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The problem of expanding a density operator p in forms that simplify the evaluation of important classes
of quantum-mechanical expectation values is studied. The weight function P(x) of the P representation,
the Wigner distribution W («), and the function {a|p|e), where |a) is a coherent state, are discussed from a
unified point of view. Each of these quasiprobability distributions is examined as the expectation value of a
Hermitian operator, as the weight function of an integral representation for the density operator and as
the function associated with the density operator by one of the operator-function correspondences defined in
the preceding paper. The weight function P () of the P representation is shown to be the expectation value
of a Hermitian operator all of whose eigenvalues are infinite. The existence of the function P(a) as an
infinitely differentiable function is found to be equivalent to the existence of a well-defined antinormally
ordered series expansion for the density operator in powers of the annihilation and creation operators ¢
and af. The Wigner distribution W () is shown to be a continuous, uniformly bounded, square-integrable
weight function for an integral expansion of the density operator and to be the function associated with
the symmetrically ordered power-series expansion of the density operator. The function {a|p|a), which is
infinitely differentiable, corresponds to the normally ordered form of the density operator. Its use as a
weight function in an integral expansion of the density operator is shown to involve singularities that are
closely related to those which occur in the P representation. A parametrized integral expansion of the
density operator is introduced in which the weight function W (a,s) may be identified with the weight
function P(e) of the P representation, with the Wigner distribution W (), and with the function (a|p|a)
when the order parameter s assumes the values s=+1, 0, —1, respectively. The function W (e,s) is shown
to be the expectation value of the ordered operator analog of the § function defined in the preceding paper.
This operator is in the trace class for Res <0, has bounded eigenvalues for Res=0, and has infinite eigen-
values for s= 1. Marked changes in the properties of the quasiprobability distribution W (a,s) are exhibited
as the order parameter s is varied continuously from s=—1, corresponding to the function (z|p|a), to
s=-1, corresponding to the function P (). Methods for constructing these functions and for using them
to compute expectation values are presented and illustrated with several examples. One of these examples
leads to a physical characterization of the density operators for which the P representation is appropriate.
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I. INTRODUCTION

HE statistical description of a microscopic system

may usually be formulated in terms of its density

operator p. The familiar expression for the statistical
average of measurements of a microscopic observable
F is the trace of the product of the operators p and F,

(F)=Tr(oF). (1.1)

In this paper we discuss ways of writing this statistical
average for certain physically important classes of
operators F as integrals similar to the phase-space
integrals of classical probability theory. The preceding
paper! on integral representations for operators and
on correspondences between operators and c-number
functions provides the framework for our analysis? of
this problem.

For simplicity we consider only systems which have
a single degree of freedom. Further, since we have in
mind applications to quantum optics, we describe these
systems in terms of the complex operators ¢ and of,
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which satisfy the commutation relation [a,a']=1,
rather than in terms of their real and imaginary parts ¢
and p, for which [g,p]=4#. Our discussion is thus
directly applicable to a single mode of the electro-
magnetic field.

A number of procedures for simplifying the evalu-
ation of certain classes of expectation values have been
put forward, the first of them by Wigner® and by
Moyal# A common feature of these methods is the
transfer of statistical information from the density
operator p to a weight function w(a) which refers to
the density operator and whose complex argument «
represents a point (¢’,p') in the phase space of the
system. An expectation value (F) is then written as an
integral of the product of the weight function w(a) and
a function f(a) which refers to the operator F,

Tr(pF)=/‘w(a)f(a)d2a. (1.2)

The integration is carried out over all possible states
of the system, i.e., over the complex a plane, and the
differential d%x is a real element of area proportional to
the phase-space element dg’dp’. The function w(a) is
not, in general, interpretable as a probability distri-

3 E. P. Wigner, Phys. Rev. 40, 749 (1932).
4], E. Moyal, Proc. Cambridge Phil. Soc. 45, 99 (1948); 45,
545 (1949).
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bution, but it plays so closely the role of one that we
refer to it as a quasiprobability distribution.

The various procedures for expressing expectation
values in the form of Eq. (1.2) differ principally in the
way in which the functions w(e) and f(a) correspond
to the operators p and F. Because quantum-mechanical
operators do not, in general, commute, there are many
ways of associating operators with functions. With the
function |a|?, for example, we could associate either
the normally ordered operator a'a or the antinormally
ordered operator aa' or, as well, the symmetrized
product 1(afe+aa'). The most useful correspondences
are based upon these three types of ordering.

In I we have analyzed various ways of defining
correspondences between operators and functions. We
summarize these results together with some related
ones on series and integral expansions for operators in
Sec. II.

In Sec. IIT we discuss a procedure for simplifying
expectation values that is based upon the P repre-
sentation®% for the density operator. In this repre-
sentation the density operator assumes the form of a
weighted integral over the projection operators upon
the coherent states. We show that the weight function
P() of the P representation is related to the density
operator by a correspondence defined in terms of anti-
normal ordering.2:** The P representation is particularly
convenient for dealing with operators that are written
in normal order; it affords for the expectation values
of the normally ordered products (af)”a™ the simple
integral expressions

Tr[p(a) am]= f P(a) (@) "amd?a. 1.3)

This relation is a special case of Eq. (1.2) in which the
function w(e) associated with the density operator is
the weight function P(e) and in which the corre-
spondence between the operator F and the function
f(a) is based upon normal ordering.

When the correspondences that associate the func-
tions w(e) and f() with the operators p and F are both
defined in terms of symmetric ordering, the integral
(1.2) may be identified with the procedure introduced

¢ R. J. Glauber, Phys. Rev. Letters 10, 84 (1963).

¢ R. J. Glauber, Phys. Rev. 131, 2766 (1963).

7E. C. G. Sudarshan, Phys. Rev. Letters 10, 277 (1963).

8 R. J. Glauber, Quantum Optics and Electronics, edited by C.
de Witt ef al. (Gordon and Breach Science Publishers, Inc., New
York, 1965), p. 63.

9 C. L. Mehta and E. C. G. Sudarshan, Phys. Rev. 138, B274

1965).
( 10 K, E. Cahill, Phys. Rev. 138, B1566 (1965).

17, R. Klauder, Phys. Rev. Letters 15, 534 (1966).

12 R, Bonifacio, L. M. Narducci, and E. Montaldi, Phys. Rev.
Letters 16, 1125 (1966).

18 R. Bonifacio, L. M. Narducci, and E. Montaldi, Nuovo
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by Wigner® and by Moyal* We discuss this procedure
in Sec. IV. We show that the Wigner distribution W (a)
affords for the density operator an integral repre-
sentation®1%:17 that is considerably more regular than
the P representation. In particular, we show that the
Wigner distribution is continuous and bounded, being
the expectation value of a Hermitian operator whose
eigenvalues are ==2. The weight function P(a), by
contrast, may be exceedingly singular, being the ex-
pectation value of a Hermitian operator all of whose
eigenvalues are infinite.

In Sec. V we discuss a procedure®?:!8 for dealing with
operators written in antinormal order. In this procedure
the function corresponding to the weight function w ()
in Eq. (1.2) is the function {a|p|a), where |a) is a
coherent state.

In Sec. VI we unify and relate the procedures dis-
cussed in Secs. III-V by using the parametrized
ordering convention introduced in I. We construct a
parametrized representation for the density operator
in which the weight function W (e,s) may be identified
with the function {a|p|), with the Wigner distribution
W(a) and with the weight function P(a) when the
order parameter s assumes the values s=—1, 0, +1,
respectively. By varying the order parameter s in a
continuous way from s=—1 to s=-1, we observe an
orderly progression of changes in the mathematical
properties of this quasiprobability distribution. In this
way we are able to see when and how singularities
appear in the function W(a,s) and are thereby in a
better position to understand, in particular, why the
P representation does not exist for important classes
of density operators.

We illustrate in Sec. VII the results of the earlier
sections by means of several examples which are worked
out in detail. We use one of these examples to develop
a physical characterization of those density operators
for which the P representation is appropriate.

In Sec. VIII we show that the quasiprobability
distribution W (a,s) satisfies a partial differential equa-
tion similar in form to the heat-diffusion equation.
This fact leads to an instructive analogy between the
function W(a,s) and a temperature distribution on an
infinite plane. Finding the function W (a,s) in terms of
the function W(e,) for Res<Ret corresponds to
Poisson’s solution for the heat-diffusion equation. The
inverse problem, of extending the function W(a,s) in
the other direction, corresponds to extending a tem-
perature distribution backwards in time, and this
problem is solved in Sec. IX.

In Sec. X we return to Eq. (1.2) and discuss the
extent to which any procedure for expressing ex-
pectation values in that form must resemble the general
procedure discussed in Sec. VL.

16 U, Fano, Rev. Mod. Phys. 29, 74 (1957).
17 B, R, Mollow, Phys. Rev. 162, 1256 (1967).
18Y, Kano, J. Math, Phys. 6, 1913 (1965).
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II. ORDERED OPERATOR EXPANSIONS

The annihilation and creation operators ¢ and af
may be defined for any system that is described by a
single pair of Hermitian observables ¢ and p, which are
canonically conjugate, [¢,p]=4%. If we form the com-
plex linear combinations

a= @Ry IOg+NYp),
at= (2R (g—ixp),

2.1)
(2.2)

where A is an arbitrary real parameter, then the oper-
ators @ and @' obey the familiar commutation relation

[e,at]=1. (2.3)

A particularly useful complete set of states is the
coherent states |a) which are the eigenstates of the
operator g, i.e., for each complex number « we have

ala)=a|a). (2.4)

The basic properties of the coherent states and of the
unitary displacement operators

D(a)=exp(aat—a*a), (2.5)

which generate them from the state |0) are described
in Secs. IT and III of I.

The space of eigenvalues or the phase space for our
dynamical system is the infinite plane of eigenvalues
(¢',p") of the Hermitian observables ¢ and p. An
equivalent phase space is the complex plane of eigen-
values? a= (2rk)~1(\¢'+i\"'p’) of the annihilation
operator a. As in I, we make use, in integrating over
the complex plane, of the convenient differential
element of area

o= r—'d(Rea)d(Ima) = 2rh)dg'dy’  (2.6)

which we see is also the familiar (dimensionless) element
of phase space.

In I we examined the problem of representmg an
arbitrary operator F both as a power series in the
operators ¢ and a' and as an integral over various
complete and 'quasicomplete sets of operators. An
important device in our treatment was a parametri-
zation of the usual ways of ordering operators according
to which normal order, antinormal order, and a type
of ordering that is symmetric in the operators ¢ and af
correspond to three discrete values of a continuous
order parameter 5.

We defined the s-ordered products {(a")"a™}, of the
operators (af)* and ¢™ by means of a Taylor-series

19 The coherent state Ia) is not an eigenstate of either ¢ or ».
The quantities ¢’ and #’ in this expression may be interpreted as
the expectation values of ¢ and p in the state |a).
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expansion of the operator

D(a,s)=D/(a)eslo?2

=exp(ad—a*a+tis|al?) 2.7
- 5 T .

n,m=0 n

Since the operators D(a,1) and D(a, —1) are the
normally and antinormally ordered exponentials

(2.8)
(2.9)

the normally and antinormally ordered products are
distinguished by the values s==1:

{ (a")"am} 1= (a')"am, (2.10)
{(aD)"am}_1=am(a")". (2.11)

The operator {(a')"a™}, corresponding to the value
s=0, is the average of all ways of ordering the product
of n factors of a and m factors of a. We have therefore
designated the type of ordering which emerges for
s=0 as symmetric ordering.

In Secs. IV and V of I, we discussed the problem of
expanding an operator F as a power series in the s-
ordered products, i.e., in the form

D(a,1)=exp(ad') exp(—a*a),
D(a, —1)=exp(—a*a) exp(aat),

F= ¥, Fam@{(@)am),, (2.12)

where the coefficients fn (s) are complex numbers.
We derived explicit formulas for the coefficients fa,m(s)
and defined a type of convergence that is appropriate
for the power series (2.12). For the case of normal
ordering, s=1, we found the expansion (2.12) converges
according to this definition for an extremely broad class
of operators F. For Res>0 or, equivalently, for order-
ings closer to normal order than to antinormal order,
we showed that the coefficients fn .(s) are finite for a
more restricted class of operators F. These operators,
which we refer to as the class of bounded operators,
are the ones for which the Hilbert-Schmidt norm

|IFl| =T (@F) ] (2.13)

is finite. For such operators we also showed that the
power series (2.12) converges for Res>21-+41(Ims)2,
i.e., for orderings that are closer to normal order than
to symmetric order.

For the case of antinormal ordering, s= —1, however,
and in fact throughout the half-plane Res<0, the co-
efficients fn,m(s) can and do develop singularities.
These singularities, which raise questions as to the
meaning of expansions such as Eq. (2.12), occur even
for operators F that are both bounded and in the trace
class. Broadly speaking, the more negative the real
part of s the more restricted must be our interpretation
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of the expansion (2.12); this limitation is far more
restrictive for antinormal order, s=—1, than for sym-
metric order, s=0.

In Secs. VI-VIII of I we discussed a class of integral
expansions for operators. These expansions are based
upon the operators T'(a,s) which we defined as the
complex Fourier transforms? of the operators D(a,s),

T(a,s)= / D(%,5) explat*—a*t)r1d2%. (2.14)

The expansions for an arbitrary operator F take the
form

F=/f(a, —85)T (a,5)r d%, (2.15)

in which the weight function f(a, —s) is given by the
trace

fla, =$)=Te[FT(a, —5)]. (2.16)

An important property of these expansions is the close
relationship which exists between the operator F being
expanded and its weight function f(e, —s). The power-
series expansion of the weight function jf(a, —s)
possesses the same coefficients fn,m(s) that occur in
the s-ordered power-series expansion (2.12) of the
operator F, i.e., we have

]

f(a> -—S)= Z fn,m(S) (a*)"a"‘.

n,m=0

(2.17)

In other words, f(a, —s) is the same function of a and
o* as the s-ordered version of F is of ¢ and af.

We may regard this identity of the coefficients
fa,m(s) in the series (2.12) and (2.17) as defining, for
each value of the order parameter s, a one-to-one
correspondence between operators and functions. We
have referred to this correspondence between operators
F and their weight functions f(a, —s) as the corre-
spondence C(s). The rule of the correspondence C(s)

Fe—: fla, —s)=Tt[FT(a, —s)] 2.18)

is that the s-ordered product {(a")?a™}, is associated
with the monomial (a*)"a™

{(a")ram}, — (a*)"a™. (2.19)

As in the case of the power series expansion (2.12),
the properties of the integral representation (2.15)
and of the weight function f(e, —s) depend critically
upon the order parameter s. In general for bounded
operators F the weight functions f(a, —s) are well-
behaved functions of a for Res>0 but for Res<0 they
can develop singularities. These singularities are closely

2 This type of Fourier transformation, which differs from the
usual one only by a change of scale, is defined by Eq. (I.3.1).
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related to those that occur in the coefficients fa,m(s)
of the power-series expansion (2.12). For according to
Eq. (2.17), the weight function f(a, —s) is a generating
function for the coefficients f,,x(s). When this function
is infinitely differentiable, then we may write the
operator F in the form

, (2.20)

a=0

o™t f(a, —S)>

© 1
F= 3 'ﬁ{(a*)”a’”}s< P

n,m=0 1 !m!

which is another way of expressing the operator-
function correspondence C(s).

III. THE P REPRESENTATION

The utility of normal ordering has long been recog-
nized. It is used, for example, in the Dyson-Wick
expansion of the scattering matrix in quantum electro-
dynamics.? Because of the appropriateness of normally
ordered products for the description of photon absorp-
tion processes, normal ordering has had new appli-
cations, recently, in the interpretation of photon
counting and coherence experiments.®®2 The cor-
relation functions G for the quantized field are
defined, for example, as expectation values of normally
ordered products of the positive-frequency part of the
electric field operator E,™)(x) and the negative-
frequency part E,7(x). The nth-order correlation
function may be written as

G™ (x1’x2)' * Xy Xng1,t )xﬁn) =Tr|:PE(~) (xl) e
EO (@) ED (tng1)- - - ED (220)],  (3.1)

where we have denoted 2# sets of space-time coordi-
nates as ®j---%s, and have suppressed the vector
polarization indices of the field operators.

We have mentioned that the P representation for the
density operator, _

o= [ P@laele, 62)

affords a convenient way of evaluating the ensemble
averages of normally ordered operators. It has apart
from this important use a variety of additional appli-
cations!”?-2% because of the elementary character of
the coherent states |a). Among these applications is
the particularly simple form which it provides for a
quantum-mechanical analog® of the classical super-
position principle for the electromagnetic field.

We may use the P representation to write the
expectation value of an arbitrary operator F as the

2 G. C. Wick, Phys. Rev. 80, 268 (1950).

2 R, J. Glauber, Phys. Rev. 130, 2529 (1963).

2 R, J. Glauber, Phys. Letters 21, 650 (1966).

% B, R. Mollow and R. J. Glauber, Phys. Rev. 160, 1076 (1967);
160, 1097 (1967).

2y, R. Shen, Phys. Rev. 155, 921 (1967).

28 R. J. Glauber, in Proceedings of the Physics of Quantum
Electronics Conference, San Juan, Puerto Rico, 1965, edited by

P. 7L Kelly et al. (McGraw-Hill Book Co., New York, 1966),
p. 788.
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integral
Tr(pF)=/P(a) Tr[ | a)a|Fld
(3.3)
=/P(a)(a]F]a)d2a.

The association of the function
f(a7 —1)=<alFla>

with the operator F defines a particularly simple
correspondence between operators and functions.

Let us suppose that the operator F possesses a
normally ordered power series of the form

(3.4)

F=3 fan()(@)am. (3.5)
n,m=0

As we showed in I, such series exist and converge for
an extremely broad class of operators F, including all
that satisfy the condition (I.4.23). Now because of the
eigenvalue property of the coherent states, the function
f(@)={(a|F|a) may be obtained from the operator F
by replacing the operators ¢ and o' in the series (3.5)
by their complex eigenvalues a and o*, so that we have

flay—1)= % fomD@)am.  (3.6)

It is this function which occurs in the integral (3.3)
for the ensemble average of the operator F,

Tr(pF)=/P(a)f(oz, —1)d2%. 3.7

Since the series (3.5) and (3.6), as was shown in I,
converge for virtually all operators of interest, this
expression is completely reliable provided that the P
representation exists for the density operator p.

We observe that, since all density operators are
Hermitian and of unit trace, the weight function P(a),
when it exists, can be chosen to be real and normalized
to unity,

1=Trp= / P(a)d%a. (3.8)

Having defined the P representation and touched
upon its usefulness, we shall now consider it from a
variety of viewpoints each of which reveals a way of
constructing the weight function P(a). All of these
ways show a certain lack of generality which reflects
the fact that the P representation does not exist for
all density operators.

Let us note that by using the resolution of the
identity operator in terms of the coherent states, Eq.
(1.2.27), we may write the antinormally ordered
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products ¢™(a')” in the form
an(at)r=gqm / |a)(a| 7 d%(at)"
(3.9)

- / (a¥)"am| a)(a| i,

Let us now suppose that the density operator p pos-
sesses the antinormally ordered power series

p= i . pn,m(—1)am(at)». (3.10)

It then follows from Eq. (3.9) that this density operator
also possesses the P representation (3.2) with the
function

P@=11% pum(—1)(a*)an

n,m=0

(3.11)

as its weight function.2 The function P(a) is thus a
generating function for the coefficients of the anti-
normally ordered power-series expansion (3.10) of the
density operator p. Equivalently, we may say that the
correspondence that associates a density operator p
with its weight function P(e) is the one based upon
antinormal ordering, s=—1.

This correspondence does not, however, constitute a
general prescription for constructing the weight func-
tion P(a). For, as we have seen in Secs. IV and V of I,
the coefficients fnn(—1) of antinormally ordered
power-series expansions are sometimes singular, even
for operators that are both bounded and in the trace
class.

As another approach to finding the function P(a)
let us note that the function f(a, —s) associated with
an arbitrary operator F by the correspondence C(s)
based upon s-ordering is in general given by Eq. (2.18)
as the trace

fla, —5)=Tr[FT(a, —s)]. (3.12)

Since all density operators are both bounded and in
the trace class, there is no intrinsic difficulty in ap-
plying this relation to an arbitrary density operator,
F=p. If, therefore, we set s=—1, corresponding to
antinormal ordering, then we may write the weight
function P(a) as the trace

P(a)=7"1Tr[pT(a,1)]. (3.13)
This trace is simply the expectation value of the
operator T'(a,1).

Let us recall that the operator T'(a,s), defined by
Eq. (2.14), is Hermitian for real values of s, as shown
by Eq. (1.6.17) and is in the trace class for Res<0, as
shown by Eq. (I1.6.32). According to Eq. (1.6.28), the
eigenvalues e,(s) of the operator 7'(a,s) are independent



177

of « and are given by

% 2 <s+1>"
e,.s—-l_s s—1/

(3.14)

We see that they are all infinite for s=1.

The fact that the function P(a) is the expectation
value of a Hermitian operator T'(a,1) all of whose
eigenvalues e,(1) are infinite is related to the occurrence
of singularities in the coefficients pa,n(—1) of the anti-
normally ordered power series (3.10) for the density
operator p. Furthermore, it sheds some light on why
the weight function P(a) is, for certain classes of
density operators, exceedingly singular.!

We shall provide a fuller discussion of these singu-
larities at the end of this section and also in Secs. VI
and VII in which we make use of the continuous order
parameter s. For the present let us merely note that
Eq. (3.13) is not well defined as it stands. It may be
made meaningful for a broad class of density operators
p if we use a limiting process in which the order param-
eter s approaches one along the real axis from smaller
values , i.e.,

Pla)=7"1 1_1)Ilrl Tr[pT (a,s)]. (3.15)

Let us recall that, according to Eq. (1.6.29), the
operator T'(a,s) is for s=—1 simply the projection
operator upon the coherent state |a),

T(a, —1)=|a)Xa|. (3.16)

We may thus write the P representation in the form

p=/P(a)T(a, —1)d%. 3.17)

We note that this expansion conforms to Egs. (2.15)
and (2.16) when the weight function P(a) is given by
Eq. (3.13). If we now multiply both sides of the
expansion (3.17) by an arbitrary operator F and form
the trace of the resulting expression, then we arrive at
the relation

Tr(oF)
= / T pT ()] T FT (0, —1) TP, (3.18)

where we have used Eq. (3.13) for P(a). In this
integral for the quantity Tr(pF) the order parameter s
occurs twice, as s=-41 and as s=—1, in accordance
with the occurrence of both s and —s in the general
relation (2.15).

We shall now derive what is perhaps the simplest
way of constructing the weight function P(a) when
it is nonsingular. By substituting our definition (2.14)
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of the operator T'(a,s) into Eq. (3.15), we may express
the function P(a) in terms of the limiting process

PE)=rt lin [t —a O E I, (.19)

Let us now define the normally ordered characteristic
function Xy (£) as the expectation value2¢

Xn(8)=Tr[pD(41)]
=Tr[p exp(éa’) exp(—¢*a)].

For many density operators p the function Xy(£)
possesses a complex Fourier transform?; and, when
that is the case, the limiting process (3.19) is unneces-
sary. For these density operators the weight function
P(a) is the complex Fourier transform of the normally
ordered characteristic function2®

(3.20)

P(@)=r / eplat—a* e (O (3.21)

and by using Egs. (1.3.4) and (1.3.5) we find as the
inverse relation

xw (&)= f exp (¢a*— £*a) P (a)d%. (3.22)

For other density operators, the limiting process (3.19)
typically leads to a generalized function that is too
singular to be used as a weight function for the P
representation”” For the case of pure states, for
example, it has been shown?? that the function P(a)
is always singular and that it is a tempered distribution
only when the state may be expressed as a linear
combination of a finite number of the states (af)"|a)
for a single, arbitrary value of a.

We have seen that the P representation provides
for the ensemble averages of the normally ordered
products (a')a™ the simple expression (1.3). Let us
now observe that by using Eq. (1.5.14) for example we
may use the P representation to write the ensemble
averages of the symmetrically and antinormally ordered
products in the forms

Tr[p{ (a") ngm} o]= n !2—"/am_”Ln (m—n) (=2 ]a ] ?)

XP(a)d%a (3.23)

27 K E. Cahill (to be published). It is shown there that it is
possible to regularize the P representation so as to accommodate
such generalized functions but only at the expense of adding to
it three two-dimensional integrals over outer products of non-
identical coherent states. This regularized P representation exists
with four nonsingular weight functions for all density operators p.
Only when the three supplementary weight functions can be set
equal to zero, however, does the P representation exist.

2 K. E. Cahill (to be published).
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and
Tr[pa™(a’)"]=n! / oLy (— || %)

XP(e)d%x, (3.24)

where L, (x) is an associated Laguerre polynomial.?

IV. WIGNER DISTRIBUTION

In this section we discuss a representation for the
density operator that is particularly suited for the
averaging of operators written in symmetric order.
This representation exists for all density operators and
affords a way of expressing the expectation value of
every bounded operator as a convergent integral. The
weight function of this representation is the quasi-
probability  distribution function introduced by
Wigner.? Our discussion will begin with the displace-
ment-operator expansion in which operators are
expressed in a form that is implicitly symmetric in the
operators a and df.

We have seen in Sec. III of I that the displacement
operators D(a) form a complete set of operators. They
afford for every operator F that is bounded in the sense
of Eq. (2.13) an expansion of the form

r= [ oD@, @1)
in which the weight function
f(©=Tr[FD(8)] (4.2)

is unique and square-integrable. Thus since every
density operator is bounded, we may write an arbitrary
density operator in the form

p= f (OD (O, (4.3)

where the weight function X(£) is given by the trace
X(§)=Tr[pD(£)] (4.4)

which is the expectation value of the displacement
operator D(#). This relation is the familiar definition
of the characteristic function, as contrasted with the
normally ordered form considered in Sec. III. It plays
a role in quantum-statistical theory analogous to that
of the characteristic function of classical probability
theory. According to Eq. (I1.3.14) we have

f |x(§) |Pn—1d?%=Trp’<1, (4.5)

which shows that the characteristic function X (&) is
always square-integrable. It is clear from the expansion

% W, Magnus and F. Oberhettinger, Formulas and Theorems
for the Functions of Mathematical Physics (Chelsea Publishing
Co., New York, 1954), p. 85.
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(4.3), that the function X(£) uniquely determines the
density operator p.

Since the displacement operator D(£) is unitary for
all £ and unity for £=0, the characteristic function X(£),
which is its expectation value, must satisfy the con-
ditions

[x(®)[<1, x(0)=1. (4.6)

The boundedness condition on X(£¢) contrasts sharply
with the growth condition that applies to the normally
ordered characteristic function Xx(£). If we compare
the definitions (3.20) and (4.4) with Eq. (1.2.14), then
we may deduce from the condition (4.6) that the
function Xy (£) must obey the growth condition

[Xx(8)| el (4.7)

The possibility of such exponential growth at large
values of | ¢ is the reason why the function Xy (£) does
not naturally possess a Fourier transform, even one
that is a tempered distribution.

In the case of the characteristic function X(£), how-
ever, which is both bounded and square-integrable,
we encounter no difficulty in defining its complex
Fourier transform as

W ()= f opaB—a*Dx(Orid%.  (48)

This function differs only in normalization from the
distribution W(¢',p’) introduced by Wigner® as a
quantum-mechanical analog of the phase-space dis-
tribution of classical statistical mechanics. By using
the Fourier inversion relations (1.3.4) and (1.3.5), we
may express the function X(#) in terms of the Wigner
function as

()= f exp (i~ QW @i (49)

If we now substitute this expression for the character-
istic function into the expansion (4.3) and use the
definition (2.14) of the operator T'(e,0), we arrive at the
representation?:16:17

p= / W ()T (e,0)7d%:. (4.10)

The Wigner function W (e) is therefore a weight func-
tion for the expansion of the density operator in terms
of the operators T'(e,0) which, according to Eq. (1.6.23),
are given by

T (,0)=2D(a)(—1)*"eD1(a). (4.11)

By writing Eq. (4.8) in the form

W@=Ti [ explat*—atD (2% |,
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and using the definition (2.14), we find that the Wigner
distribution is the expectation value of the operator
T(e,0):

W(a)=Tr[pT(,0)]. (4.12)

Since the operator T'(e,0) is Hermitian, as shown by
Eq. (4.11), the Wigner function W («) is real-valued,

W (a)=W (a)*. (4.13)

We mentioned in I that both the displacement operatost
D(e) and the operators T'(e,s) for Res<O have the
property? that if 7" is any trace class operator then the
function Tr[7D(a)] and Tr[T7T(e,5)] are uniformly
continuous functions of a. Thus, since every density
operator is in the trace class, both the characteristic
function X(¢) and the Wigner function W(a) are uni-
formly continuous functions of a. By using Eq. (4.5)
and (1.3.6), we find

[ |W (@) |2n'd2a=Trp*< 1, (4.14)

which shows that the Wigner distribution is a square-
integrable function of « for all density operators p.

The Hermitian operators T'(e,0) possess the same
type of completeness as do the unitary operators D(a).
For, according to Egs. (2.15) and (2.16), we may
expand any bounded operator F in the form

F= / F(@,0)T (a,0)r'd%, (4.15)

where the weight function f(e,0), which is given by
the trace
F(a,0)=Tr[FT(,0)], (4.16)

is. unique and square-integrable. We see from Eq.
(1.7.25) that this function satisfies the relation

/ | £(2,0) |2r~*da=Tr (F'F). @.17)

This relation is identical in content to the relation
(1.3.14), which characterizes the completeness property
of the displacement operators. The expansion (4.10)
for the density operator and the relations (4.12) and
(4.14) are a special case of Egs. (4.15)-(4.17).

Let us now note that by using either of the expansions
(4.10) and (4.15) we may write the expectation value
of any bounded operator F in the form

Tr(pF)= / W (a) f(a,0)r'd%. (4.18)
We may conclude from the Schwarz inequality for
functions (1.3.9) that this integral converges for all
bounded operators F and all density operators p since,
for such operators, the functions f(e,0) and W(a) are
both square-integrable. It will become evident in Sec.
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VI that this property of the Wigner distribution is a
consequence of the fact that the real part of the order
parameter is zero.

In Sec. VII of I we noted that the correspondence
between operators and functions C(0) based upon
symmetric ordering s=0 is the same as the Weyl
correspondence,® Eqs. (I1.7.30) and (1.7.31). By com-
paring Eqgs. (4.12) and (4.16) with Eq. (2.18), we see
that it is this correspondence which associates the
functions W(a) and f(e,0) with the operators p and F.
Thus if the operators p and F possess the symmetri-
cally ordered power-series expansions

b= 3 pam©){(a) a0 (4.19)
n,m=0
and
F= 3 fam©Of{(a)am}o, (4.20)
n,m=0

then the functions W (e) and f(e,0) are given by

W@= 3 poa®@yan  @20)
and |
@0)= T frm@@en.  @2)

The functions W(a) and f(a,0) may be thought of as
generating functions for the coefficients of the sym-
metrically ordered power-series expansions of the
operators p and F. It is a unique property of the Wigner
distribution, among all the distribution functions
considered in this paper, that in the integral (4.18)
for the ensemble average Tr(pF) both the function
W (a) representing the density operator and the func-
tion f(a,0) representing the operator F are associated
with their respective operators p and F by the same
correspondence.

The integral expression (4.18) for the expectation
value Tr(pF) becomes particularly simple when the
operator F is written in symmetric order. The ex-
pectation value of the symmetrically ordered product
{ (a")ma™},, for example, is given by the integral

TrLo{ (a")"a™} o ]= / W () (@) "amr 2.  (4.23)

Three simple illustrations of this relation are
Hd'a+ad')= / |a|*W (@)rid%, (4.24)
$ata*+adta+aat)= / a*a?W (@)~ 'd%, (4.25)

“H. Weyl, The Theory of Groups and Quamtum Mechanics
(Dover Publications, Inc., New York, 1950), pp. 272-276.
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and

Tr(p)=1= /W(a)w“lea s (4.26)

which shows that the Wigner function is normalized.

By using Eq. (1.5.14) we may express the ensemble
averages of the normally and antinormally ordered
products in terms of the Wigner distribution as the
integrals

Tl p(a)ram]=nl(—3)" / Ly (2|2

XW (@)n '\ (4.27)
and

Trfpan(a')*]=nl(3)" / QL ) (=2 a]?)

XW ()7 ',  (4.28)

A number of properties of the Wigner distribution
follow directly from the explicit form of the operator
T(a,0) given by Eq. (4.11). The eigenvalues e,(0) of
this Hermitian operator are 2(—1)”. It follows then
from Eq. (4.12) that the Wigner function, being the
expectation value of T'(a,0), is bounded according to
the inequalities

—2<W(a)<2 (4.29)

for all density operators.
The operator (—1)sfe=exp(ima’a) is a reflection
operator in the sense indicated by the relations

exp(ira’a)a exp(—inata)=—a (4.30)

and
(4.31)

which imply that it also reflects the Hermitian oper-
ators ¢ and p. By applying these relations to the dis-
placement operator D(e) we find

exp(irata)a’ exp(—imata)=—af,

exp(irata)D(a) exp(—imata)=D"1(a), (4.32)

so that we have
T(a,0)=2D(2a) exp(ira‘a) (4.33)
=2 exp(irata)D1(2q). (4.34)

By multiplying together these two forms for 7'(,0),

we find
[7(0) F=4. (4.35)

By using Eq. (4.33) we may write the Wigner
function as
W (a)=2 Tr[pD(2c) exp(ira'a)], (4.36)
which, for a state of precisely # quanta, i.e., p=|n){x],
is simply
Wa(e)=2(—1)"n|D(2a)|n). (4.37)

By referring to the explicit form (1.3.30) for this matrix
element, we find

Wa(@)=2(—1)"Lu(4|a|?) exp(—2|al?), (4.38)
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where L,(x) is a Laguerre polynomial.®® Since half of
the eigenvalues of the operator T'(a,0) are negative,
the Wigner function often assumes negative values as
is illustrated by

Wa(0)=2(—1)". (4.39)

Among the functions P(a), W(a), and {(a|p|e), only
the last, which we discuss in Sec. V, is positive definite
for all density operators.

By using Egs. (4.36) and (4.11), we may write the
Wigner distribution in the following additional forms:

W@=2 % (~1)"(u]pD(a)]n) (4.40)
=2 Tr[ D' (a)pD(a) exp(imata)] (4.41)

=2 é (—1)n| D (@)pD (@) ). (4.42)

The last two forms make clear that the dependence of
the Wigner function W («) upon the variable « is related
to a unitary transformation of the density operator by
the displacement operator D(a). By applying Eq.
(1.6.18) to Eq. (3.13), we may similarly interpret the
a dependence of the weight function P(a) of the P
representation.

V. THE FUNCTION (/)

In Secs. III and IV we considered distribution
functions that are useful for finding the expectation
values of operators written in normal or symmetric
order. We turn now to a function that may be used to
express the ensemble averages of antinormally ordered
operators as simple integrals.

Let us suppose that the operator F possesses the
antinormally ordered power-series expansion

F= §:==o Fom(—1)am(at)n. G.1)

Then by proceeding as in Eqgs. (3.9)-(3.11), we may
write the operator F in the form

P= [ saDla)el e, (52)
where the function f(a,1) is given by
fah= 3 fun(-DE@)en.  (53)

By referring to Eq. (2.18), we see that this function
may be expressed in terms of the operator T'(e,1) as
the trace

fle)=Tr[FT(a,1)]. (5.4)

The appearance within this trace of the operator 7'(a,1)
all of whose eigenvalues are infinite reflects the fact
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that antinormally ordered power series do not exist
for all operators F.

We may use the expansion (5.2) to write the expecta-
tion value of the operator F in the form

Tr6P)= [ e Tpladel it (59

= /f(a,1)<a[p|a>7r“1d2a. (5.6)

Thus the function {a|p|a) has for antinormally ordered
operators the useful property®?!® exhibited in Egs.
(3.7) and (4.18) by the functions P(x) and W () for
the cases of normally and symmetrically ordered
operators.

The function (a|p|a) clearly is non-negative and
bounded according to the relation

0<(a|p|a)<1.
Its normalization,

1=Trp=/(a|p[a>1r_ld2a,

(5.7

(5.8)

is evident from Eq. (1.2.28). By recalling that the
operator T'(e, —1) is a projection operator upon the
coherent state |a), as shown by Eq. (3.16), we may
write the function {a|p|e) in the form

(alpla)y=Tr[pT (e, —1)]. (5.9)

This relation is the analog for antinormal order, s=—1,
of Egs. (3.13) and (4.12) for the functions P(a) and
W (a).

By using Egs. (5.4) and (5.9) we may write Eq.
(5.6) in the form

Tr(oF) = f T FT(a,1) T[T (@,— 1) Jr-—'d%.  (5.10)

If we now contrast this relation with its counterpart
(3.18) for the case of the P representation, we see that
the roles of the operators 7'(a,1) and 7'(a, —1) have
been interchanged. In the corresponding relation for
the case of the Wigner distribution, Eq. (4.18), both
T(a, —1) and the singular operator T'(e,1) are replaced
by T'(a,0) whose eigenvalues are ==2. For this reason
only the Wigner function of the three quasiprobability
distributions considered thus far may be used to write
the ensemble averages of all bounded operators as
convergent integrals.

We now note the very limited sense in which the
function {a|p|e) is a weight function for the density
operator. By using Egs. (5.9), (2.15) and (2.16) we
may formally express the density operator as the
integral

p=/<a|p]a)T(a,1)w‘ld2a. (5.11)
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The appearance in this expansion of the singular oper-
ator T'(a,1) may be interpreted in terms of the proper-
ties of the function {a|p|a). As we have noted, this
function is bounded, non-negative, and normalized. It
is also an infinitely differentiable function, as may be
seen by using Eq. (1.2.23) to expand the coherent
states |a) and (a| in powers of & and «*. The function
(a|p|a) thus has all the properties that one would
expect of the smoothest classical probability distri-
bution. The expansion (5.11) therefore suggests the
interpretation that only so singular an operator as
T(a,1) can be used to construct arbitrary density
operators when weighted with so well behaved a weight
function as {a|p|a). The opposite interpretation evi-
dently applies to the P representation, in which the
roles of the operators T'(a,1) and T(a, —1)=|a){a|
are interchanged. It appears, then, that the non-
existence of the P representation for certain density
operators is a consequence of the extreme ‘‘smoothness”
of the coherent state projection operator |a){«|.

In analogy with Egs. (3.20) and (4.4), let us define
the antinormally ordered characteristic function X4 (£)
as the expectation value

X4(§)=Tr[pD(¢ —1)]
—Tilp exp(—£a) exp(kah)].  (5.12)
By using Eqgs. (2.7)-(2.9) we see that the characteristic
functions Xy (%), X(£), and X4(£) stand in the simple
relationship
Xy (§) =2 (§) = elt"X 4 (8). (5.13)

Since, as we noted in Sec. IV, the function X(£) is a
continuous function of £, it follows that all three
characteristic functions are continuous. We see from
Eq. (4.6) that the modulus of the antinormally ordered
characteristic function X4 (£) is bounded by

|Xa ()| Seteire, (5.14)

If we use Eq. (5.6) to evaluate the antinormally
ordered expectation value (5.12), then we find

xa(®)= / exp(ba— ) (alplayr—ida,  (5.15)

which shows that the function X4(£) is the complex
Fourier transform of the function {(e|p|e). By means
of Eq. (I.3.4) and (1.3.5) we obtain the inverse relation

(alpla)= f exp (@t —a*Dxa (On-d%.  (5.16)

As a simple illustration of Eq. (5.6), we note that the
expectation values of the antinormally ordered products
can be written in the form

Tr pa™(at)*]= / (&™) "a™{a|p|a)r . (5.17)
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The function (a|p|a) may also be used to evaluate the
mean values of normally and symmetrically ordered
products. By using Eq. (I1.5.14) we may write them as
the integrals

Te[p(at)"am]= (— 1)"n!fa""‘"Ln(""”) (|a]®
(5.18)

X{a|p|a)r1d%
and

DA @) 0] (—4) ! [ amnLo 2al?)

X {a|p|ayr1d%. (5.19)

In Sec. IV of I we showed that normally ordered
power series exist and converge for virtually all oper-
ators of interest, i.e., for those that satisfy the condition
(I1.4.23). In particular, every density operator p pos-
sesses the expansion

p= iﬂ) pum(1) (a)am, (5.20)

and by using the eigenvalue property of the coherent
states we find

(a]pla)y= %} pn.m(1) (@¥)"am, (5.21)

Thus the function {(@|p|a) is the one associated with
the density operator p by the correspondence C(1)
based upon normal ordering. Equivalently, the function
(a|p|a) is a generating function for the coefficients of
the normally ordered power-series expansion of the
density operator. The convergence of the series (5.20)
and (5.21) is consistent with the fact, mentioned earlier,
that the function {a|p|a) is infinitely differentiable.
We note that Egs. (5.20) and (5.21) correspond to
Egs. (3.10) and (3.11) for the weight function P(c)
and to Egs. (4.19) and (4.21) for the Wigner distri-
bution W ().

Let us now define the function R(a*,8) by the
relation®

R(et) =82 | ).

The function R(a*,8) is an entire function of the two
complex variables o* and 8. By twice using Eq. (1.2.27),
we may write the density operator in the form

(5.22)

o= f )8 (alo|Byridats.  (5.23)

The function R(a*B) therefore affords for every density
operator p the two-variable representation

p_-—_./]axﬁ[R(a*,ﬁ)e—(!alzﬂﬁl”)lz,,r—zdzadzﬂ, (5.24)
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which has been called the R representation. The rela-
tionship between the functions R(a*,8) and (a|p|a) is
given by

{a|pla)y=€"12"R(a* ). (5.25)

VI. ENSEMBLE AVERAGES AND S ORDERING

In the present section we draw together the results
of the Secs. ITI-V by making use of the parametrized
ordering convention introduced in I. We define a general
representation for the density operator in which the
weight function W(a,s) may be identified with the
weight functions (a|p|e), W(a), and P(a) when the
order parameter s assumes the values s=—1, 0, and
—+1, respectively. In characterizing the behavior of
the function W(a,s) we will see the unfolding of an
orderly progression of mathematical properties as the
parameter s is advanced from s=—1 corresponding to
the function {a|p|e) to s=-1 corresponding to the
function P ().

In I we introduced for every bounded operator F the
representation

F=ff(a, — )T (a,8)7 %, 6.1)

in which the weight function f(e, —s) is given by
fla, —s)=Tr[FT(a, —s)]. (6.2)
The operator F and its weight function f(a, —s) are

associated by the correspondence C(s) which is based
upon the power-series expansions

F= 5 fan(O(@)a), (63)
and ,
floy 9= 5 fun@E@an.  (64)

By multiplying both sides of the expansion (6.1) by
an arbitrary density operator p and forming the trace
of the resulting relation we find

Tr(pF)=/f(a, —s) Tr[oT (a,5) ] 'd%a.  (6.5)

Let us introduce the function W (a,s) as the expectation
value of the operator T'(q,s),

W (a,s) =Tr[oT (e,5) ]. (6.6)

This function permits us to express the expectation
value of the operator F as the integral

Tr(pF)= /f(a, — W (a,8)r B, 6.7)

in which F is represented by the function f(a, —s)
associated with it by the correspondence C(s).
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By referring to Egs. (6.1) and (6.2) we find that the
function W(a,s) is also the weight function for the
density operator p in the expansion

p=/W(a,S)T(a, —s)rd%. (6.8)

This relation, we note, affords an alternative way of
deriving the integral expression (6.7) for the ensemble
average Tr[pF].

By comparing the definition (6.6) with Egs. (3.13),
(4.12), and (5.9) we may identify the function W (a,s)
for s=—1, 0, and 41 with the functions {(a|p|a),
W (), and 7P (e), respectively:

(a|play=W(a, —1), (6.9)
W(a)=W(a,0), (6.10)
Pa)=7"W(a,1). (6.11)

If in Egs. (6.7) and (6.8) we let s=—1, 0, 41, we then
obtain, respectively, Egs. (5.6) and (5.11) for the case
of the function {a|p|a), Egs. (4.18) and (4.10) for the
case of the Wigner distribution W (), and Egs. (3.3)
and (3.2) for the case of the P representation.

By comparing the definition (6.6) with Egs. (6.3)
and (6.4), we see that the function W(a,s) and the

density operator p are related by the correspondence
C(—s):

p= ?,io prm(—=9)((@)am)_,,  (6.12)

W(ays) = i pn,m(“‘s) (a*)"a'".

n,m=0

(6.13)

Thus in the integral (6.7) for the ensemble average
Tr[oF] the functions f(a, —s) and W (a,s) bear to the
operator F and p the relationships C(s) and C(—s),
respectively. If in Egs. (6.12) and (6.13) we put
s=—1,0, +1, then we may recover the earlier relations
(5.20), (5.21), (4.19), (4.21), (3.10), and (3.11), which
obtain for normal, symmetric, and antinormal ordering.
A simple illustration of the weight function W (a,s)
is provided by the density operator for a pure coherent
state, p=|B){8|. According to the definition (6.6) the
function W (e,s) is given by the matrix element

W (a,8)=(B| T (,9)|8),
which is evaluated in Eq. (1.6.36). By using that result

we find
( 2|a—ﬂ|2>
P - )’

which shows that the function W (a,s) has an essential
singularity at s=1 and is for Res<1 a Gaussian ex-
ponential with a maximum at a=p. By referring to
Egs. (6.9)-(6.11) we see that the weight functions

2
W (a,s)= 1——— ex

—Ss

(6.14)
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{e]p|a), W(a), and P(a) are given by
(a|pla)y=elerrt, (6.15)
W (@) =2¢-2=B12 (6.16)
P(a)=8®(a—0), (6.17)

where the last expression is obtained by using the
limiting process (3.15) for P(«).
By using Eq. (1.6.16) we find

W(a,s*) =W (a,5)*, (6.18)

which shows that the function W(e,s) is real for real
values of s. By using either the general expression (6.7)
or the relation (I.6.45), we may write the expectation
values of the s-ordered products as the integrals

Tr[p{ (a")"a™} )= / (&) "a™W (a,s)n d%:.  (6.19)

This expression is a generalization to arbitrary s of
Egs. (5.17), (4.23), and (1.3) which apply for s=—1,
0, 41, respectively. By setting »=m=0 in this rela-
tion, we find, as the normalization condition for W (a,s),

1=Trp= / W (a,8)7'd%. (6.20)

The expectation value of the s-ordered displacement
operator D(£,s) may be obtained from Egs. (I.7.11)
and (6.7) as the integral

Tr[pD(¢,5) ]= / s =8 (o, 5)r 1%, (6.21)

Let us define what we may call the s-ordered character-
istic function X(&,5) by the relation

X(&s)=Tr[pD(¢s) =€l (8),  (6.22)

where X(£) is the characteristic function introduced in
Sec. IV. We see from Eq. (6.21) that it is the complex
Fourier transform of the function W (a,s),

x(£,5)= f et ()M,  (6.23)

and by referring to Eqs. (1.3.4) and (1.3.5) we find as
the inverse relation

W (ays) = / et =ty (£ 5)m 1% (6.24)

These Fourier transform relations generalize to arbi-
trary s the earlier relations (5.15) and (5.16), (4.8)
and (4.9), and (3.21) and (3.22), which are realized
when s=—1, 0, 4-1.

We noted in Sec. IV that the function X(§) is a
uniformly continuous function that is bounded by
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unity. The function X(£,s) is therefore a continuous
function of ¢ and, of course, an entire function of s.
It is bounded by

[X(%,5)| <exp(3 Res [£]?). (6.25)

By using Egs. (6.19) and (6.22), we easily find the
relation

omtmy (£,5)
9gmd (— £*)m

According to Eq. (1.6.28) the eigenvalues e,(s) of
the operator T'(a,s) are given by

2 /s+1\"
e,.(s)=————<———> .
1—s\s—1

Tr[p{ (a")"a™}]= (6.26)

£=0

(6.27)

We note that they are all positive and less than unity
for s real and <—1, with the limiting values e,(—1)
=0J,,0. Thus the function W (a,s), being the expectation
value of T'(a,s), satisfies the inequality

0<W(a,5)<2/(1—5) (6.28)

for s real and <—1. By examining e,(s) and e;(s) we
see, furthermore, that the full set of eigenvalues is not
positive unless s is real and < — 1. The function W (a,s)
is therefore positive definite for all density operators
only when s is real and <—1.

Since every density operator is in the trace class,
we know from the analysis of Sec. VII of I that the
function W (a,s) is a uniformly continuous function of
a for Res<0. By using Eq. (1.7.43) and the fact that
Trpo=1, we find that the modulus of the function
W (a,s) is bounded by

[ W (a,5)| <2/[1—s] (6.29)
for Res<0.
Since every density operator is a bounded operator,

we may obtain from Eq. (I1.7.38) the relation

1> Trp2> / | W (a,5)| 2 'd%: (6.30)

for Res<0, in which the first and second inequalities
are equalities only when the density operator repre-
sents a pure state and when Res=0, respectively. From
the analysis of Sec. VII of I we may assert further that
the function W(a,s) is analytic in s and infinitely
differentiable with respect to « and «* throughout the
half-plane Res<0. The function W(e,s) may be rep-
resented by a power series? in the variables s, ¢, and
o* for Res<0.

As the line Res=0 is crossed, however, the function
W (a,s) retains, in general, none of the properties which
we have observed in the half-plane Res<0. As we noted
in Sec. VII of I, for each density operator p there is a
non-negative number x(p) such that the function
W (a,s) remains square-integrable and infinitely dif-
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ferentiable for Res<x(p), but not for larger values of
Res. Our examples in Sec. VII will show that the
quantity x(p) is arbitrarily small for certain classes of
denisty operators. The function W (a,s) typically has a
singularity of some sort on the line Res=x(p) and be-
yond that singularity it lies outside the class of tempered
distributions.? In Sec. ITI we mentioned the result that
the weight function P(a) of the P representation is
singular for all pure states. Thus for such density
operators the quantity x(p) lies in the interval

0<x(p)<1. (6.31)

The dependence of the function W(a,s) upon the
parameter s is expressed by the convolution law
(1.7.32), according to which we have

2 2]a—B|? &8
W (ays) =— / exp(——)wm,z>~ 6.32)
t—s t—s T

for Res<Ret. This Gaussian convolution tends to
smooth out any unruly behavior of the function W (8,t).
It shows clearly why the quasiprobability distribution
W (a,s) becomes progressively better behaved as Res
decreases. We note also from Eq. (6.32) that the
function W (a,s) obeys a second-order partial differential
equation analogous to the heat-diffusion equation. This
property leads to an instructive analogy which we take
up in Sec. IX.

The convolution law (6.32) provides us with a
number of integral relations between the functions
considered in Secs. III-V. If we assume that the P
representation exists for the density operator p, then
by letting {=-1, and s=0 and —1 we may express
the Wigner function W(a) and the function {a|p|a)
as the integrals®

W(@)=2 / 218D (8) 228 (6.33)

and

(alpla)= f clempE)Es.  (634)

Similarly, since the Wigner function W(a) exists for
all density operators p, we have in general the relation?

(a[p1a>=Z/e_zla_ﬁle(a)W_ld%. (6.35)

Let us now suppose that we wish to find the ensemble
average of the s-ordered product {(a")?a™}, but that
we know only the function W (e,f) and not the function
W (a,s) or, alternatively, that the function W(a,s) is
too singular for the relation (6.19) to apply. We may
in such a case use the relations (I.5.13) and (1.5.14)
to express the s-ordered product in terms of {-ordered
products and so obtain the desired expectation value
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as the integrals

Thlp{ (at)am} ,J=mz(g—3)m / (@
(

2|a|?
X Lm (n—m) )W (a't)w_ldza (636)
s—t
I—s\"
()]
2
2|al?
XLn(m—n)( )W (a,t)w—ld2a . (637)
s—1

VII. EXAMPLES OF THE GENERAL QUASI-
PROBABILITY FUNCTION W(a,s)

We now illustrate the results of the preceding sections
by constructing the function W(a,s) for some simple
density operators and by using it to evaluate the
ensemble averages of a variety of observables. We have
shown in Sec. VI that the function W(a,s) is a well-
behaved function of both a and s when the real part of
s is negative. The examples of the present section will
verify this behavior and will illustrate some of the
singularities that occur for Res>0.

By referring to Egs. (1.6.17), (6.27), and (1.6.38),
we see that for ¢ real and <—1 each operator T'(v,t)
is Hermitian, positive definite, and of unit trace. The
operators T'(v,t), which we have introduced for other
purposes, therefore form for {<—1 a two-parameter
family of density operators.

This family of density operators in fact describes a
broad class of physically important fields. For ¢t=—1
the operator T'(y, —1) describes a coherent field of
amplitude v,

Ty, —1)=|v)l, (7.1)

as is shown by Eq. (1.6.29). According to Eq. (I1.6.26)
it characterizes at the other extreme, when y=0 and
t< —1, the general chaotic field®

< (n)

2

(n)+1 =0 \(n)+1

in which the mean number of quanta (x) is given by
(n)=—30+1). (7.3)

The operator T (y,t), regarded as a density operator,
describes more generally the field that results from the
superposition of a coherent signal of amplitude v,

T(y,)=DH)T0,5)D(v),

T0,)= )"lnxnl (2

(7.4)

upon a chaotic field with a mean member of quanta
(n)y=—%(+1). By using Eq. (1.6.25) we may write
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the density operator T'(y,t) in the suggestive form

T(y,t) = (1—e*) exp[—BN(v)], (71.5)
where
t+1
B(H)=— ln(t—;—1> (1.6)
and
N(y)=D(y)a'aD ' (y)
=dla—vya'—y*a+|y|% (7.7)

For 1< —1 the parameter 3 is real and positive with
the limiting value of B= o for {=—1. The operator
(7.5) for y=01s of the type which describes the thermal
equilibrium state of an electromagnetic field mode. If
this state is exposed to the radiation from a prescribed,
¢-number current distribution then the appropriate
density operator® is given by Eq. (7.5), with v0.

By using Eq. (1.6.39) we may obtain the function
W (a,s) for the density operator T'(y,t) as the trace

W (e,5)="Tr[ T (v,$)T (,5)]
2 2]a—|?
)

2 —2[a—7]?
= exp( ) (7.8)
2n)+1—s 2(n)+1—s
The weight function P(a) of the P representation, the

Wigner distribution W (), and the function W (a, —1)
correspond to the values s=1, 0, —1 and are given

by
W(a,1)=1rP(a)=<—:L>- exp(— la;;’lz), (7.9)
W(a,0)=W(a)=<n>1+% exp< z;:;), (7.10)
W(a, —1)=(a| p[a)=<n>1+1 exp(-— l;;b. (7.11)

For the density operator T'(y,f) the function W (a,s)
has an essential singularity at s=—t=1+42(n). The
parameter x(p), introduced in Sec. VI, clearly assumes
the value

2(p)=—t=2(n)+1>1. (7.12)

The function W (a,s) is a tempered distribution on the
line Res=x(p) but not for larger values of Res, where
it increases as an exponential function of |a—v|2.

The family of density operators T'(y,f) provides a
physical characterization of the fields which may be
described by means of the P representation. For if p
is a density operator for which the function W(a,s) is

# R. J. Glauber, Phys. Rev. 84, 395 (1951).
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well behaved for Res>1, then by using Egs. (6.8) and
(7.5) we may write it in the form

p= (1= e8-0) / W (a9)

Xexp[—B(—s)N(a) Jr ', (7.13)
where s>1. Such a density operator is therefore a
linear combination, or, if W(a,s)>0, a statistical
average of the density operators T'(a, —s) which
describe the superposition of a coherent excitation
upon a thermal equilibrium state. We see from Eq.
(7.6) that the larger the value of s for which the
function W (a,s) is regular, the higher are the tempera-
ture and entropy of the thermal or chaotic component
of the mixtures (7.5) which may appear in the expansion
(7.13).

For the density operator T'(v,t) the ensemble average
of any operator F is the function f(v,f) associated with
F by the correspondence C(—1),

T[T (v)F 1= f(v,1),

as shown by Eq. (6.2). Thus in particular by referring
to Eq. (1.5.14) we secure for the expectation value of
the general s-ordered product {(a")”a™}, the result

Tr[ T (v,){ (a")"a™}]
i+s\" 2]v|?
= —_— m—n] (m—n
(oY,

N

(7.14)

In terms of the mean number of quanta () of the
chaotic component of the field, this ensemble average
may be written as

Tr[T (v,){(a")"a"}.]
=n !(n)”(l-i-;—(_;;)n'y"“”
XLn(m"”’[—%(l+%>-l]. (7.16)

When the coherent signal or prescribed current
vanishes, i.e., v is zero, we have

1—s\"
Tr[T(O,t){(a*)"a”‘}a]=6,,,,,,%!(1%)"(1—{—%) N YAY))

For large numbers of quanta, i.e., (#)>>|1—s|, we have
the approximation

Tr[T(0,){(a")"am}.]

~an,mnz{n>n[1+%(?>]. (7.18)
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For the case of normal ordering, s=1, Eq. (7.17) be-
comes

Tr[T(0,8) (a")ma™]=8n,mn n ). (7.19)

We note that the general expectation value (7.16)
factors into a part referring to the chaotic field alone
and a part representing the effect of the coherent signal
of amplitude v:

T[T (v,){(a)"am} ]
=Tr[T(0,){(a")"a™} s Iy

><L¢m~n>[—%(1+§£>—l]. (7.20)

By using the definition® of the associated Laguerre
polynomial, we find for high signal-to-noise ratios, i.e.,
for |v|Z>{n), that the two leading terms of the Laguerre
polynomial yield

TG (@)em)]
e nmin) 1—s
~(Y*)my [1+ F <1+~—~2<n>)]. (7.21)

Specializing now, first to the case of normal ordering,
s=1, and then to the case of a pure coherent field, {=1,
we find

Tr[T (v,t) (@) am]~ (v*) "y (1+numn)/|v|?)  (7.22)

and

T[Ty, =1 (D) am]= ("),  (7.23)

respectively. :

According to Eq. (I.6.51), the function W(a,s) for
the pure state of precisely # quanta, p=|#){n|, is given
by

Wala,s)= (M’! T(a;s) [ )

2 (s+1)"
B 1—s\s—1

ol 2 (Y

1—s 1—s2

The function W,(a,s) is analytic in s except for an
essential singularity at s=1, the pole at s=—1 in the
polynomial being cancelled by the zero of the factor
which multiplies it. By setting s=1—¢, 0, —1, we find
for the state |n)

Wale,1)=7P(a)

n

= (—1)7ell?
RARTER

W (@,0)=Wa(a)=2(—1)"e21L, (4]a|?), (7.26)

8(|al?), (7.25)
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Wa(a, —1)=(a| pul @)= (1) |a| et (7.27)

where 8(x) is the one-dimensional § function.

The two examples considered thus far have had the
property that the weight function P(e)=7"W(a,1) of
the P representation exists either as a well-behaved
function or as a tempered distribution. This property
cannot be true for the pure state that is the super-
position?® of two coherent states,

[¥)=N"12(lv)+8)),

since it is not of the form noted in Sec. III. The nor-
malization factor &V is given by

N=2+42exp(—3%|v—8]?) cos[Im(y*s)] (7.29)

(7.28)

and by using Eq. (1.6.35) we find easily

W ()= @/ T(@s)|¢)
vy

( 2Ia—ﬁl”>_l_ 2|a—712>
= e — —_——
1—s|_ P 1—s exp( 1—s

2

+010) exp( ~—(*—a) 0-a))

—s
+(5]7) eXP(—l—_Z_s(v—a)(B*-—a*))]. (7.30)

For this state x(p)=1, but because of the second two
exponential terms W (a,s) is not a tempered distribution
on the line Res=1.

For this density operator the functions W (,0) and
W (e, —1) are given by
W(O{,O) = W(a) = 2N—1(e_2[°“6]2+e—2|a“7|2
-+ <7 | 5)6—2(7*—a*) (6—a)
@l y)eer ) (7.31)
and by

W(a, —1)={a|p|a)=N-1(¢letI | g~la=rI?

+ (v |8)e= e )
- (5 I 7)6—(7—a)’(8*—a*)) ,

which are clearly well behaved.
Let us next consider the parametrized family of

density operators
2 e/ ()
2]

T2 = \(ayt2

where (n) is the mean number of quanta and only even
numbers of quanta are present. If we set

y={(n)/ ({n)+2)

(7.32)

Pln)

)”I m)(2n|, (7.33)

and by
t=—(1+v9)/(1-v9)< -1,
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then, by using Eq. (1.6.22), we may write

pPin)= (1 - t)—l[T(O,t_l) - tT(O’t)] ’
so that we have, on using Eq. (1.6.39),
W(Ol,S) = TrEP(MT(a’S):I

2 |: ¢ (2|al2) 1
1—ils+t s+ s+t

Xexp(jiﬂj)] . (1.34)

The function W(x,s) has essential singularities at
s=—1t>1 and at s=—¢"1<1. As the mean number of
quanta (z) tends to infinity, the parameter

x(p)=—1"

approaches zero. The P representation does not exist
for any member of this family of density operators.
The Wigner distribution and the function {(a|p|e),
on the other hand, are given by

2
W @) =T (@)= (e —tetler) - (735)
-1

and by
W (e, —1)=(alola) Z[t (Z'alz)
a, —1)=(a|p|a)=— ——exp| —
1—ii—1 P 1—¢
. ( 2|a[2):| (7.36)
exp( — , (7.
1—¢1 P 1—¢1
respectively.

In Egs. (2.1) and (2.2), the operators ¢ and o' are
defined as linear combinations of the operators ¢ and
$ with coefficients involving an arbitrary real parameter
A. Let us alter the scale parameter \ to the new value
N and consider the new set of operators®

o' = (2h)-12(N'g+iN'-1p) (7.37)

and
a't=(28)712(\'g—iN-1p), (7.38)

which are appropriate, for example, to the description
of a field amplitude in a medium with a different
dielectric constant. These operators have the same
algebraic properties as the operators ¢ and ¢f. In
particular, the operator a’ possesses a complete set of
eigenstates |B)’:

a@'|8)=8|B) . (7.39)

We now consider the ground state |0)’ in the primed
system. In terms of the operator

D' (§)=exp(ta't—£*d’),
the characteristic function X’(£) for this density oper-

- @3 R, Klauder, J. McKenna, and D. G. Currie, J. Math. Phys.
6, 734 (1965).
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ator is given by

X' (§)="0|D’'(&)]0)
=Y0| &) =¢ 18172,

By putting r=X"\" and é=x-14y, we see that
D(x+1iy)=D'(ra+irly).
Thus we find for the unprimed characteristic function

X(&)="0|D(®) |0y

the value

X(x,y)=exp[ —3 (2> +r %], (7.40)

where
X (2,9)=X(x+1y).
If we now use Eq. (6.24), we find

W @)= [oplat—atetbsl e,
or, in real notation with W (u,v,s)=W (u-+1v, s5),
W (u,v,5)= / exp[Zi(xz}— yu)+3 (s—r2)a?

+3 (s—r )y Jrldxdy
2
L9097

2u? 297

Xexp[ — ] (7.41)

r2—s 7l—s
The function W (a,s) has essential singularities at s=7?
and at s=7% By letting the ratio =X\’ depart
sufficiently far from unity, we may move one of the
singularities down to the line Res=0 and make the

parameter
%(p) =min(r2r2) (7.42)
arbitrarily small.
The P representation does not exist for any member
of this family of density operators, except for the special
cases =1, for which we have

P(a)=06®(a). (7.43)

By setting s=0 and s=—1 in Eq. (7.41), we find that
the Wigner function W(a) and the function {(a|p|e)
are given by

W (4,9,0) = 2 exp(— 2r%u?— 2r—24?) (7.44)
and by
W H 2 (—2r2u2—2v2) (7.45)
u, v, —1)= ex , 4
|7| 47| P 241

respectively.
As a final illustration, let us consider the expectation
values of the s-ordered products for the state |0)'.
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They are given by the integrals
Y0[{(a")"am},|0)’

= (ur)42 / (uw—1v)*(u+iv)me @ Prdudv, (7.46)

where we have put
Wi=30=s), i=30t-s).

If we put #=m we may find a generating function for
these quantities by forming the series

> (u)7y" 0l (@) e}, |0y

= (e f expl— (= 3)16— (v—3)0¥ -

_ <1_ (ut+ v)y+ 2;_”‘)1/2.
u uv

If we now compare this relation with the generating
function® for the Legendre polynomials P,(z),

(1 —=2hz+m)"12= f‘, hP,(2),
n=0
then we find, on making the identifications
h= () ™2y, z=3[(u/v)"*+ (/w)"],

the result
Y0[{ (a")"a"}.]0)’

= 1) 2P G (/)12 (o))

=n!27[ (12—s) (r2—s) 2

I/ P2—s\V2  fp2—g\112
e (L)) ] oo
2L\r2—s ri—s
In particular, for s=0 we have

Y0l {(aD)rar}o|0) =n127"Pn(G(r*+77), (7.48)

from which the mean number of quanta may be shown
to be

(n)="\(0]ata| 0y =} (r—r =1 (/N =N/N2.

(7.49)

VIII. ANALOGY WITH HEAT DIFFUSION

It is possible to draw an instructive analogy between
the function W (a,s) and the temperature distribution
on a plane. We discuss this analogy in the present
section and draw from it the conclusion that for every
density operator the function W(a,s) must at some
point in the half-plane Res>0 either assume negative
values or cease to be normalized.

# Reference 29, p. S1.
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By differentiating the Gaussian convolution (6.32)
or, equivalently, by using Eq. (I1.7.33), we find that
the function W(a,s) obeys the second-order partial
differential equation

1 02W (a,s)

oW (a,s)
= (8.1)
as 2 da*da

If we express this equation in terms of real coordinates
by writing a=x-+4y and W (x,y,s)=W (x+1y, s), then
it assumes the form

oW (x,y,s) 1

2
———( | )W(x,y,s>. (82)
as 8\ox?  0y?

This is a species of heat-diffusion equation in which
the function W (x,y,s) plays the role of the temperature
at the point (x,y) and the variable s corresponds in a
negative sense to the time variable, s=—¢ In this
analogy the convolution integral (6.32) is Poisson’s
solution for the temperature in terms of the tempera-
ture distribution at an earlier time.

The differential equation (8.2) may be viewed as a
conservation law expressing the assumed absence of
sources or sinks of heat. It is a well-known feature of
solutions to the heat-diffusion equation that, in general,
they cannot be extrapolated into the past without the
appearance of singularities at some point. These singu-
larities, which represent the sources that originally
supplied heat to the plane, correspond to the singu-
larities exhibited by the function W (a,s) for Res>0.

We have seen in Egs. (6.20) and (6.28) that the
function W (a,s) is normalized and non-negative when
s is real and <—1. It therefore corresponds to a tem-
perature distribution that for times later than {= —s=1
is non-negative and describes a unit amount of heat on
the plane. With the passage of time the heat diffuses
over the plane according to the convolution integral
(6.32). Since there is only a unit amount of heat at
time {=-—s=-1 and since the plane is of infinite
extent, the temperature at each point on the plane
tends ultimately to zero after a sufficiently long time.
This property of temperature distributions is true also
of the function W (a,s) since, according to the inequality
(6.29), the modulus of W (a,s) goes to zero as —s=¢
tends to infinity.

It is evident that a temperature distribution that is
normalized and non-negative at the time {=—s=1
cannot have been normalized and non-negative at all
prior times. For if this were the case, then by the
argument given in the preceding paragraph the tem-
perature would be zero at all points of the plane. We
may prove the corresponding statement for the function
W (a,s) by using the convolution law (6.32).

Let us assume that the function W(a,s) is non-
negative and normalized at some real and positive value
of s=u4>0. Then for Res<#, the modulus of the ex-
ponential which appears in the integral (6.32), where
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we replace { by # to avoid confusion with the time
variable, is less than unity. We have, therefore, since
W (B,4) is non-negative by assumption, the inequality

[ w QB,M)(—Z?.

If the function W (8,u) is also normalized in the sense
of Eq. (6.20), then the integral over 8 is unity and we
may write

[W (e5)| <

2
u—s

[W (@,5)| <2/ |u—s| (8.3)

for Res<u. Thus if the function W (a,#) were non-
negative and normalized for all positive values of #,
then, by letting # approach infinity in this inequality,
we would find that W (a,s) is identically zero. We have
shown, therefore, that the function W (e,s) must either
assume negative values or cease to be normalized at
some point s=#>0.

If the modulus of the function W (a,s) exceeds the
value 2|u—s|1 specified by Eq. (8.3) for any value
of u>Res, then we may conclude that the function
W (a,s) either assumes negative values or is not nor-
malized for s=u. The smallest value of % for which the
inequality (8.3) is violated may therefore be used as
an estimate (or, more precisely, an upper bound) for
the smallest value of Res at which the function W (q,s)
takes on negative values or ceases to be normalized.

We may illustrate the use of this estimate by con-
sidering the density operator 7'(v,t) for which the func-
tion W (a, —1) is given by Eq. (7.11) as

1 la—y/?
W(a, —1)= exp(-— ) ,
(n)+1 (n)+1
where (n)=—2%(+1) is the mean number of quanta.
This function attains a maximum value of ((#)+1)7!
at a=+. Thus by setting s=—1 in Eq. (8.3), we find
that the inequality

1 2
<
n)+1 u+t1

breaks down at

u=1+42(n).

We estimate then that the function W(a,s) will mis-
behave in some way at this point or at a smaller value
of Res. According to Eq. (7.8) the function W (a,s)
has an essential singularity at s=1-+42(r) for which
value it may be written as

W, 14-2(n))=m6® (a—7).

This singularity corresponds to a unit amount of heat
concentrated at a point a=+ at the time t=—1—2(n).

IX. TIME-REVERSED HEAT
DIFFUSION AND W(a,s)

According to the analogy developed in Sec. VIII,
the extension of the function W(a,s) from one value
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of s to another with a larger real part corresponds to
the continuation of an initial temperature distribution
to prior times. We derive various procedures for doing
this in the present section.

One method is to make use of the simple exponential
dependence of the function X(£,s) upon the variable s,

X(S’s) = e<8_t) l EI2/2X (E7t) )

in conjunction with the complex Fourier transform
relations (6.23) and (6.24) which connect the functions
W and X. In this way we express the function W (a,s)
in terms of W (8,f) as the double integral

W)= [ [eplle—e—

+3(s—2) | |2IW 8,07 *dBd*%

in which the integration over 8 must be done first unless
Res<Ret, in which case the double integral reduces to
the convolution (6.32).

A second method permits us to avoid integrating
twice at the expense of introducing another complex
variable. Let us define the function W(a,8,s) as the
integral

9.1)

W (a) = / et (g midE. (9.2)

This function may be shown? to be analytic in all three
variables for Res<x(p). The function W(a,s)
W (a, —a*, s). Let us consider the integral
25—t [ W ek, 4% 1)

Xexp[—2(s— &) |y|*Jr1d%y .
By writing W in terms of X, we express it as the double
integral
20— [ x(et) el e+ G-

—2(s—8)7t|y | Jr2dy %

If Res> Ret, we may use the formula (I.A2) to integrate
over the variable v, after which it reduces to

/ X (§,8)et" B IdPE

which we recognize as the expression (9.2) for W (a,8,s).
Thus we have the integral formula

2
W(“;B)S) =

s—1

W (a+, B+v*, t)

_2l7|2 dz'y
ol 20
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for Res> Ret, which if we set 8= —a* becomes
2
W(a)s)=_t W(a+7y 7*—0'*’ t)
s—
-2 |'7|2 ay
Xexp( )— (9.4)
s—t T

In asimilar fashion, by expressing W (v,y*,f) in terms
of X, we may verify the relation

W(a,ﬁ,S)—~—2~eXP(——-> f W rrt)

s—
2(ev*+By— v [D\d™
exp( )——- (9.5)
S— ™
for Res>Ret. At 8= —c* this relation reduces to
2 |er]?
W (e, s)-————exp( )/W(’Yﬂ it)
s—1
2(ev*—a*y—[v[)\dr
Xexp( )— (9.6)
s—1i T

We may illustrate these relations if we observe that
according to Eq. (5.22) the weight function R(8*)
of the R representation and the function W (a,B,s)
stand in the relationship

R(B*a)=e"W (o, —*, —1). (9.7)
Thus by putting s=-+1 and {=—1 in Egs. (9.4) and
(9.6), we may express the weight function of the P
representation as the complex Fourier transforms

P(a)=7r_ze“'“]2/e"‘7*—°‘*"R(a*—~'y*, at+y)d>y (9.8)

and23
P(e) =7r—2e|"‘1'/e°‘7*"°‘*"R(—'y*, Tdy. (9.9)

X. PROPERTIES COMMON TO ALL QUASI-
PROBABILITY DISTRIBUTIONS

In Sec. VI we introduced a parametrized distribution
function W(e,s) in terms of which ensemble averages
may be expressed as weighted integrals. It is instructive
to consider what features of this scheme are necessary
ones that must be shared by any scheme for expressing
quantum-mechanical ensemble averages as weighted
integrals. The present section is a discussion of this
point.

Classically, the ensemble average of a quantity f(e)
may be written as an integral over a phase-space

% C, L. Mehta, Phys. Rev. Letters 18, 752 (1967).
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probability distribution p(a) in the form

)= / f@)p(r . (10.)

Our method for carrying over some of the simplicity
of this expression into the quantum theory is repre-
sented by the relation (6.7)

Tr[oF]= ff(a, — W (a,s)md%,  (10.2)

in which the functions f(a, —s) and W (a,s) are related
to the operators F and p by the correspondences C(s)
and C(—s), respectively.

Let us now assume that we have an alternative
scheme for expressing the quantities Tr(pF) in forms
resembling the classical expression (10.1), i.e., that for
every density operator p and every operator F we have

Tr[pF]= f fl@wle)rda, (10.3)

where f(a) refers to F and w(«) to p. The correspon-
dence between F and f(a) implicit in the scheme
(10.3) must be linear since the trace Tr[pF] is linear.

Let us denote by fam(a) the function associated
with the operator |n){(m| and by X(a) the operator
defined by fam(e)=(n|X(a)|m). Since the corre-
spondence F <> f(e) is linear, it must associate with
every operator F

F= 3 [n)ulF|m)m]
the function

fla)= §0<n1F|m>fn,m(a)

n, m=

=T FX()]. (104)

Thus the correspondence implicit in the alternative
scheme (10.3) assumes the general form of the corre-
spondence C(s):

F(—: fla, —=s)=Tr[FT(a, —s)].

If we now substitute the expression (10.4) for the
function f(a) into Eq. (10.3), then we find

Tr(pF)= /Tr[FX(a)]w(a)r‘ldza . (10.5)

Thus letting F= |n)(m|, we have for all states |#) and
|m) the result

(m)o|ny= / (| X (@) | mpwle)rida,  (10.6)

DENSITY OPERATORS

1901
which implies that

p= / X(a)w(a)rd%. (10.7)

This expansion corresponds to Eq. (6.8).

By again invoking the linearity of the trace in Eq.
(10.3) or by referring directly to Eq. (10.7), we see
that the correspondence p <> w(a) must also be linear
and must therefore assume the form

w(@)=Ti[pY ()] (10.8)

for some set of operators ¥ (a). This relation, which
corresponds to Eq. (6.6), in turn implies, by the argu-
ment we have given, that Eq. (10.3) is equivalent to
the representation

F= '/Y(a)f(a)w_ld2a s (10.9)

which corresponds to Eq. (6.1).
We now observe that from Egs. (10.7) and (10.8)
we have

w(a)= f w(B) Tr[ X (B)Y (o) Ir'd%6  (10.10)

and from Egs. (10.4) and (10.9),

fla)= / £6) X @Y ()T 6. (10.11)

Since these relations are assumed to hold for all p and
F, we must have

Tr[X (B)Y () ]=w0® (a—p),
which is the analog of the orthogonality rule
T T(,5)T (8, —s5)]=m® (a—B).

So far we have exploited only the linearity of the
scheme (10.3). If we now assume that it offers some of
the simplicity of the classical procedure (10.1) then
for some species of ordered product, let us write it as
[(a*)"a™],, where ¢ denotes the type of ordering, we
must have?®

Tr{p[ (a") a™],} = / () ra™w(e)nd%. (10.13)

(10.12)

It is the type of ordering involved in this relation that
distinguishes the arbitrary scheme (10.3) from the
procedure of Eq. (6.7). There is a great deal of latitude

3 The characteristic function x(e¢) and the displacement
operators D(a), discussed in Sec. III of I, form the basis for a
scheme of the form of Eq. (10.3). The roles of the function w(a)
and of the operators X (o) and Y (a) are played by x(a), D(—a),
and D(a), respectively. Equations (10.3), (10.4), (10.7)-(10.9),
and (10.12) correspond to Egs. (1.3.23), (4.2)-(4.4), (4.1), and
(I.3.11), respectively. This scheme does not, however, conform
to Eq. (10.13) as is shown, for example, by Eq. (6.26).
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here; for, although we have considered a complex plane
of orderings in the procedure of Sec. VI, there exists a
considerable variety of other types of ordering. The
three ways of ordering the operators p and ¢ considered
in Sec. IV of I, for example, are easily generalized to a
complex plane of ¢, p orderings.

If, however, the relation (10.13) should apply to the
s-ordered products for some value of s, then, by forming

K. E. CAHILL AND R. J. GLAUBER
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the ensemble average of the series (2.7) for D(&,s), we
would obtain the relation

PHYSICAL REVIEW VOLUME
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x(£,5)= / efe*—a*ly (o)1 1%, (10.14)
which upon Fourier inversion would imply
w () =W (a,s).
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Nuclear Interactions and Cosmic Radiation at Energies around 10° GeV
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The results of a series of Monte Carlo simulations of extensive air showers are compared with experi-
mental data from the Sydney 64-scintillator array and other experiments. The work has had two main
objectives: (a) the study of the composition of cosmic radiation around 108 GeV; (b) the study of nuclear
interactions at very high energies. In the first field, evidence is produced to show that the composition of
cosmic radiation is much the same at 105 eV total energy as at 5X10% eV total energy. Above about 3106
€V the composition changes, the beam becoming progressively richer in heavier nuclei up to energies of
about 1077 eV. In the second field, the main result reported is that at energies above 10 eV there is evidence
that much higher transverse momenta occur than at machine energies. If true, this implies that a force is
acting which is much stronger than the normal strong interaction.

1. INTRODUCTION

ERY high-energy nuclear interactions can only be
studied using the cosmic radiation. Up to energies

of ~2X 10" eV, occasional interactions in very large
emulsion stacks can be found. Above that energy the
events become too rare for this method, and then air-
shower techniques (sometimes involving emulsions)
must be used. Several recent experiments' have sug-
gested that new fundamental processes may become
important above 10* eV; hence it is more important
than ever to study this region. In particular, we wish
to know the composition of the radiation and how it
varies with energy, both because this would make our
study of the fundamental interactions easier and also
because it is of considerable interest to astrophysicists.
In recent years considerable progress has been made
experimentally. We can now study the core region of
air showers in considerable detail. Until recently, how-
ever, progress was hindered because the mathematical
methods available were not able to relate these detailed
properties of the fundamental parameters of the basic
nuclear reactions and the nature of the primary particle.
However, this is no longer so. With the improvement in
speed and storage capacity of modern computers it has

* Work supported by the Science Foundation for Physics of the
University of Sydney, and by the U. S. Air Force Office of Sci-
entific Research under Grant No. AF-AFOSR-676-66.

1C. B. A. McCusker, Can. J. Phys. 46, 397 (1968).

become possible to calculate quite fine details in air-
shower core structure and so on from the fundamental
parameters using Monte Carlo techniques. In this
paper we report the results of such calculations using
four different primary particles (with 4=1, 4, 16, and
64), eight different models of the fundamental nuclear
interaction, and three different primary energies. These
theoretical calculations are then compared with the
results of experiments at Sydney and elsewhere.

We conclude that there is good evidence for the
occurrence of very high transverse momenta in nuclear
interactions at energies 210" eV and that this implies
the existence of some very strong force; that the com-
position of the cosmic ray beam is roughly constant
up to about 2X 10" eV; and that from this energy up
to about 10'7 eV it becomes progressively richer in
heavier nuclei.

2. SIMULATION PROCESS

In the simulation process we supposed that incident
particles of atomic weight 4 and energy E, were in-
cident vertically on an exponential atmosphere and
aimed at the center of a 9X9 array of scintillators. Each
scintillator measured 0.5X0.5m, and they were in
contact. The position in the atmosphere of each inter-
action of all hadrons was sampled by the Monte Carlo
technique from a distribution giving a mean free path
of A\ g/cm?. The numerical value of X was 90 g/cm? for
protons and pions, and 65, 43, and 42 g/cm? respec-



