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Dequantization Techniques for Weyl
Quantization

By

Mark A. HENNINGS*, Daniel A. DUBIN** and Thomas B. SMITH***

Abstract

By quantization we mean the linear bijection from &' (II) to £(S®), S (R)) due to Weyl, and
by dequantization we mean its inverse. We propose two new, but related, dequantization schemes.
The first is adapted to knowledge of the matrix elements (with respect to the Hermite—Gaussian
functions) of the operator to be dequantized, while the second is adapted to its integral kernel. Qur
dequantization schemes are completely general. We apply these methods to the case where the
operators in question are Toeplitz operators related to functions of angle on phase space. This
enables us to compare the symbols of these Toeplitz operators with the functions of angle
themselves.

§ 1. Introduction

When correctly constructed in the context of the rigged Hilbert triple
SRS L*(R) €S (R), Weyl quantization provides a linear bijection between
the space S (II) of tempered distributions on phase space II=IR? and the space
(B M), S (R)) of continuous linear maps from S (R) to S (R). However,
effective formulae for dequantization are thin on the ground. Some symbolic
formulae exist, but these are only rigorous when dequantizing observables
which are particularly well-behaved. For example, a simple formula exists for
the phase-space function whose Weyl quantization is a Hilbert-Schmidt operator
on L2(R). In cases where such formulae cannot be justified, it is not clear to
what extent they can still be used to obtain information concerning the
dequantization of observables.

In this paper we exhibit how explicit formulae for the dequantizations of
general observables can be obtained. Two main approaches are discussed. Both
of these approaches are essentially the same, but they have differing areas of
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utility, in that one is of use when considering observables for which an integral
kernel is known, while the other is of use when considering observables for
which the matrix coefficients with respect to the Hermite Gaussian functions are
known. It is frequently the case that an observable is known in one or other of
these forms — while either form gives, in principle, complete information about
the observable, in practice it is often extremely difficult to analyze the
properties of these observables. For example, it can be hard to derive the
matrix coefficients of an observable from its integral kernel representation, or
vice versa.

In particular we apply these results to considering the dequantizations of
observables which are functions of the quantum phase angle alone. More
explicitly, we consider that class of Toeplitz operators which are frequently
cited as being quantum mechanical observables providing information about the
quantum phase angle. We consider their dequantizations (with respect to Weyl
quantization) and compare the result with the corresponding function of the
fundamental phase space angle. We are therefore obtaining knowledge of the
relationship between the Weyl quantizations of these functions of phase space
angle and the matching Toeplitz operators. We show how the Toeplitz operators
are, in some sense, deformations of the Weyl quantized observables, and provide
some asymptotic information concerning the nature of these deformations.

Let us write 4:3 (D=2 (B (R), S (R)) for Weyl quantization, so that, if
Te S (), then A[T] is a continuous linear map from SR) to S (R). In many
cases A[T] is more regular than that, for example A[7] may be a bounded
operator on L? (IR), but the rigged triple framework provides the necessary
freedom to include essentially all the operators of interest in quantum
mechanics.

Now, in practice, determining a closed form expression for A[T] in
particular cases is not easy, but determining T explicitly from A[7] is even
more difficult. Moreover, if a closed form for 7 is not known, the currently
known approximation schemes are rather crude. For example, there is the
formal expression

T®, 9 =Tr(Ap, @ ALTD), (1.1
where

(A, A (x) =2e2?5-2f(2q—1), fEL*R). 1.2)

Aside from the fact that A[7] will not usually be trace class, and 4 (p,q) never
is, equation (1.1) is not easily evaluated. Using it as an approximation scheme,
there is no assurance that an expression like

N
T, =) ew Ap,q)AITIeD (1.3)

k=1
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will be close to T for any integer N or any choice of orthonormal basis f{ei:k=
1} for L2(R).

In recent work [6, 7], we pointed out that in the modified Dicke model of a
laser [2], the thermodynamic limit which is used in that model has the effect of
dequantization, in a sense which we shall clarify below.

Setting aside the physics of the model, this provides us with a new
technique for dequantization. As the function classes involved can be chosen
explicitly, and the limits to be calculated are referred to appropriate topologies,
the technique also supplies us with a rigorous approximation scheme.

Before introducing the new procedure, we briefly recall the basic theory of
quantization and dequantization adapted to the rigged triple

S SL) (RS (R), (1.4)

where S (R) is the Schwartz space of C*-functions of rapid decrease at infinity,
and &' (R) is the space of tempered distributions. Quantization begins with the
continuous homomorphism % of S(IR?) into S{II) given by the formula

[9F1 (b, =5 RF(q-i‘%x, q—%x)e’“dx FesD. (1.5

Here and later, I is the space IR? interpreted as phase space, and the Cartesian
coordinates (p, ¢g) have the meaning of classical momentum and position (but
not of anything in particular, in this paper) . Given T € S (I), its Weyl
quantization A[T] € £(S (R), S (R)) is defined by the formula (the square
brackets indicate the canonical duality pairings)

[AlTlg, A=IT, 4(fe9] f, g€SM®. (1.6)

In order to determine the inverse of 4, we observe that if S€Z£ (S (R),
S (R)), then it defines a separately continuous bilinear map S:J3(R) X S(R)—
C given by

S(f, p=ISq, 1  f, 9€SM. 1.7)

By the Banach-Steinhaus Theorem, §~is in fact jointly continuous, and hence
defines a continuous linear functional S on SR?) =JS(R) ®,.S([R), such that

[S,f®gl=5(f, =[S¢, 1 [, g€S®). (1.8)
Thus we can define the map D:£(S(R), S (R))—JS D) by

D(S)=(@ ") S=S 0%, S (B, S (R)). (1.9)

Regarding the properties of the map D, we have the following.
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Lemma 1.1. We have that AID(S)1 =S for any SEL (SR, 4 W),
while DALTY) =T for any TES (D).

Proof. We see that
[A[D(S)1g, F1=[D(S), 9(fe1=1[S, f@®g1 =[Sy, f]
for any SEL(S(R), S (R)) and f, g€S(R), while

[DALTY), F=[AlT], 9 'F1=IT, f]
for any T€S'(I1) and FEJS(I), so the result follows. i%

Thus we have shown that Weyl quantization is bijective, and have obtained

a formula (1.9) for the inverse D=A4""'. However, equation (1.9) is of little or
no practical use in finding the distribution D(S) explicitly. In this paper we
shall present two different solutions to this problem. In both cases we have a
fully rigorous procedure for calculating the dequantization D(S) for a given
element of S€ Z (S (R), 4 (IR)). The importance of the two methods lies in
their ranges of utility. One method would be of use in dequantizing an element
of £(S(IR), S (IR) whose integral kernel is known explicitly, while the second
is useful when dequantizing elements of £ (J3(R), 4 (R)) when what is known
explicitly are the matrix coefficients with respect to the Schauder basis {(h,:n>
0} for S(R) consisting of the Hermite-Gaussian functions. In the latter case, we
also investigate the problem of dequantizing elements of Z2(J(R),
S (R)) which are Toeplitz operators on LZ(IR) — many such operators are
considered in the literature as being the correct quantizations of functions of
the phase angle. From the point of view that we have set out in previous work
[4, 5, 6, 11, 12, 14] . it is important to compare these operators with Weyl
quantizations of functions of the phase angle alone.

§ 2. The Convolution Method of Dequantization

The method of quantization that we shall now give was obtained from a
consideration of a model of laser light (see above). For the sake of comparison,
the parameter IV in 8y refers to the number of gas atoms in the laser cavity and
(c, d) in 7.4 are parameters which fix the laser intensity.

Suppose that we have chosen a fixed element FE€ J(II) such that

[ Fo, papag=1.
For any a, bER and N>0 we consider the function Fy ., €S {I) defined by
Fres=9Y '1_q-46NF, 2.1
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where 8u.7.qs € £(JS (1)) are scalings and translations, respectively defined by
the formulae

[c..F1(®, ¢ =F(p+c, g+d)

If Se2(JS(R), S (R) we can define the functions Dr;n(S) by
[Drn(S)](a,0) =[S, Fuasl. 2.3)

Fe (D). (2.2)

The family {Drn:N € N} gives an approximation scheme for D for each
function F, as the following result shows.
Proposition 2.1. Each function Dr:n(S) belongs to S (I1), and
lim Dr.n(S) = D(S),

N—oo

where the limit is taken with respect to the weak topology on & (IT).

Proof . Direct calculation shows us that
[Drn(S)1(a,b) =1D(S), Y(Fnas)1=1D(S), 74, 18nF].
For any GEJS(ID), therefore, we have

[Dex(S), G1= [ [ [D(S),7 0 16xF1 Ga,b)dadb=D(S) 8xF G,

and so Dp.y(S) €S (ID). 1t is a standard result that

N—roo

for any G €S (1), the convergence being with respect to the Fréchet topology
on J(IT). Hence the result follows. o

We emphasize again that we therefore obtain a convergence scheme for
each FEJS(I).

If the operator S has a known integral kernel, 2 say, then its
dequantization symbol is given by

D(S)=27%(%) (2.4)

when 2 is in the domain of 4, namely when 2 € S(II). Our method certainly
gives this result. For in this case, using equations (1.8) and (2.3),

[Drn(91 @0 = [ [ 20, @ Frastp, ) dpdg
=27 [ [ (9316, @ [r-0-65F1 (,9)dpdg
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=27[92 * 8nF-1(a, b) (2.5)

where F_(p, @) =F(—p, —¢), and hence we deduce in this case that D(S) €
SI) and

D(S)=279(2).

But, unlike equation (2.4), our method is not restricted to the cases where SE€
S{I). For example, if

Sf=0)o feSMR),
then S has the integral kernel 22=¢J ®4§. Direct calculation then shows us that

[Drn(S)1(a,b) =/NF,(/Nb),

where

Py = j}; Flz, —ydz.

Standard analysis then shows us that
D(S)=1®3,

a result which can be readily checked.

So far, the choice of function F has played no role. This has been because our
examples have been so simple. We are now going to consider a more difficult
example, for which the choice

F(p, 9 =—e " (2.6)

will be useful. This example considers the quantization Alg] of the angle
function in phase space

’ r>0, —n<B<m,
¢(rcosp, VSinB):{‘B B

2.7
0, r=0. @.7)

In previous work we have shown that

f, Alolgd =%7t f];sgn(q)f@g(q)dq

~bitin [ oSl )i
(2.8a)
where
x4, L' <|z<L,

0, otherwise.

gy (@) = { (2.8b)
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Then it is clear that
Alpl =4 msgn(@ —1is, (2.9)

where SE£L(JS(R), 4 (R)) is such that

[S, G]=lim f f sgn(y)e” 'I”'gm>(x)G(y+ 1 - ; )dxdy (2.10)

L—oo

for any GEJS(II). Clearly, then,

go=%7r1 ®sgn—%iD(S). (2.11)

We shall see how the above dequantization technique provides an alternative
confirmation of the above identity. Choosing F € &S (II) to be the Gaussian,
equation (2.6), evidently

Fras®, 0=/ Nexp[~IN¢+q-26r~ 00 —iap—0)| . 2.12)
Then
[Drn(910, @
=lim\/gfjl;zsgn(y)e“’”'gn]_)(x)exp[-—N(y—q)z—ZleZ—ipx] dxdy.

Lo
This can be rewritten as

[Dr ()1, @)

—-_‘/ﬁwai_nﬂ{—qum —Ny? _quw ~Ny? }
21 T Jo X € —-q+a:/2Ne dy ¢ q+z/2Ne dy ar.

As Drn(S) is a smooth function, it is legitimate to differentiate it with respect
to p under the integral sign. Doing so, we obtain

0Dx(S) __ 2iq 4:zqe'1"‘?2 "
[ gp ](f” D= Pt pz+q \/_f Y¥cos (2Npy) dy,

and we recognize the first term as a partial derivative of 2i¢ (p,q), so it follows
that

4lgle=
[Z D) ~2i0)| 0, 0|<
Since [Drn(S)1(0, ¢)=0 and ¢(0, ¢)= —-sgn(q) we deduce that

T . — N sz’._dt_.<2 —Ng*
[Drn(S)1(p, @) +isgnlq) —2ip @, q)~£4lq|e “Jo prptme
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and hence
}/im [Den(D] (P, @) =2i0(p, @) —irsgn(qg)

whenever g#0. We note in passing that the above identity also holds (trivially)
when ¢=0 and p> 0, but not when ¢ =0 and p <0, but the required identity
then holds distributionally in &' (II), as required.

§3. Special Hermite Functions

Suppose, on the other hand, that the operator S € £(J(R), S (R)) is
known explicitly in terms of its matrix coefficients [Shy, %,], where m, n=0,
with respect to the Schauder basis for S(IR) consisting of the Hermite-Gaussian
functions. Then the above procedure for dequantization is not helpful in
calculational terms, since we would have to express each function Fy,; in terms
of the Schauder basis (%, ® h,: m,n=>0} for S (II), and it is unlikely that we
could do so simply enough for it to be used in calculations.

To deal with this case, we shall adopt an alternative approach to
dequantization, using a different Schauder basis for J(II) than that obtained
from the Hermite-Gaussian functions. The Weyl quantization procedure can then
be seen as simply changing the basis used for S (II), and hence the
dequantization procedure is immediate, involving the opposite change of basis.

The basis for S(II) that we shall now consider involves the special
Hermite functions. These functions are considered in [16] . The functions we
shall use are not exactly the same as those used in that text, since we adopt
slightly different scaling and normalization conventions.

For any m, n=0, define the function @,,,€JSI) by the formula

@y =274 (hy ®hs), (3.1)

noting that @u, »= @p.n for all m,n=0.

Proposition 3.1 The set {@pn: m,n= 0} is a Schauder basis for S (ID),

with [*2—1;@,,,,,1: m,nZO} being the matching dual Schauder basis for S (IT).

Proof. Since 9 is a continuous automorphism of & (II), and since {An, ® &,:
m,n=0} is a Schauder basis for S{D). it is clear that {D,,,: m,#>0} is also a
Schauder basis for 8 (IT). The result concerning the matching dual Schauder
basis for & (IT) follows from the orthogonality of the functions involved, since

[@k,j, @m,n] = <@],k, @m,n> :27r61m5kn, j, k, m, %20.
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It is also clear from the above that the infinite series

-

m,n=0
belongs to SI) if and only if the double series (&x..) belongs to s, so that

sup m+1)"(n+1)%Enql <o

m,n=0
for all integers 7, s=0.
We introduce the generating function &5, for the functions @, by defining

_ R
g)s,t(p: (1)— z W@m,n(pr (I) ’ sy tER (32)

m,nz0

Proposition 3.2. We have

Peip,0) =2exp| —pi— g +isG—i —itp+ip —3sf]  (3.3)
and hence we deduce that
(D, @
— (—1)mmimm jm-ngL+m—n /E]H%__m 5)2 o T ymnl gi=ms [ Umn) (5, 2)

(3.4)
for all m, n=0, where we write p+ig=re*.

Proof. The first result follows by observing that %Ps;=27%(Gs ® G;), and
the second result follows by equating coefficients of s™#" for all m, n=0.

Special Hermite functions are associated with pairs of raising and lowering
operators. Because our conventions differ from those of [16], we must modify
his definitions slightly. To this end, consider the four vector fields

W= 1(%+zi)+(p+iq),

W=%<;%~z——) (p—ig), 8.5)
and

Z=%(a—ap—i%)+(p—z‘q),

2=4(8:0) i 5.9
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Together with the identity they generate an algebra on phase space which is
isomorphic to the 3-dimensional Heisenberg algebra [7] . Their actions as
raising and lowering operators are as follows:

Proposition 3.3. For any m, n=0 we have that
W@m,n"—" iv 2m @m—l,m

— 3.7

W@m,n= iv 2m+2 @m+1,n, ( )
and

Z®Bpn=—1/20Pp 51,

“ma " (3.8)

ZPpr=—1/2n+2 Dy 111.

Combining these differential operators, we can define the two elliptic differential
operators

L=—3WW+WW), — R=—3ZZ+ZD), (3.9)
which can be written as

1 02 52 .
L_' 4 (apz | aq2> pZ I qZ l ZNJ
az 32 .

(3.10)

where the differential operator N is given by the formula

_. 0 0
N—-jré—q‘ q% (3.11a)

It is worth noting that, in polar coordinates, we have the identity

)
N_?J’?’ (3.11b)

which is of some interest, since then N is the third component of angular
momentum if II is embedded in R®*=II X IR. The special Hermite functions are
eigenvectors of these operators:

Proposition 3.4. For any m, n=0 we have that

LD, ,=2m+1)D,,,,

R®p,=(2n+1) Op . (3.12)
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We shall now show the utility of this new Schauder basis for S(II).
Proposition 3.5. For any M ,N=>0, the element AlOyy] €L (S, S (R)
1s in fact the bounded operator
AlDynl= ‘hN> <hMl (3.13)

acting on L*(R).

Proof. This result follows from the identity
[A [®M,N] hm, hn] = [@M,N,g (hn ®hm)]
=—217;[@M.N, Dyl
= 5Mm5Nn

for all M, N, m, n=0.

Another way of putting this result would be to say that @u.y is the symbol,
or dequantization, of the operator |hy> {hul.

We note, as also observed in [16], that this result implies that very easy
formulae exist for the Moyal products of the special Hermite functions @y,
since

Dk * Oyn="0;nDux, J, K, M, N=0. (3.14)

In view of these results, we now have a precise expression for the dequantization
D(S) € S () of any element SEL(S(R), S (R)) in terms of this new basis
for S (I1). The following is now immediate:

Theorem 3.1. If SEL(S(R,S V), then its dequantization D(S) € S (1)

can be written as the infinite series

D= Y [Shu, bl B, (3.15)

M,N20

which converges in & (T1).

Thus, for a given SEL(S(R), S (IR)), the problem of determining D(S) is
now simply a matter of investigating the properties of the above infinite series.

Before moving on to investigate specific cases of this dequantization
technique, we note the following useful identity concerning the special Hermite
functions, which will be of use in the theory of quantization in polar
coordinates.
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Proposition 3.8. For any M, N=0 we have that

j; mdfhp,,,,\,(rcos,ﬁ, rsinB) rdr=1{M-Ng!WN-Mig, (3.16a)
where
wae 13 (i, N) +5GM N )
_ max(M,N) !me(M,N) 3 2 5 s
= | e i) 1 . (3.16b)
mn{M, N F(Emax(M,N) +s(M,N)>
with the quantity s(M ,N) being given by the formula
1 .
s(M,N)=[2’ min (M ,N) even, (3.160)

1, min (M ,N) odd.

Proof. While this result can be proved directly from the definition for the
functions @y.n, we choose another route. Note that

j; °°ﬁvs,t(rcosﬁ, rsinf) rdr=21 :[?(GSQDG,)](rcosB, rsinp) rdr

mn mn in-mg (lmin(m,n)+s(m,n))
_ Z {mngmyngin-mb 2

2maxmn min (m,n) | j‘(%max (m,n) + s (m,n) >

mn=0

for all s,t€]R. Equating coefficients, the result is immediate.
§ 4. Dequantization of Toeplitz Operators

Of particular interest in the theory of Weyl quantization of functions of the
phase angle are the so-called Toeplitz operators. Such operators are widely used
in the literature to model phase angle phenomena. To be specific, for any
function f€ L*(T) we can define a bounded operator T (f) €£(L?*(R)) such that

oy TDh) =" F s m, n=0. 4.1)

This map is obtained in the following manner. Composing the embedding map
from Hardy space H?(T) to L*(T) with the map from L*(T) to itself consisting
of multiplication by f, and finally the Szego projection from L*(T) to H*(T)
yields a bounded linear operator on H*(T). The map T (J) is the image of this
map under the unitary transformation from HZ(I) to L?(R) obtained by
mapping the basis element ¢ of H2(T) with the Hermite-Gaussian function 7*-
h” for all n=0.

By the “standard” Toeplitz operator we mean X= T(6), where B(e®)= B for
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—n<B=m, which has been proposed as a candidate for a quantum phase operator

(9, 8, 10, 13]. Also of interest is the associated operator U= T (¢'), which is a
right-shift operator on I?(R), since Uh, = ih,y, for all #= 0. Another Toeplitz
operator is its adjoint map U*= T (¢™*), which is —i times the left-shift operator
on L*(IR) [15].

It has been the burden of much of our previous work on quantum phase that
such operators are not the primary ones to consider in connection with the
physical phenomena. We believe, in this regard, that attention should be paid to the
operators which are the Weyl quantizations of phase space functions of the phase
angle alone. To re-establish our notation for such operators, for any f€ L*(T)) we
can consider the function fug €S (II) given by the formula

fang(rcosf, rsinf) =f(e*). (4.2)

Our proposal, then, is that the Weyl quantization Alfanel of fung is the
operator which should be considered rather than T (f). However, it is clear that,
in some sense, the operator 4[fagl is a deformation of the operator T (f), and it
would be interesting to understand this deformation in detail. To do so we must
consider the difference between the distributions fang and 2 (f) in & (D), where
D(N=D(T (f) is the dequantization of the Toeplitz operator T (. We can
deduce the following result immediately.

Proposition 4.1. For any f€L*(T) we have that

ﬁmgz Z i”_'"gm,n fn—QO,n (4.3)
m,n=0
DN= ), "™ Fnm O (4.4)
mn=0
B

We note in passing that the above formula for f, yields the following
general distributional identities:

2 GmmskOmmsr (rcosB, rsinB) =i *e'®, k>0, (4.5)
m=0

and their complex conjugates. We also remark that these results show clearly
the importance of the coefficients gm,» for angular quantization.

The identities fang and D(f) may be simplified further, if for any k= 0 we
introduce the distribution Fy defined by the formula

o
Fo(r) =21+ Ypker? z (—1)M\/(M—1‘fk)—,1,y;> ©@r). (4.6)
M=0 ’
Then
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Proposition 4.2. For any f€ L™ () we have the distributional identities

[fangl (rcosB, rsinB) = z F et 4.7)
keZ
[D(H1(rcosB, rsinf) = Z ?ke’ksﬂk|(r) . (4.8)
keZ

Thus we see that the radial dependence of the distributions @ (f) is completely
contained in the distributions F%. We proceed by investigating the properties of
these distributions Fj. We need to make the following auxiliary definitions.

For any k=0 and =0 we define the function Z;,€ L' (R) N L*(R) by setting

Ly
2
exp [— 7*tanh <%V)] ————e—-1— , V>0,
Zi, (V)= COShk“(EV) (4.9)
0, V<0,
and for any a>0 we define £&,ELY(IR) by the formula
1 —%aV
s V>0,
Ea(V)=[ 2/v° (4.10)
0, V<0.

We now have the following result.

Proposition 4.3. We have that Fo() =1. Moreover, for any kEN,F, () is a
smooth polynomially bounded function given by the formula

R =) [ 2, & s aucd MY, 720 @D
Moreover we have the inequality
2kt
JCE=3)IT’
Proof. The result concerning Fy is a standard distributional result for the

Laguerre polynomials. For general k we start with equation (4.6) , and
substitute the expression

VT +k)7 TE f Fexp [—— iixf] dx...dxy .

j=1

[F (0| < r=0, k=1 (4.12)

The order of the sum and integral may be interchanged, and the resulting sum
over M inside the integral sign may be recognized as a generating function for the
Laguerre polynomials (the absolute and uniform convergence of this series



WEYL DEQUANTIZATION 339

justifies interchanging the order of the sum and the integral). Changing to polar
coordinates in IR*, the angular integrals can be performed immediately, as the
integrand only depends on the radius R. It is then convenient to change variables to
V=R2 and so we can write

1 = —72tanh lV
rarm(gf el LA i

for any k€N, where

UL f exp[—%—i@j—-l)xf} dx,...dx;

Z,. 520 j=1
i+ xSV

=t [ enl-3hervu] Fit

w20 j=1
nttus<V

for any V>0. Thus we deduce that

GV =[E1x&* .. Ey_1](V)
for any V>0 and k=1, so that

Fn=(2)"r [ 2o, Dl x & 5 Gul VAV

for all k=1, as required. The fact that F,(#) is a smooth function of 7 is now
immediate. Now

—izV — ﬁ __
mea(V)e av NI I€ER

(where we take the square root with positive real part) for any a>0, and hence
& % E* . % &y belongs to L'(IR) N LE(R) for all k=2, with Fourier transform

Le-v

[FE* & .. * Eud)] @ =T z<RR,
236+ I] /2 —1+2ix
Thus
* E % % 2L Tt
I[g(gl &3 % ... Ezk—l)](x)l = o2k —5) 11 [(2k—3)°+ 427] ,
and hence

4
|17 (&1 % &g % ... % SZk—l)”sz,

so that
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2 2\¢ 2 2
PP (2) 712, o I % % .. % Euucl

() iz A o
exp [— 27’tanh (%V)]

721‘ &V
< dv
4Q2Kk—3)!! f COShZ("“)(%V) ¢
22k -2 2k feo dV
T
(2” 3) OShz(%V)
22k—-1r2k
T Q@E=3I
for all k=2. Moreover, we see that
f exp —7 tanh(%V)] dv
F= /2,
cosh2< ) 2JV
< 7 o« av
JQEL JV cosh2<lV)
< 7 r [ 1dv + f ]
! coshz( )
4r
<
T V2n
so we deduce that
2k yk
<L—=" >
|Fk(7)’—ﬂ216——_—_37!—7 k=1,
as required.

This result has the following immediate and important corollary.

Corollary 4.1. For any f € L™ (M), the distvibution D (f) is a smooth
polymomially bounded function on I1.

Proof. Since |?k|S"fﬂm for all kE€Z, the above inequalities for Fi () show
that the series

[D(H]1(rcosB, rsinf) = Z ﬁe“‘ﬁFm »

k€Z
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converges absolutely on II, and moreover converges uniformly on {(a,b) € Il :a*+
b <R? for any R>0. Thus @ () is certainly a function. It is a straightforward,
but lengthy, exercise to show that similar results can be deduced about the
corresponding series of partial derivatives, and hence we deduce that the function
P(f) is smooth. Although the inequalities we have obtained above are not sufficient
to show this, the fact that 2 (N € & () guarantees that D (/) is polynomially
bounded. ]

It is intriguing to notice the connections of the above formulae with the Exp
transform considered by Bayen et al. [3]. Recall that the Exp transform is the
Moyal product equivalent of standard exponentiation for phase space functions,
so that

Expa (0 = ) 2- (0% (4.13)
720

for suitable distributions K, where (K)% denotes the n-fold Moyal product of K
with itself, so that

AlExp«(K)]=exp(4[K]) (4.14)
whenever these formulae make sense. We recall that [3]
Exp*(—%‘iV(p2+qz)) =-~1(‘1——>—exp [— (p*+g?tanh (%V)} (4.15)
h

§V

for any V>0, which is equal to Z,,(V) for r?=p*+¢>

§ 5. Further Properties of the Functions F,

The functions F} are a measure of the difference between fug and @ (), and
so we investigate these further, shedding more light on the relation between
Toeplitz and Weyl symbols.

We have shown above that the functions F} are polynomially bounded. In fact
they satisfy further, more useful, conditions. We shall determine some of these.

Proposition 5.1. The functions Fy obey the lower

k
P 2—T"—r, keN, (5.1)
(r*+2k)?

and upper bounds
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1, k=1,
1k
F,(n< ((1 +8i +2%k+17"e_5ﬂ, k>0 (5.2)
l—s)2

for any r=0 and 0<e<1. Thus we deduce that each function Fy is bounded on [0,
) and that

limF; (» =1. (5.3)

7—00

Proof. Since

Li, k-1
dyl...dy,,_1=7t2 | &
Jyi... 1

Yu Y20 yr-Y F(Ek)

n+ - +yu=V
for all k=2, we deduce that,

lk —k Lok-1)V %
i 2k—-1
<9

T

for all k€N and V>0. We can show from this that

Fi(n 2 I,

ok | f exp[—rztanh(%V)]e%kvv%k_le_%m_wdv
2¢' (%)

coshk“(%V)
1

2%" F(‘

k o _1 r2 1,
Z*L—)j; ¢ 3¢ +Zk)VV.zk ldV, (k>2).
k
2

from which equation (5.1) follows, while for k=1 we have

- exp[ 2tanh< 1 V)]
= “/gE ‘j; cosh’*(gV) %

2, QU
< 7= e FSI

To prove (5.2) we use the bound

dv

rk eXp[ Ztanh@—V)} Lo-vv Li
"SR )

=;%_"%7é;>—ﬁ eV (1+ D! [l°g<%g>]%k—ldy
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for any k=2, where we have changed variable to U=tanh(—2Z>. Now

O« 2 v o<us<,

2U<log(1__U 1—:

and so for 0< U<e¢ we have

21+ T{Lk)
fo e U+ ) 1[1og(1+U)] du< r"(lje)% 2

while for e<U<1 we have
e oo B9 awser(ly).

Putting these two results together, we obtain the desired inequality. The facts
that the function F} is bounded and that lim,.../}(#) =1 are now evident.

k—1

We now know that Fy is bounded on [0,90), we have an upper and a lower
bound for it, and we know its limit as # — . To proceed further in our study

of Fy. we need to know the convolution of %, with itself.

Lemma 5.1. For any k€N,

G+ 9 T sinn1( 1)
c*9) (V)= m sinh EV , V>0. (5.4)
Proof. We note that
——aV v dU 1 -lav
for any >0, and so for k=1,
_1
G*G)N=E*) (W)= —ne 2" V>0,

as required. We now proceed by induction. If XK €N and we suppose that the
above identity for 9; * 9 holds, then

(G % Gra) M =[G * G1) * (Ezpa1 * Earr) ] (V)
_ ! vV Ly . (1 -Lekrvw-w
——mj; e ? smh" 1(5[])6 2 dUu

—Lek+ny

___T[k+le 2 \4 v eU——l k-1
T2 (—1)! fo ¢ ( 2 ) au
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_ i+l _%(HUV . k(_l_ )
=g sinh*(5V

for all V>0, as required.

We are going to use this lemma in an analysis of the functions Fy. This
requires us to make use of the sequence of functions

Xies(n) = (%)%erE j;“’exp[‘ Vz&lﬂh(-%—V)]

tanh“’( 1 V) e%w% (Mdv,

1 2
cosh"“(gV)
r=0, k€N, =0, (5.5)
since Xk,():Fk and
Fi) =55, ~2X0, () =5 X0 ()~ 2% ). (5.6)

We are first going to show that F, € L?[0,0), and to that end we must consider

the square-integrability of » %Xjz(#) for certain values of & and . Note that Xy,
is certainly a continuous function on [0,90).

Lemma 5.2. If k€N, a€R and B=0 ave such that
1 1
§—~,8< a< k+/3+§
then the function

r = }’—an,B(?’)

belongs to L?[0,00), with

- <2“+B+%I‘(k+ﬁ*a+%)
S ks rars Cat2B—DG—1)! - (5.7)

Proof. Consider the function Y} o 5:[0,00)3—[0,90) given by the formula

Yk,a,t? (r,V,W)
2 )krz(Hﬁ_mexp |- #*(tanh(£ V) +tanh(3))]
T cosh"*‘(—% V) cosh"“(% W)

1
Ek(V+W)

tanh?(1)tanhs ()2 " 9,04 (W)
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Then Y44, is measurable, and

f:Yk,a,,g(r, V, W)dr

Sk (V+W)

tant (L V)tannt (3 w) g vgm)

cosh"”(% )cosh" ’(%W) |

ktB-a+y

2 e ) o )

smh‘“’( )smh”( W) =g (Mg

sinh** "2 ( v+ W))cosh ( V)cosh (; W)

=p1{et8-at3)(2)

k(V+W)

%(V)%(W)
sinhk—5~a+%< v+ W))c sh™" ( ; V)coshaﬂﬂ%(%W)

k(V+W)

AR
S ( (V+ W))cosh“‘““+ ( v+ W)) '

Thus we deduce that

f;vf: Yias(r,V—W,W)drdW

Ly, ,
SR e e
2
2“+5'%F(k+ﬁ“a+%> Sinhaw—i(% V)
= G=D! cosh™ (L)
a+B
) 3 men(3)

for all V>0. Using Tonelli's Theorem, we deduce that Yiazs<€ L'([0,0)3%), and
that

fwfwwakas(r V ,W)drdVdWw

<z r<k+ﬁ “f )ft nh*? 3 (1 V)sech(3v)av

(k—1)!
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a+f+i 1
2 21‘(k+;3-—a+§)
T QCa+2—1)(k—1)!

The result now follows, since it is clear that
r X,y ?= [ [ Veasr,V, W avaw
for all »=0. )

We are now able to establish the square-integrability of the functions Fy.

Proposition 5.2. For any k €N the function Fy belongs to L*[0, ), and
there exists a constant A>0 such that

o 3
j; Fi(DPdr< A%k keN. (5.8)

Proof. Using (5.6), we have that

) 2%I‘(k~-%> . Z%I’(k-kg)
j; r_sz,o (T’)Zdrﬁw , j; Xk,l(?’)zd?'ﬁw

3

Thus we can use Stirling’s formula to deduce the existence of constants 7,6>0
such that

oo __l_ o l
j; r X0 ()2dr <77k 2, j; X1 (D2dr< 572,
for all kEN. Thus we deduce that F, € L?[0,c0), with

[ ”Fk'(r)zdr}%ék[ f w?‘zX,?,odrF—i-Z[ f ka,l(r)Zdr]%S (+20) kY,

so that result follows by putting A= 7+24. L

1

We can sharpen this bound, including a factor of 7" in the integral.

Proposition 5.3. For any k=2 the function r~3F; () belongs to L*[0,00),
and theve exists a constant B>0 such that

j; "R (D2dr< Bk k2. (5.9)

Proof. The proof is similar to the above one, since
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2
k—1°

fwr—st,O (Nxr< fmr“Xk,l(r) 2dy<2k,
1} 0

for all k=2, and so that result follows with B=2+2,2. B

Thus we have seen that the functions F; are fairly well—behaved.
Unfortunately, it is not the case that the functions Fy themselves belong to L%[0,
©0), because of their behaviour at ©©. However, it will suffice to consider the
difference between the functions Fj and the constant function 1. These final
results concerning the F, will provide us with information concerning the
rapidity with which they converge to 1 at infinity.

Lemma 5.3. For any k=0 we define functions

Mi(rcosB, rsinp) =e**[1—F(n]=i* Z [gm, m+k—1] Py prei (rcosB, rsinf). (5.10)
M>0
and we define M= My
For any k €7 the function My belongs to L* (I1). Moveover, for any k=0 the

1
function r2(A—F(9)) belongs to L2(0,90). and there exists D>0 such that
= [TrQ-Fu()ar<DUt. ke (5.11)

Proof. The coefficients

min (m,n) +1 )swm-%

Yonn= (max(m,n) +1

were used in [11] to estimate the coefficients gmn. For our purposes here, we
observe that there exists a constant C>0 such that

|gm,n_Ym.n|
< C Y. < C <max(m,n)+1>% C
“min(m,n)+1 """ minGm,n) +1\ min(m,n) +1/ ~ min(m,n)+

1
T (m=n|+1)*

for all m,7n=20, while
. max (m,m) +1\i
Yo 1|£<min(m,n)+1> 1
|m—n| 1/ |m—n|+1 H
< . s<i(L
4 (min (m,n) +1) 8 (max (m,n) +1)* 4(m1n(m,n)+1)

Thus we can find 6>0 such that

|m—mn|+1 )%

lgma—1l< c(min(m,n)+1
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for all m,#>0. Thus we deduce that /4, € L*(TI) for all kEZ, with
Il-fﬂkllz:zﬂfm[l—F|k1(?’)]21’dr
1]

=27 Z (gM,M+1k|" 1)?

M=0

327r52(|k|+1)%2—1——5
m=0 (M+1)*

—~ 5
<10z C*(Jk|+1)*

for all kEZ. Since M,=0, finding the constant D is now simple. |

We can now put these results to obtain the following further properties of
the functions F.

Proposition 5.4. For any k=2, the function 1 —F} is bounded, with

9
1-F.()|</2BDKS,  k>2, (5.12)
and
11
16
1-F ()| <¥2APEZ - sp k22, (5.13)
74

Proof. We observe that (1—F)Fy belongs to L'[0,%0) for all k=2, with

E
8

j;wll_‘Fk(?’)“Fkl(V)!drg U;mr[l—Fk(r)]Zdr]%[];mr*‘ﬂ(r)zdr]%SBDk .

Since

%{(1-@@))2]:—2(1—Fk(r>)Fk’(r)
IimF,(») =1,

7—o0

we deduce that

A-F@=2[ 0~ FROF Odr<z [1-FOIF (9)|dr <2BDK",

as required. Moreover we see that

(1—Fk(r>)2=2f(1—Fk(;f))Fk'(r)dr

1
2

<o[[“ta-ryal| [t ]
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1
2

sf—_[ [ia-royed[[Fod

1?1
< 2ADk

y2
for all >0, as required. ]
Our above analysis has only been valid for the functions Fy with k= 2.
However we can use the fact that Fo=1 and the inequality

—r _<Fr <1

Jri+2

to yield the following result, which summarizes the behaviour of 1— F} at large
7 for all k.

Corollary 5.1. We can find constants E,F>0 such that

9
[1—F.(»|<EE®, (5.14)
and
%
-Fn]<FE2 (5.15)
re
for all k=0 and r>0. &

We note that we have shown that 1 —F,(») = O(r‘%) as ¥ — 00 To do this

we have used the fact that Fy belongs to L2[0,0). In fact, for each integer k,
the asymptotic behaviour of Fy as #— o is much better than this, as can be
obtained by using Laplace's method for integrals on the original definition for
F,. However, using Laplace’s method does not gives us results concerning the
asymptotic behaviour of these functions expressed uniformly in the integer k,
and so are not sufficiently precise for us to be able to use then in what follows.

§ 6. Dequantization of Toeplitz Operators (Continued)

Now that we have established several properties concerning the functions Fy,
we are in a position to prove certain results concerning the distribution 2(NH) e
S{D), which is the dequantization of the Toeplitz operator T(f) for some f€
L= (T). Recall that we have already shown that @(f) is a polynomially bounded
function on II. Our first result is not as strong as we would wish, but is certainly
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useful in some cases.

9
Proposition 6.1. If f€ L= () is such that (k| f,)cez belongs to € (D),
then the distribution © (f) is a bounded function on IL If, moreover, the sequence

RYRPS
(k™ fi)kez belongs to £*(7), then the bounded function D(f) is such that
[9(H1(rcosB, rsinB)—f(e't) as y —> 0, 6.1)

uniformly in 3.
Proof. Under the first condition we observe that the distributional identity

[2(H](rcosB, rsinB) = Z ﬁe’kﬁﬂk|(r)

keZ

is an absolutely convergent series, and the boundedness of D( ) is then evident.
In the second case, we note that the identity

) =12(N(reosp, rsinf)= ). e [1=Fu(N]= ). Fudl

keZ kEZ

is also an absolutely convergent series, with

fe®) — [D(H] (reosf, rsinf)| <Tr Z| FUlk|® <o

4
7 keZ

for all >0, proving the second result.

We note that the distributional identity for the Fourier series,

fe®)= ) Fue™,
kEZ
is absolutely convergent whenever ( f4)iez belongs to £(Z) (which is true in
all of the above cases) , in which case f is a continuous function on T. The
condition ( f ) xez&€ €' (Z) is rather strong, and we should like conditions which
are somewhat weaker, but which still give us control on Al fungl — T (. The
next result provides such a condition.

5 ~
Proposition 6.2. If f€ L™ (D) is such that (k|® fi) ez belongs to £2 (7,
then the function fang— D (f) belongs to L*(I1), and hence the operator Al fangl — T
(f) is a Hilbert—Schmidt operator on L*(Z).

Proof. This result is an immediate consequence of the identity
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fua— D)= Fully
keZ
and the fact that the functions {#l;:k €7} form an orthogonal sequence in L2(I),
with the already-established upper bounds on their norms. The fact that the Weyl
quantization of an element of L? (I) is a Hilbert-Schmidt operator on L* (R) is

standard. Ll

The condition in this last Proposition is considerably weaker than the one
used previously, but is still sufficiently strong to ensure that the function f is
continuous on T, and that the Fourier series for f converges absolutely.
Although this result implies that 2 (/) tends towards fu, in some sense as ¥ —
o0, we cannot automatically deduce pointwise convergence.

If we wish to investigate further the properties of D (f) as » — % it is
sensible to introduce the following definition. For any f€ L* () and any >0,

define the function 27 () E€(T) by setting

[27(H1(e®)=[D(NH](rcosB, rsinp) e T, (6.2)

thereby extracting the angular dependence. We would like to find out results
concerning the convergence of the functions P (/) as » — oo,

u ..
Proposition 6.3. If f€ L (D) is such that the sequence (k| fi) eez belongs
to £2(70), then
lim|f—2" (H|=0 (6.3)

P00

Proof. This follows since

=2 D= Y1 7 ) =02 Y 7

keZ rz keZ

for all »>0.

Thus, if we are satisfied with convergence with respect to the L?(T) norm.

this resull gives us what we would like. It would, however, be interesting to
obtain details concerning the pointwise convergence of these functions, but as
yet we have not been able to establish suitable results.
However, it is possible to obtain results of a more distributional nature which
do not require any special conditions, and hence hold for all functions f€ L*(T).
Thus we shall see that there is always a sense in which @7 (f) converges to f
as ¥ — o0,
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Proposition 6.4. For any f€ L™ (T) we have that
lim9®" (f) ang =f ang (6 . 4)

70

where convergence is with respect to the weak topology in S (II).
Proof. For any GE SI) we have

G= Z Gun@u,n,

MN20

and hence

LNG(rcos,B, rsinP) rdr= Z Gunt¥NetW-"Mhg, = Zrke”‘ﬂ,

MN20 k€Z

where the sequence (7;) is such that

V7 < o0

k€L

for all s=0. Since we have that

[ﬁ'ang—@(r)(ﬁang; Gl =27[Z T-k }:k(Flkl(”) -1)

keZ

we deduce that

ans— 2" (ans, 1| < ZZE ) k1317, 7.

Tt em

for any #>0, which implies the required result. {1

§7. Comments

The results of Propositions 6.1, 6.2, 6.3 and 6.4 all, in their slightly
different ways, indicate how each function P (/) is a deformation of the phase
space function fag obtained from a given function f€ L*(T). While Proposition
6.4 is sufficiently general to handle all possible types of function f, the result is
the least concrete of the four. Unfortunately, only this last result is sufficiently
weak to deal with the function f= @, about which we would most like to have
information, since this in turn would inform us concerning the relationship
between the Weyl quantization 4[¢] and the Toeplitz operator X.

However, there are a couple of points which are worth noting in particular.
In the first case, if the function f is a trigonometric polynomial, so that the
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Fourier series expansion

fle®) =) Fue 7.1)
kEZ

is in fact a finite series, then it is clear that the function f satisfies the conditions of
all four of Propositions 6.1, 6.2, 6.3 and 6.4, and so £(f) is a bounded function
on II which converges to f as 7 tends to infinity uniformly in 8. Moreover the
difference function D (f) — fang belongs to L2(ID), and so on. It should be noted in
particular that this result holds for angular functions such as

et (keZ) and  Py(cosp) (N=>0).

In another direction, suppose that the real-valued function fis suckLthat the
conditions of Proposition 6.2 are satisfied. Then we see that Alfanel — T(f) is a
Hilbert-Schmidt operator on L* (R), and so Alfangl is a deformation of the
Toeplitz operator T (/) by a Hilbert-Schmidt, and therefore compact, operator.
Moreover, the Toeplitz operator T () is self-adjoint (since f is real-valued),
and its spectral theory is well-understood. We can therefore apply standard
theorems to obtain some information about the spectral properties of such
operators 4[fumel. The conditions of Proposition 6.2 are such that the sequence
of Fourier coefficients { f.)iez belongs to £ (Z), and so it follows that f is a
continuous function on T. Thus we deduce that the spectrum of T (f) is equal
to the range of the function f — if f is not constant almq\st everywhere, then
T(f) has no point spectrum, and so the spectrum, of T (f) is equal to its
continuous spectrum. Using a theorem of Weyl [1], we deduce that the
continuous spectrum of Alfug] is the same as the continuous spectrum of T(J),
and hence is contained in the range of f Unfortunately, asﬁalso mentioned in
[1], simply identifying Al fang] as a compact deformation of 7(f) does not give
us any information concerning the point spectrum of Al fangl.

In this paper we have concentrated on a few particular applications of our
dequantization technique. It would seem clear that this technique is a powerful
one, which could be used in a number of other contexts. We hope, in later work,
to report on other applications.

References

[1] Akhiezer. N. . and Glazman, 1. M., Theory of linear operators in Hilbert space. Volume 2, Pitman
Advanced Publishing Programme, Boston, 1981,

[2] Al G. and Sewell, G. L., New methods and structures n the theory of the multi-mode Dicke
laser model, J. Math. Phys., 36(1995), 5598—5626.

[3] Bayen. F, Flato, M., Fronsdal, C., Lichnerowicz., A. and Sternheimer, D., Deformation theory
and quantization, I, Deformations of symplectic structures, Ann. Phys., 111(1978), 61—110.

[4] Dubin, D. A., Hennings, M. A. and Smith, T. B., Quantization in polar coordinates and the
phase operator, Proc. RIMS, Kyoto Univ., 30(1994), 479532,



354

[5]

[6l]

(71
[8]

9]
(10]

[11]
(12]

[13]
[14]

[15]
[16]

171

MARK A. HENNINGS, DANIEL A. DUBIN AND THOMAS B. SMITH

Dubin, D. A., Hennings, M. A. and Smith, T. B., Mathematical theories of phase, Int. J. Mod.
Phys. B, 9 (1995), 2597—2687.

———, 5" International conference on squeezed states and uncertainty relations, Balatonfiired, 1997
to appear.

—, The meaning of phase in the Dicke laser model, Phys. Lett. A to appear.

Folland, G. B., Harmonic analysis in phase space, Ann. Math. Stud., Princeton Univ. Press, 112
(1989).

Galindo, A., Phase and number, Left. Math. Phys., 8 (1984), 495-500.

Garrison, J. C. and Wong, J., Canonically conjugate pairs, uncertainty relations and phase
operators, J. Math. Phys., 11(1970), 53—60.

Grabowksi, M., On the phase operator, Rep. Math. Phys., 29 (1991), 377-382.

Hennings, M. A., Smith, T. B. and Dubin, D. A., Approximations to the phase operator, J.
Math. Phys. A, 289(1995), 6779—6807.

——, Asymptotics for the phase operator, . Math. Phys. A, 289 (1995), 6809—6856.

Popov, V. N. and Yarunin, V. S., Quantum and quasi-classical states of the photon phase
operator, J. Mod. Optics., 39(1992), 1525—1531.

Smith, T. B., Dubin, D. A. and Hennings, M. A., The Weyl quantization of phase angle, J. Mod.
Optics, 39(1992), 1603—1608.

Susskind, L. and Glogower, J., Quantum mechanical phase and time operator, J. Phys., 1(1964)
49-61.

Thangavelu, S., Lectures On Hermite and Laguerre expansions, Mathematical Notes 42, Princeton

Universicy Press, Princeton, 1993.



