4, 1535 (1987);
Z. Y. Ou, C. K. Hong, and L. Mandel, ibid. 4, 1575 (1987).

24L. Arnold, Stochastic Differential Equations (Wiley, New

York, 1973).
The use of stochastic methods in the theory of squeezed state
generation is well illustrated in the following articles: R. E.

Slusher, B. Yurke, P. Grangier, A. La Porta, D. F. Walls, and
M. D. Reid, J. Opt. Soc. Am. B 4, 1453 (1987); G. J. Milburn,
M. D. Levenson, R. M. Shelby, S. H. Perlmutter, R. G. De
Voe, and D. F. Walls, ibid. 4, 1476 (1987).

26H. J. Carmichael and M. Wolinsky, Quantum Optics IV, edit-
ed by J. D. Harvey and D. F. Walls (Springer-Verlag, Berlin,
1986), p. 208; H. J. Carmichael, J. S. Satchell, and S. Sarkar,
Phys. Rev. A 34, 3166 (1986).
T. A. B. Kennedy and P. D. Drummond, Phys. Rev. A (to be
published).
L. Arnold, P. Kotelenez, and R. F. Curtain, in Stochastic Non-
linear Systems (Springer-Verlag, Berlin, 1981),p. 174.
V. E. Zakharov and A. B.Shabat, Zh. Eksp. Teor. Fiz. 61, 118
(1972) [Sov. Phys. —JETP 34, 62 (1972)].
S. Maneuf, R. Desailly, and C. Froehly, Opt. Commun. 65,
193 (1988).

T. A. B. Kennedy and S. Wabnitz, Phys. Rev. A 38, 563
(1988).
S. Wabnitz, Phys. Rev. A (to be published).


