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ABSTRACT

The standard Berezin and Berezin-Toeplitz quantizations on a K&ahler man-
ifold are based on operator symbols and on Toeplitz operators, respectively,
on weighted L?-spaces of holomorphic functions (weighted Bergman spaces).
In both cases, the construction basically uses only the fact that these spaces
have a reproducing kernel. We explore the possibilities of using other func-
tion spaces with reproducing kernels instead, such as L2-spaces of harmonic
functions, Sobolev spaces, Sobolev spaces of holomorphic functions, and so on.
Both positive and negative results are obtained.
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Introduction

Let (2, w) be a symplectic manifold, C'*°(2) the usual space of smooth complex valued
functions on €, and C>°(Q)[[h]] the ring of all power series with C'*°(£2) coefficients
in a formal parameter h. Recall that a star-product on € is a C[[h]]-bilinear mapping

w1 C%(Q)[[R]] x C=(Q)[[A]] — C=(Q)[[h]] such that:

(i) = is associative;

Research supported by GA AV CR grant no. A1019304 and by AV CR IRP no. AV0Z10190503.

Rev. Mat. Complut. 385
19 (2006), no. 2, 385-430 ISSN: 1139-1138
http://dx.doi.org/10.5209/rev_REMA.2006.v19.n2.16602


https://core.ac.uk/display/38809432?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Miroslav Englis Berezin and Berezin-Toeplitz quantizations

(ii) there exist bilinear operators C; : C*(Q) x C>®(Q) — C*(Q) (j = 0,1,...)
such that Vf,g € C>(Q),

Fxg=>_Ci(f,9)W; (1)
j=0
(iii) the operators C; satisfy
CO(fag):fga (2)
Ci(f,9) = Cil9.f) = 5=1f.9} 3)

where {-,-} is the Poisson bracket with respect to w, and
Ci(1,) = Cy(,1) =0 Wiz 1. (4)

Note that the last requirement means precisely that 1 is the identity element for .
A star-product is called differential if C; are bidifferential operators, i.e., in terms
of local coordinates can be expressed as finite sums

gorttam

Cj(f.9) = Z Cjap - (D) - (Dﬁg) (Da = W)’ (5)

«,3 multiindices Lo

with some coefficient functions ¢;a3 (which must then belong to C*°(€2)). Two star-
products *, *" are called equivalent if there exists a formal power series of operators
M = I+ Mih + Myh? + --- such that M f ' Mg = M(f * g). Finally, if Q has
complex structure, a star-product is said to have the property of separation of vari-
ables (or to be of anti-Wick type) if f*g = fg at every point in a neighborhood
of which either f or g is holomorphic; and to have the property of the separation of
variables in the reverse order (or to be of Wick type) if f* g = fg at every point
in a neighborhood of which either f or g is holomorphic. In other words, a star
product is of Wick type if the operators (5) contain only holomorphic derivatives
of f and anti-holomorphic derivatives of g, and of anti-Wick type if they contain only
anti-holomorphic derivatives of f and holomorphic derivatives of g.

Due to a role which they play in Hochschild cohomology, the bilinear operators C;
are sometimes called cochains; we will occasionally use this terminology too.

Construction of star-products is the subject of deformation quantization. In con-
trast to the conventional schemes, in which one assigns to real-valued functions
f € C>®(Q) (the classical observables) self-adjoint operators @ ¢ on some fixed Hilbert
space (the quantum observables) in some appropriate way, in deformation quantiza-
tion one instead defines the spectrum of an element f € C°°(2)[[h]] using the so-called
star-exponential, and then uses it as a substitute for the spectrum of the operators
quantum Qy; see, e.g., the recent survey [1] for more information.
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On the algebraic (i.e., formal power series) level, the question of existence of star
products and their classification has been resolved completely: they exist on any
symplectic (even Poisson) manifold, and their classes up to equivalence are classified
by formal power series with coefficients in the second de Rham cohomology group
H2(,R). See, e.g., the recent survey [19] for further details. Classification of star
products with separation of variables is also available [20].

However, it has also turned out that equivalent (hence, mathematically isomor-
phic) star-products may lead to different spectra for the same observable. For this
reason, there has been increased interest in various particular star-products which
are “more canonical” than others, in the sense that they are in some way related to
some analytic or geometric objects on €. For K&hler manifolds, such examples are
furnished by the Berezin and the Berezin-Toeplitz star-products.

Let us briefly recall the definition of these. (More details can be found in sec-
tion 1 below). Let ® be a real-valued Kéhler potential for w (so that w = 299®).
Assume, for simplicity, that ® exists globally, and for each h > 0 let L%L,hol be the
weighted Bergman space of all holomorphic functions on € with respect to the mea-
sure dup(z) == e~ ®@/" du(z), where p = A%w (d = dime Q) is the Riemannian
volume element on 2. Denote by K ") (x,y) the reproducing kernel of Lj, 01> and for

each bounded linear operator T'on L7 , ., define its symbol T by

- <TK(h)(-,a;),K(h)(-,x)>
T(z) := K (2. 2) .

It can be shown that the correspondence T « T is one-to-one; thus one can transfer
the operator multiplication into an associative product #; on functions by declaring
that o

T, S=TS, VT,5€B(Lj )

Consider now functions f on € x Ry such that f(-,h) = T}, for some T}, € B(L3 101);
for each h; and define the multiplication of two such functions by (f * g)(-,h) =
f( h)xp g(-, h). If it happens that the product * so defined can actually be extended
to all of C*°(Q)[[h]] and satisfies (2)—(4), then it defines a differential star-product
with separation of variables. That’s the Berezin star-product.

The definition of the Berezin-Toeplitz star-product runs as follows. Keeping the
above notation, one defines for each f € L°°() the associated Toeplitz operator T;L

on L,%)hol by the formula

TJ}cL¢ = Ph(f¢)v ¢ € L%,hol’

where P, is the orthogonal projection in L?(£2,duy,) onto its holomorphic subspace
Lj o1+ If it happens that

lim T%(z) = 0 Vo implies f = 0,

h—0 f
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and that the product of two Toeplitz operators admits an asymptotic expansion
o0
hrph jmh
TYTy = WTE (1),
Jj=0
in the sense that

=0t ash—0, YN=0,1,2,..., (6)

N
hrh j h
HTf Ty = WTE (1)
=0

for all f,g € C°°() with compact support, with some bidifferential operators C;
(independent of f and g) satisfying (2)—(4), then these operators C; define, via the
recipe (1), a differential star-product with separation of variables in the reverse order
— the Berezin-Toeplitz star-product.

We see that both these star-products originate from the Bergman spaces — i.e.,
spaces of square-integrable holomorphic functions. It seems therefore very natural to
ask if other function spaces with reproducing kernels can be used instead. In particu-
lar, it would be very nice to have such spaces which, unlike the spaces of holomorphic
functions, do not require that {2 have complex structure, so that the quantization pro-
cedures are applicable not only to Kéhler manifolds but to an arbitrary symplectic
manifold.

For instance, instead of spaces of holomorphic functions, one might try spaces of
square-integrable harmonic functions, i.e., the subspaces L, of all harmonic func-
tions in L2. More generally, one can even consider the subspace L% of all functions
annihilated by a given (fixed) hypoelliptic partial differential operator A. [Recall that
a linear partial differential operator A is called hypoelliptic if every distribution annihi-
lated by A is automatically C°°; examples of hypoelliptic operators are d (holomorphic
functions), the Laplace operator A (harmonic functions), % — A (caloric functions),
or elliptic operators.] Then the value of a function f € L% at a point makes sense,
and usually depends continuously on f, so there exists a reproducing kernel K4 (z,vy).
Hence one can define operator symbols, as well as the Toeplitz operators, and ask
about their usability for quantization.

Another example are the Sobolev spaces. These are defined, for a nonnegative
integer order s, by

H*(Q):={f: D*f € L*(Q) V|a| < s},

for negative integers s by duality, and for s € R\ Z by interpolation [25]. By the
Sobolev theorem, H*(£2) has a reproducing kernel if s > 7. Consequently, in this case
we can still define the operator symbols as before. (However, it is no longer possible
to define Toeplitz operators.)

One can also combine the ideas in the last two paragraphs, and consider the sub-
spaces H? of functions in the Sobolev spaces H® annihilated by a given (hypo)elliptic
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linear partial differential operator A (for instance, Sobolev spaces of holomorphic or
harmonic functions). These spaces have reproducing kernels even for all real s [24].
This time we can again define the operator symbols without problems, and the Toep-
litz operators Ty can be defined at least for those f which are multipliers of the
spaces H? into the corresponding spaces H® (the role of the Bergman projections Py,
being taken over by the orthogonal projections of H® onto H¥).

Can one make either the Berezin or the Berezin-Toeplitz quantization still work
in any of the above-mentioned settings?

The aim of the present paper is to give answers to this question. After reviewing
some preliminaries in section 1, we begin with the negative ones by showing in section 2
that the Berezin quantization based on the harmonic Bergman spaces L, does
not work. (Hence it cannot work for a general L? either, unless the hypoelliptic
operator A is subject to some conditions.) Similarly, the Berezin quantization based
on the Sobolev spaces H*(2) breaks down. Negative answers continue in section 3,
where we prove that also the Berezin-Toeplitz quantization based on the harmonic
Bergman spaces does not work, even for the simplest case of the harmonic analogues
of the standard weighted Bergman spaces on the unit disc. This also means that
the corresponding quantizations based on the harmonic Sobolev spaces Hj, ., cannot
work (since they do not work already for s = 0), and probably indicates that it is
not very reasonable to expect them to work for the spaces L% with other hypoelliptic
operators A more general than 0.

Finally, results in the positive direction begin to appear in section 4, where it is
shown that the Berezin quantization works on holomorphic Sobolev spaces, and even
on certain more general Hilbert spaces of holomorphic functions (see there for the
precise statements). Our method is based on representing the inner product in these
spaces as a deformation of the ordinary Bergman space product, and then deducing
the results from those for the Bergman spaces. Some concrete examples are also given.

The remaining case of the Berezin-Toeplitz quantization on holomorphic Sobolev
spaces is discussed in section 5, where it is shown to work for the Sobolev analogues
of the Fock space on the complex plane. Whether it works also in more general
situations is a question which remains open as of this writing.

The final section 6 contains a small table conveniently summarizing our findings,
and a few concluding comments.

Some of the results of the present paper were announced on the 3rd Conference
on Contemporary Problems in Mathematical Physics (COPROMAPHS3) in Cotonou,
Benin, in November 2003 [13].

Notation. Throughout the paper, we use the usual notational conventions con-
cerning multiindices, e.g., 2% = 27" --- 257 or a! = a1l if @ = (a1,...,0q).
The symbol 9 will denote the operator of holomorphic differentiation, that is, 0% =
911 0201 - 925 for z € CY; similarly for 0. Abusing notation slightly, we will
sometimes also use 9 for the holomorphic part of the exterior derivative on differen-
tial forms. Similarly, dz will denote the Lebesgue measure, but in a few instances will
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also stand for the differential 1-form. The symbol D will denote partial derivative
with respect to real variables.
Finally, we will use a somewhat nonstandard definition of the Laplace operator

on C%,
d 62
A= —
; 82’j82’j

which differs from the usual one by a factor of 4.

1. Hilbert spaces with reproducing kernels

We begin by reviewing in more detail the constructions of the Berezin and the Berezin-
Toeplitz quantizations, sketched above, so as to make it clearer which properties of
the Bergman spaces are really needed to make things work.

1.1. Reproducing kernels

Consider, quite generally, a Hilbert space H whose elements are functions on some
set ©. Assume that

Yy € G, the evaluation functional f — f(y) is continuous on H. (7)

Then, by the Riesz-Fischer theorem, there exist K, € H such that

fly)=(f.K,)u VfeH.

The function K(z,y) = (K, K;)g = K,(z) is called the reproducing kernel of H.
It satisfies K(y,7) = K(x,y), and K(z,x) = ||K.||* > 0 (with equality occurring if
and only if f(x) =0Vf € H).

Note that we have not made any assumptions whatsoever on the set G or on
the functions in H. However, if it happens that & is not only a set but a (smooth,
complex, ...) manifold and the elements of H are continuous (C'*°, holomorphic, ... ),
then the inclusion K, € H and the equality K(y,z) = K(x,y) imply that K(z,y) is
also continuous (C'*°, holomorphic) in each variable. In particular, if & is a complex
manifold and the elements of H are holomorphic functions, then K(x,y) will be
holomorphic in x and y.

Let B(H) denote the algebra of all (bounded linear) operators on H. Then for
any T € B(H), we can write

Tf(.’l?) = <Tf> Kw> = <f7 T*Kw>

Thus T is uniquely determined by the function T*K,(y) on & x &; hence, also by
the function
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defined at all points where K (z,y) # 0.

It follows from the definition that the mapping T — T'(x,y) is linear, T*(z,y) =
T(y,z), and I(-,-) = 1, where I is the identity operator and 1 the function con-
stant one. Also, if the elements of H are continuous (smooth, holomorphic), then so
is T'(x,y) in each variable, at all points where K (x, ) # 0.

A function g : & — C is called a multiplier of H if the operator My : f — gf of
multiplication by g maps H into itself. By the Closed Graph Theorem, M, is then
a bounded linear operator on H. The set of all multipliers of H is an algebra, which
will be denoted by Mpy. Clearly, for each g € My,

My(z,y) = g(x)  Va,y€ 6. (8)

For any g € My, we further have the important relation

MK, = g(x)K, Ve & 9)
(i.e., each K, is an eigenvector of M;) Indeed, by the reproducing property of K,

<fa M;KE> = <Mgf7 Km> = <gf7 Km> = g(x)f(a?) = g(x)(f, Kz>

for any f € H, and the assertion follows.

1.2. Operator symbols

Assume now that, in fact,

the functions T'(z,y) are uniquely determined by their (10)
restrictions 7T'(x, z) to the diagonal.

This is the case, for instance, whenever the functions T'(z,y) are holomorphic in
x and g, by a well-known theorem in complex analysis. Then also each operator
T € B(H) is uniquely determined by the said restriction, which we denote by

T(z) = T(w,x) = a.;f'imf)l) = 1};}((96(%) (11)

One calls T the symbol of the operator T'. The mapping 1" +— T is linear,j:; =T and
I = 1. Further, by the Schwarz inequality we have |T(z)| < ||T||, hence T is actually
a bounded function on &. Finally, if the elements of H are holomorphic functions,
then T is C* (:=real-analytic).

Of course, for (11) to be defined it is necessary that

K(x,z) >0 Vz, ie, K;#0 Ve, (12)

which we will assume to be fulfilled from now on.

391 Revista Matemadtica Complutense
2006: vol. 19, num. 2, pags. 385—430



Miroslav Englis Berezin and Berezin-Toeplitz quantizations

Now let _
Ay ={T: T € B(H)}

be the vector space of symbols of all bounded linear operators on H (which is a space
of bounded functions on & by the last remark), and let us define a multiplication g
on A by o
Note that this makes sense since the correspondence T« T is 1-to-1 by assumption.
Then (A, xj) is a (noncommutative, associative) algebra of bounded functions on €.
(It is isomorphic to the algebra B(H) of all bounded linear operators on H.)

Observe that if g is a multiplier of H, then by (8) ]\79 = g. Thus for any T € B(H)

= g()T(x). (13)

Consequently, left * g-multiplication by ¢ coincides with the pointwise multiplication,
for any g € Myg. -
Similarly, by (9), My = g, and thus

(T *11 §)(x) = (T #g M;)(x) = TM;(z)
= K(z,2)" {TM; K., K,)
= K(m,x)_1<Tme,Kx>

= g(x)T'(x), (14)

so the right *y-multiplication by g coincides with pointwise multiplication.
Note that (14) can also be obtained from (13) — or vice versa — by means of the
following symmetry property of the *g-multiplication,

g* f=[f*a g Vf,g€ An, (15)

which is a consequence of the fact that ST = (T*S5*)*.

1.3. Berezin quantization

Let us now return to our Kéhler manifold €2 from the Introduction. As before let ®
be a real-valued potential for the Kahler form w; let us assume, for simplicity, that
® exists globally (otherwise one just has to replace functions by sections of certain
line bundles), and let us apply the construction from §1.2 to the weighted Bergman
space H = L,thOl = wal(Q, dpup,). The mean-value theorem for holomorphic functions
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implies that (7) is fulfilled, hence the space has a reproducing kernel K ") (z,v). Since
the elements of L? , | are holomorphic functions, (10) is also satisfied in view of the
remarks above, and thus we can introduce the algebras Ay =: A, with the products
x =: *,. For each h, the elements of Aj are bounded real-analytic functions on .
Further, by (13) and (14), the product f *; g reduces to the pointwise product fg
whenever either f or g is a bounded holomorphic function.

The idea of the Berezin quantization is now to glue together the noncommutative
products *; in such a way as to obtain a star-product.

More precisely, consider the direct sum (A, %) of all the algebras (A, *p,), b > 0.

Definition. We will say that an element f = {f,(x)}, € A, or more generally any
family of functions f, € C*°(Q) indexed by h > 0, admits an asymptotic expansion in
nonnegative powers of h as h \, 0 (or just admits an asymptotic expansion as h \, 0
for short) if

ful@) =Y W fi(x) ash—0 (16)
j=0

with some f; € C>(Q).

Definition. We will say that a linear subset Ag C A is total if for any m > 0, z € Q)
and complex numbers ¢;q, there exists f € Ay having the asymptotic expansion (16)
and such that D®f;(z) = ¢;o for all multiindices || < m and j =0,1,...,m.

Suppose now that we can find a linear subset Ay of A such that
e cach f € Ay admits an asymptotic expansion as h \ 0;
o A is total;

e for any f,g € Ap and x € Q, the product f g admits an asymptotic expansion
as h \, 0

(frgn()= Y B Cu(fi,g)(x)  ash—0, (17)

i,j,k>0

where C, : C () x C>®(Q) — C*°(Q) are bidifferential operators satisfying (2)
and (3).

Then C}, define, via the recipe (1), a differential star-product on Q. This is the Berezin
star product (Berezin [3], Englis [11]).

Remark. Note that owing to the second condition, the bidifferential operators C;
in (17) are uniquely determined. (This was precisely the motivation behind the defi-
nition of a total set.)
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Finally, since f * g = fg whenever either f or g is bounded holomorphic, this
star-product usually has the property of separation of variables. Namely, suppose
that € is such that

for any m > 0, x9 € Q and complex numbers ¢, |a| < m, there exists
a bounded holomorphic function f € H>(Q) such that 9% f(z¢) = ca (18)
for all multiindices « with |a| < m.

Since we know that Ci(f,g) =0 Vk > 1 whenever f € H*, and since each C}, being
a differential operator, involves only finitely many derivatives of f, it then follows that
Cr(f,9) =0VEk > 1 even for any holomorphic f (not necessarily bounded). Similarly
for Ck(f, g) with g holomorphic. Thus the star-product has the property of separation
of variables.

Observe that the condition (18) is obviously fulfilled, e.g., whenever 2 is a bounded
domain in C%, since then the polynomials are contained in H>().

Motivated by the condition (18), we make one more definition.

Definition. We will say that a family Hj, of reproducing kernel Hilbert spaces on €2,
indexed by h > 0, has sufficiently many holomorphic multipliers if for each xg € €,
m > 0 and complex numbers ¢y, |a] > m, there exists a holomorphic function f such
that 0% f(z¢) = ¢, for all multiindices o with || < m, and f is a multiplier of Hy, for
all h > 0.

As the argument above shows, a star product arising from any such family Hj,
will automatically have the property of separation of variables.

In situations when there are not sufficiently many holomorphic multipliers, one
has to check the property of separation of variables directly on a case-by-case basis.

Remark. Note that in view of (16), the Berezin star-product inherits the symmetry
property

gxf=f=*gq,
ie., Cj(g, f) = C;(f,g) for any j.

1.4. Toeplitz operators

Let us now come back to the end of §1.1, and continue by introducing instead of (10)
the assumption

the space H is a closed subspace of a larger Hilbert space K, (19)
whose elements are also functions on &.

Let M(H,K) = M be the set of all multipliers of H into K, i.e., functions m on &
such that mf € KVf € H. No matter what H and K are, M(H, K) is always a vector
space containing the constant functions, as well as the subspaces M(H,H) = My
and M(K, K) = Mg of all self-multipliers of H and K, respectively. (In fact, Mg
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and My are algebras, under pointwise multiplication, and M(H, K) is a module
over both My and Mg.) For m € M, the associated Toeplitz operator T,, on H is
defined by

T f = P(mf),

where P : K — H is the orthogonal projection. Explicitly,

Tonf(x) = (mf, Ku) k-

Clearly, T}, depends linearly on m, and T, = M, if g is a multiplier of H; in particular,
T1 = ] and
TnTy = Ting whenever g € My.

(However, Ty, Tony # Trnyms and # Ty, Thp, for general my,mo € M.) Also, if the
multiplier m is bounded as operator from H into K (with the norm denoted by [|m||A¢),
then [ T[] < [|m||r-
Finally, if in addition
K = L*(6,dv) (20)

for some measure v on &, then m € M implies m € M and
(Tin)" = Tim; (21)

hence also
T5T = Tym whenever g € M. (22)

Note also that in this case Mg = L°(S&,dv) (hence also M D L*(6,dv)) and
1Tl < llmfco-

Remark. In principle, one can take for K the space H itself. Then the Toeplitz
operators will be just the multipliers of H and, in particular, will satisfy TyT, =
T,7y = Tyq Vf,g € M. Unfortunately, this last property makes these Toeplitz
operators rather uninteresting from our point of view.

1.5. Berezin-Toeplitz quantization

Let us now again apply the preceding paragraph to the particular case of the weighted
Bergman spaces Lihol. Clearly, (19) and (20) are then satisfied for K = L*(Q, duy).
The corresponding Toeplitz operators T}, =: T are therefore defined for any m €
Mg = L>®(Q) (for the most part, though, we will use them only for m smooth and
with compact support), and

h h hrph h
1,1y =T, 17T, =Ty, (23)
whenever ¢ is a bounded holomorphic function.
395 Revista Matemadtica Complutense
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Definition. Let us call a linear subset V C C'*°(92) total if for any m > 0, z € 2, and
complex numbers ¢, there exists f € V such that D f(z) = ¢, for all multiindices «
with |a| < m.

This definition should not cause confusion with the previous definition of total set,
as one of them pertains to subsets of C'*°(Q2) while the other to subsets the algebra A
consisting of functions of x and h.

Suppose now that we can show that for any f in some total set V C C'*°(Q),

%%T () =0Vx implies f=0, (24)

and that for any f, g € V there exists an asymptotic expansion
hrh b
T = Z WTE ;g ash\0 (25)

for some bidifferential operators C; (independent of f and g) satisfying (2)-(4).
Then the operators C; define, via the recipe (1), a differential star-product on .
This is the Berezin-Toeplitz star-product. Here (25) is to be understood in the sense
of operator norms, i.e., as in (6).

Proof. As the last claim is not so standard, we indicate the proof here. Thus let *
be defined by (1) and let us, for instance, check the associativity. In terms of the
cochains (', this amounts to

D> Ci(Crle = > Ci(e,Ci(fr9)  YN=0,1,2,...,
j+k=N j+k=N

for any e, f,g € V. However, denoting, for a moment, the left-hand side by [ and
the right-hand side by ry, it follows from (6) that

h h h
(TPT]T, ZTl Wi,  TMTT, ZT hi,
7=0

asymptotically as h \, 0 (as always, in the sense of operator norms). Since multipli-
cation of operators in B(L%)hol) is associative, it is thus enough to check that

N

ST,

=0

=O(hN*tY) YN

can only hold if I; = r; Vj. However, as IT(z)| < ||T|| for any operator T and any
x € €, the last equality implies that

N
h J N+1
YT, W =0mNt) N,
Jj=0
Revista Matemdtica Complutense 396
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and the claim follows by (24) and a straightforward induction on N.
The other items in the definition of star-product can be checked similarly. O

Remark. The last proof is implicit, e.g., in [28], where, however, the assumption
lim || T} =
B |77 = 11 £

was employed instead of (24).

Comparing the property (23) of the Toeplitz operators with (6), we also see that
the Berezin-Toeplitz star product satisfies f * ¢ = fg whenever either f or g belong
to My, i.e., are bounded holomorphic. That is, if the spaces L3, ;,; have sufficiently
many holomorphic multipliers, then the Berezin-Toeplitz star-product has the prop-
erty of separation of variables in the reverse order.

Remark. Note that in view of (21), the Berezin-Toeplitz star-product also has the
symmetry property (15).

1.6. The Berezin transform

Assume now that both the assumption (10) of §1.2 and the assumption (19) of §1.4
are satisfied. Thus we have both the operator symbols and the Toeplitz operators.
Consequently, we can form for any m € M the symbol of the Toeplitz operator T,,:

Bym(z) = ﬂ(x) = W

The operator By is called the Berezin transform. Clearly, By is linear, || Bgpm|ls <
[lm||am, and, by the reproducing property of K,, Bpgg = g whenever g € My.
(In particular, Byl = 1.)

If also (20) holds, then further Bym = Bym for any m € M, and Byg = g for
all g € My.

1.7. Karabegov’s alternative approach

The Berezin transform is actually related to the Berezin star product in a rather
nice way, first noted by Karabegov [20]. Namely, consider the setup from §§1.3 and 1.5,
i.e., the weighted Bergman spaces L%,hol, the associated products *5, and the Toeplitz
operators T?; and further denote, for each h > 0, by By, the corresponding Berezin
transform. Note that the property of separation of variables of the Berezin star-
product,

fxg=7fg if f or g is holomorphic,

means precisely that the coordinate expressions (5) for the corresponding bidifferential
operators Cj involve only holomorphic derivatives of g and anti-holomorphic deriva-
tives of f. Consequently, the C; are uniquely determined by their values C;(f, g) for
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holomorphic f and g. Since in that case

Fong=(T}) sn T)p =T}, Tjp = TPTE = T} = Bu(fy), (26)

we see that we can recover the coefficients C; of the Berezin star-product by the
following simple recipe.
Assume that we can establish the asymptotic expansion

By =TI+ Q1h+ Qxh*+--- as h \, 0, (27)

for the Berezin transforms By, where @); are some differential operators. Denote by
Cjap the coeflicients of @;:

Q;if = S capddf.

a, multiindices

Then the coefficients of the Berezin star-product are given by

Ci(f.9) = ciap (0°f)(9%9). (28)
a.B

Here the asymptotic expansion (27) is meant pointwise, i.e.,
N

Buf(x) =Y Qif(x)+O(N*Y), Qo=1, ash\,0, YN=0,1,..., (29)
j=0

for all z € Q; and in order that the cochains C; be uniquely determined, we should
require this to hold for all f in some total subset of C'*°(€2).

Remark. Tt is another idea from [20] that the above formula

f*Hg:BH(fg)v Vf7g€MH, (30)

can also be used in the other direction, i.e., to define the Berezin transform By in
situations when the ordinary definition does not apply. We will have more to say
about this in section 4.

1.8. Applicability

The situations when (17), (27), and (6) are known to hold (for the Bergman spaces
L3 hop) are Q= C? with the Euclidean Kihler structure [9], Q a bounded symmetric
domain with the invariant Kéhler form [6], compact Ké&hler manifolds 2 [4] (here one
has to use sections of line bundles instead of functions, because the potential ® does
not exist globally; and € has to satisfy a certain cohomology integrality condition —
see below) and pseudoconvex domains 0 C C? satisfying certain assumptions [11].
Since not all details have appeared in the literature, and also for later reference,
we now review these examples in more detail.
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1.8.1. THE FOCK SPACE

Let O = C? = R? with the standard Euclidean Kihler structure, i.e., w =
5 Z;‘i=1 dzj Ndzj. One can take ®(z) = ||z||? as the Kéhler potential, and the volume

element pu = /\dw coincides with the Lebesgue measure dz (up to normalization).
Thus the spaces Lj, ;) are

L2 o = L3 (CL eI/ (ep) =4 ) (31)

where, for convenience, we have introduced the normalization factor (7h)~% ensuring
that ||1||, = 1 for all . The monomials {2}, with o a multiindex, form an orthogonal
basis of (31), with norms

2212 = alh®.

Consequently, the reproducing kernel is given by
K(h)(x,y) = elzv)/h

and the Berezin transform becomes

() (. )2
Bufa) = [0 Ve o dn(o)
— (xh)~ e—lle—vl2/h g,
(mh) /Cdf(y) d, (32)

that is, just the well-known heat semigroup, i.e., By, = e"®. Thus formally
h2
Bh:I+hA+§A2+~--. (33)

The last formula can be made rigorous using the familiar stationary phase (WJKB)
method. Recall that the latter tells us that if S is a complex-valued C'*° function
on a domain in C? having a unique critical point zo (i.e., S'(z9) = 0) which is
nondegenerate (i.e., det S”(x¢) # 0) and is a global maximum for Re S, then for any
smooth function ¢ with compact support, the integral

(wh)~deS(o)/h / b(x) S@/h gy (34)

has the asymptotic expansion

oo

> W Lig(xe)  ash\0.

=0

(In particular, if xg ¢ supp ¢ then the integral decays faster than any power of h.) Here
L; are certain differential operators (independent of ¢) whose coefficients involve only
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the phase function S and its derivatives; the formula for L; is quite complicated, but
simplifies if the phase function S is quadratic: namely, if S(z) = —(Q(z—x0), z—20)ca
for some matrix @) with positive real part, then zq is a (unique) critical point of S
and

1 .
Lj = ﬁQJa (35)

where Q = (Q719,0).

In particular, for the integral (32), we thus obtain
Buf(x) =) TAf@ s\, (36)
i=0 7

for any f € C°°(C%) with compact support.

Let us now attend to each of the quantization methods discussed in the preceding
sections.

For the Berezin quantization, we claim that we can use the total set

Ay = { > h”]‘fﬁ i nj >0, f; ED(Cd)}
j€Efinite ’

z{ N WBLf; : ny >0, eD(Cd)}. (37)

j€Efinite

(Here > jefinite Means that the summation is over j in some finite set.) Indeed, let us
verify that the three items in §1.3 hold:

e By virtue of (36), for any f € D(C?) and n > 0,

hnTA}; — i hr+n

r>0

1
7!

A" f;

thus indeed any function in A4y has an asymptotic expansion as h \, 0.

e Fix an integer m > 0, multiindices «, 3, and function ¢» € C*°(R) such that
P(t) =1 for |t| < 1 and ¥(t) = 0 for [t| > 2, and let f(z) = a%ﬁ,(z — z0)®
(Z — 20)P¥(||z — 20]|). Then h™ By, f € Ag and, by (36), Brf(z) = a,ig,(z — zp)®
(2—20)? +O(h) for ||z —z|| < 1,50 070"(h™ B, f)(20) = Sardgnh™ +O(K™+1).
By an easy induction argument (attending first to coefficients at k", then at h',
and so on), it therefore follows that the set Ag is total.
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e Finally, for any f,g € D(C?),

—_—~—

(T} #, Thg)(2) = THTI(2)

KM (z,2) KM (z,y) K™ (y, )
:/Cd /cdf(x)g(y) K0 (z.2) dpn () dpp, (y)

— (rh)~2 / F()g(y) e HEn w2 el =P~ 11 /h gy gy
cd Jcd

The stationary phase method again shows that this has the asymptotic expan-

sion
SOhTM(f9)(2)  ash\0,
r=0
where
1 d 82 r
My(£,9)(2) = = [As+8,+ ) %ay} f@gw)|
j=1 e rT=y=2
In particular,
4 9f g
Mo(f,9) = f9, Ml(f,g)=gAf+ng+Z££,
j=1 J J

Mi(f.9) = Milg. f) = 5-{f.g)

Thus u * v has an asymptotic expansion as h \, 0 for any u,v € Aj, and (2),
(3), and (4) are fulfilled.

Furthermore, if f is holomorphic on some open set U C €2, then by (36) By f =
f+O(h>) on U, while the formula for M, shows that M, (f,g) = f-LA"g onU; thus,
modulo O(h™), f s, Bng = Buf *n Bhg = > oo h"f 5ATg = f - Bug on U; that is,
f*xv=fvonl for all v € Ay. Similarly (or by (15)) for v * g with g holomorphic.
Thus we see that the Berezin star-product has the separation of variables.

Remark. We had to establish the separation of variables by a direct argument, since
the spaces Lﬁol(Cd,e*”zHQ/h(wh)*ddz) do not have sufficiently many holomorphic
multipliers in the sense of §1.3 — in fact, the only holomorphic multipliers turn out
to be the constant functions.

The validity of the Berezin-Toeplitz quantization on the Fock space has been
settled by Coburn [9] and also Borthwick [5]; it turns out that (24) and (25) hold
for V = BC>(C?), the space of all smooth functions whose partial derivatives of all
orders are bounded.
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Finally, the asymptotics of the Berezin transform are given by (33) or (36), for any
f € BC*>(CY). In particular, (28) tells us that the cochains C; in (17) are given by

1 6O‘f 80‘
la|=3

The cochains for the Berezin-Toeplitz star-product turn out to be given by the similar

formula "
Ci(f.9)=>_ (07 0% (38)

o al 0z 0ze
|a|=3

Remark. Actually, (6) was proved in [5,9] only for N < 1, but their argument in fact
yields the conclusion in full generality.

Remark. An alternative to using the set Ay in (37) above is to extend Berezin’s
procedure from §1.3 by admitting unbounded operators. Narnely7 let Oy, for each
h > 0, be the set of all linear combinations of operators T T,ﬁ, where «, 8 range
over all multiindices. Note that T are just the operators of multiplication by z®
while T 7% coincide with the dlfferentlatlon hIB19P; in particular, all operators in Oh
have a common dense domain consisting of all functions of the form

Z pj(x) elwai) p; polynomials, a; € ce, (39)
j€finite
and we have the commutation relations [T;L,Th] = hd;iI. It follows that each Oy, is

an associative algebra, with an involution given by Th Th T h. TP, ; further, since

2@7

the reproducing kernels belong to (39), the operator symbols T are defined for all
T € Oy, and, by a short computation, T T,ﬁ = 2227, Thus we may use O}, instead

T
of A, in §1.3 to define the Berezin star—product/iigi the advantage is that instead
of Ay we can take simply Oy := {32 canie M TR T} = {25 jcinite 1™ P5T }, with
n; > 0 and p;, g; polynomials, as the total set.

We remark that in principle it is possible to define the operator symbols (11) even
for any unbounded operator whose domain contains K, for all z € Q; furthermore,
if we in addition require that the operators be closed then the mapping T — T will
still be one-to-one. However, there are difficulties when one attempts to define the
x g-multiplication of these symbols by the formula Sxy T = ST, since the domain
of the composition ST need not contain the K, any longer and thus ST need not be
defined in general.

1.8.2. THE UNIT DISC

Let Q =D = {z € C : |z| <1} with the Poincaré metric, i.e., w = £(1—|2[?)"2dz A

dz, corresponding to the Kihler potential ®(z) = —log(1—|z|?). The volume element
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w is the invariant measure du(z) = (1 — |2|?)~2dz. Thus, we arrive at the spaces

Lj not = Lo (D, 754 (1 — |2[*)72dz) (40)

where we have again introduced the normalization factor =1 ensuring that [|1], = 1,

and denoted

1
v=—
h
for typographic reasons. Again, the monomials z*, k = 0,1, 2, ..., form an orthogonal
basis of (40), with
k!
125112 = O
I/)k-
where
Wg=viv+1l)---(v+k-1) (41)

is the Pochhammer symbol. Consequently, the reproducing kernel and the Berezin
transform are given by

Ky(z,y) = (1 —ay)™,

Buf@) =" [ 1 B=lal)” ) ypyay

™ 1=

[ (L) a -

™ Ty

An application of the stationary phase again implies that B, has an asymptotic
expansion of the required form as v — 4o0o0. This time the phase function S(y) =
log(1 — |y|?) is not quadratic, so some effort is needed to compute the coefficients
explicitly; the first two terms of the expansion are

B, f(z) = f(z) + v (1= [2*)*Af(2) + O(v™?). (42)

Let us now again attend, in turn, to our three quantization methods.
For the Berezin quantization, we claim that (16) and (17) are satisfied for the
total set o
Ay = { Z h”"TZZ_Tq’Lj : n; >0, pj,q; polynomials } (43)
jEfinite

P

Indeed, as 7! T(% = p;q; by (13) or (14), (16) trivially holds. Further, the function
flz)= h”ﬁ(z—zo)j(é—éo)k € Ay satisfies 9'0™ f(z) = j10km A", implying that Ag
is total. Finally, since D is a bounded domain and thus polynomials are automatically
bounded on D, the validity of (17) follows from Berezin [3, Theorem 2.2] (only the
coefficients at h® and h') and [11, Theorem 12]. For the same reason, the spaces (40)
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have sufficiently many holomorphic multipliers and thus the Berezin star-product has
the property of separation of variables.

The validity of the Berezin-Toeplitz quantization has been established by Klimek
and Lesniewski [22]; this time, with the total set ¥V = C*°(D). (Again, they only
proved (6) for N <1, but their argument easily extends to arbitrary N.)

Finally, the asymptotic expansion of the Berezin transform is given by (42), for any
f e L* N C>(D). The higher order terms turn out to be of the form @, = p; (A),
where A = (1 — |2]?)2A is the invariant Laplacian on D, and p; are polynomials
involving Bernoulli numbers etc.; see [10]. Note that, in view of (28), this implies
that the coefficients of the cochains C; of the Berezin star-product are polynomials;
and using (50) below, it follows that, likewise,

the coefficients of the cochains C; of the Berezin-Toeplitz

star-product are polynomials. (44)

Remark. In (43), one might even allow Ay to contain some infinite sums, namely,

Ao = {Zh""mqj : Zh"j 1Pi]l00l|gjlloe < oo for h sufficiently small}.
J

The proofs will work without change.
Remark. Alternatively, one can also use for Ay the same set as for the Fock space:

AO:{ S RMTE g >0, ijD(D)}; (45)

jé€finite

the required assertions then follow again by application of the stationary phase
method, see Theorem 1.2 below. However, for bounded domains it seems simpler
to use (43).

This remark applies also to §§1.8.3 and 1.8.4 below. O

1.8.3. BOUNDED SYMMETRIC DOMAINS

The preceding example generalizes to arbitrary bounded symmetric domains Q ¢ C?
with the invariant metric, i.e., given by the potential ®(z) = log K (z, z), where K (z,y)
is the unweighted Bergman kernel of 2. The volume element turns out to be K(z, z) dz
(up to a constant factor), and

. 1
L%L,hol = L}Qlol(Q? K(Za Z)l dZ)’ a= E

The reproducing kernels are

Ka(xay) = COLK(xﬂ y)oc
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with some constants ¢, and

R L

An application of the stationary phase again implies that the Berezin transform has
an asymptotic expansion I +a 'A+---as h N\, 0, where A is the invariant Laplacian
on (2; the higher-order coefficients have been computed explicitly by Unterberger and
Upmeier [30]. For the Berezin quantization, the same total set (43) can be used as
in the preceding example (with the same proof). The validity of the Berezin-Toeplitz
quantization is due to Borthwick, Lesniewski, and Upmeier [6], for f,g € D(Q).
(Once more, (6) was proved in [6] only for N < 1, but their argument in fact yields
the conclusion in full generality; see [14], where an extension to a class of functions
fyg € C=(Q) not necessarily with compact support is also derived.) The asymptotic
expansion of the Berezin transform is again valid for any f € L N C>(Q).

1.8.4. PSEUDOCONVEX DOMAINS

Our last example concerns bounded strictly pseudoconvex domains Q ¢ C?, d > 1,
with smooth boundary, and a smooth strictly plurisubharmonic function ® on €,
so that w = £00® makes (2 into a Kéhler manifold. In this case, there is no explicit
formula for the reproducing kernels K" (x, ) of L ol = hOl(Q e~*/"du); however,
it has been shown in [11] that there is an asymptotic expansion

KW (2, y) = 0P~ N "nigi(x,y)  as h\0, (46)
7=0

for (z,y) near the diagonal, where (3; are some coefficient functions and ®(z,y) is
a kind of “sesquianalytic extension” of ®(x) = ®(z,x) to a neighborhood of the
diagonal. (In particular, (12) holds as soon as h is sufficiently small.) If ®(x) behaves
reasonably at the boundary, then one can estimate K (z,y) also away from the
diagonal, and apply the stationary phase method as before to get asymptotics of the
Berezin transform and to establish the validity of the Berezin and the Berezin-Toeplitz
quantizations. (For the former, one can take again either (43) or (45) as the total set;
and for the latter, one can again allow any f,g € C*(Q). The asymptotics of the
Berezin transform again hold for any f € C°(£2) N L>°(02). See [11] for the details.

1.8.5. MANIFOLDS

The previous example can be generalized from domains € with the plurisubharmonic
function ® to Kahler manifolds (€2, w) for which there exists a holomorphic Hermitian
line bundle £ with compatible connection whose curvature form coincides with w.
For this line bundle to exist, it is necessary and sufficient that w satisfy the integrality
condition, well known from geometric quantization. One can then consider, for each
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m = 1,2,3,..., the space Lihol = L2 ,(Q,L£™) of all square-integrable holomorphic
sections of the m-th tensor power L™ of L, where h = % Reproducing kernels and
operator symbols can be defined more or less in the same way as before, as well as the
Toeplitz operators and the Berezin transform (see Peetre [27]); and everything what
has been said in §§1.3, 1.5, and 1.7 extends also to this setting. For compact manifolds,
the asymptotics (46) of the reproducing kernels were established by Catlin [7], and the
Berezin-Toeplitz quantization by Bordemann, Meinrenken, and Schlichenmaier [4];
the asymptotics of the Berezin transform, as well as a detailed discussion of the
separation of variables, appear in [21].

Since the extension from domains to manifolds involves only routine technicalities
(most of the work is always done in local charts), we will not say anything more
about them and restrict attention to domains Q C C? with globally defined Kihler
potential ® for the rest of this paper.

1.9. Possible generalizations

Let us review our findings so far about the two quantization procedures:

(I) the Berezin quantization, described in §1.3, uses only the symbols of operators,
cf. (17), and needs the assumptions (10) and (12);

(IT) the Berezin-Toeplitz quantization, described in §1.5, uses only the Toeplitz op-
erators, cf. (6), and needs the assumption (19).

Moreover, the Berezin star-product usually has the property of separation of vari-
ables (for instance, if there are sufficiently many holomorphic multipliers), and so
has the Berezin-Toeplitz (in the reverse order) provided that in addition (20) holds.
Furthermore,

(III) if the Berezin quantization has the property of separation of variables, then we
can recover the coeflicients C; using solely the Berezin transform, as described
in §1.7, cf. (27); for this we need both operator symbols and Toeplitz operators
— hence, both the assumptions (10), (12) and the assumption (19) — and,
further, for the latter the ambient space must be L? — i.e., (20) must hold.
((20) is needed to ensure that 77 = Tf in (26).)

Of course, all the time we are also tacitly assuming (7), which guarantees the existence
of the reproducing kernel in the first place.

Summarizing, we thus see that what is really needed for these quantization pro-
cedures is just a family L, of Hilbert spaces, indexed by a small positive parameter
h > 0, such that

I. for the Berezin quantization,

(a) each Ly, is a reproducing kernel space of functions on {2 satisfying (12);
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(b) for each h, the correspondence T +— T is one-to-one; hence one can transfer
the operator multiplication into the noncommutative products %, in the
algebras Aj, of operator symbols;

¢) there exists a total subset Ag of the direct sum A = Ap, such that
h>0
(16) and (17) hold.

Further, the spaces L, have sufficiently many holomorphic multipliers, then the
resulting Berezin star-product has the property of separation of variables.

II. for the Berezin-Toeplitz quantization,

(a) each Ly is a reproducing kernel space and a subspace of another Hilbert
space Kjp of functions on {2; hence we can define, for each h, Toeplitz
operators on Ly by Tghf := Py(gf), where P, : K, — Ly, is the orthogonal
projection;

(b) there exists a total subset V of C°°(2) such that for any f,g € V, the
Toeplitz operators T;L and T)" satisfy (24) and (6), where the bidifferential
operators C; satisfy (2)—(4).

Further, if the spaces L; have sufficiently many holomorphic multipliers and
Kn = L*(Q,dvy,) for some measures v, then the resulting Berezin-Toeplitz
star-product has the property of separation of variables (in the reverse order).

Moreover,
III. for Karabegov’s approach,

(a) the items I(a)-I(c) and II(a) above should be satisfied, the last with ICj, =
L?(Q,dvy,) for some measures vy; thus we can define, for each h, the asso-
ciated Berezin transform Bjp;

(b) the spaces Lj, have sufficiently many holomorphic multipliers; thus the
Berezin star-product has the property of separation of variables;

(c) there exists a total subset V C C°°(§2) such that for any f € V, the asymp-
totic expansion (29) holds.

Then the coefficients of the Berezin star-product can be recovered from the
recipe (28).

Clearly, the last item (III) requires much stronger hypotheses than I or II.

Let us now analyze which of the above items are satisfied when instead of the
weighted Bergman spaces Lihol one tries for L;, the various alternatives mentioned
at the end of the Introduction. (And if they are satisfied, whether they lead to
interesting star-products.)

At the moment, we have fairly complete results for I, and also for I when the
spaces Kj, are taken to be L2 (2, dvy,) for some measures v,. No results at all will be
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offered for III, and only a single one for IT with other spaces K, (namely, for Kp, the
Sobolev spaces H®, and Lj, the subspaces H;, of all holomorphic functions therein);
as has already been remarked above, all this has to wait for future work.

In the rest of this paper, we will call the quantizations based on the spaces Li)hol
from §§1.3 and 1.5 the traditional Berezin and Berezin-Toeplitz quantization, respec-
tively, in order to distinguish them from their generalizations based on the spaces Lj,
as in I-IIT above.

1.10. Some more technicalities

Before continuing with the main line of exposition, we pause to collect here various
additional material; some of it will be needed in §4. We start with a simple ob-
servation concerning the relationship between the Berezin and the Berezin-Toeplitz
quantization.

Proposition 1.1. Assume that for some spaces Ly, as in §1.9,

e the Berezin-Toeplitz quantization works on ), with total set V;

e the Berezin transform By f has the asymptotic expansion (29) for any f € V;
and

e the correspondence between operators and their symbols is one-to-one.

(That is, the items I(a), I(b), II(a), II(b), and III(c) from §1.9 hold.)
Then the Berezin quantization also works on Q) for the total set

.Ao:{ Z h”ﬂ:;’;j : anO,ijV}.
jé€Efinite
Proof. We need to check I(c), i.e., (16), (17), and the totality of the set Ag. Since
T} = Byf, the validity of (16) is evident from (29). Likewise, the totality of Ao
follows from the fact that B f = f + O(h) and the totality of V. Finally, since
|T(z)| < ||T|| for any point = and any bounded linear operator T, taking operator
symbols in (6) we get

Th Th _
Ty *n Ty Zhj C5(f.9)

—Zhﬂth ()= > Q01 (47)

7,k=0

for all f,g € V; this settles (17). Further, expanding the left-hand side By f * Bpg
of (47) and comparing the coefficients at h° and h' with the right-hand side shows
that, as formal power series in h,

frg+hQif xg+ fxQigl+O(h*) = fg+ h[Ci(f,9) + Q1(fg)] + O(h?),
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that is (writing temporarily C’jB and CjBT to distinguish the cochains C; for the
Berezin and Berezin-Toeplitz star-products, respectively),

Co(f.9) + hCP(f.9) + hICT(Q1f. 9) + CF (f, Q1) = fg+hCPT(f.9) + hQ1(fg).

Thus

C§(f.9)=fyg (48)

and, upon interchanging f and g and subtracting,
ClB(f7g)_C{3(guf):CIBT(fag)_ClBT(guf)7 (49)
proving (2) and (3). Finally, since By1 = 1, (47) implies that B, f *1 = B f and
1% Byg = Byg for all f and g, thus proving (4). This completes the proof. O

Remark. Viewing By, as a formal series of operators (27) on C*° (), (47) implies that
Bf«Bg=DB(f*g) (50)

where the * on the left is the Berezin star-product, and the one on the right is the
Berezin-Toeplitz star-product; thus these two star-products are equivalent and the
Berezin transform mediates the equivalence (cf. [20], or [11, page 239]).

We continue by a definition. We will say that € admits Berezin quantization
in the strong form (based on the family of spaces L) if in addition to the items (16)
and (17), we even have the following strengthening of (17):

for any & > 1 and f1, fo,...,fr € Ag, the star product
f1 % fa x -+ % fi, also admits an asymptotic expansion as (51)
h ™\, 0 (which for k = 2 specializes to (17)).

It follows from the above proof (upon applying (47) repeatedly) that if
BT
Cy (f,9) €V VfgeV (52)

then  even admits Berezin quantization in the strong form. In particular, in view of
(38) and (44), the Fock spaces from §1.8.1 as well as the unit disc from §1.8.2 admit
Berezin quantization in the strong form. Unfortunately, (52) is not always fulfilled in
practice, so we establish this directly.

Theorem 1.2. Consider the spaces Lihol on the domains ) from §§1.8.1-1.8.3.
Then Q admits the traditional Berezin quantization in the strong form with total set

o { Sz gecmnie)

j€finite

409 Revista Matemadtica Complutense
2006: vol. 19, num. 2, pags. 385—430



Miroslav Englis Berezin and Berezin-Toeplitz quantizations

Proof. We present the proof for the Fock spaces from §1.8.1; the other cases are
similar. It suffices to show that for any k > 1 and f1,..., fr € L= NC,

Th . Th Th _ (b oph b1~
Tfl *h sz Knotokh Tfk - [Tfle2 '”Tfk]

has an asymptotic expansion as h \ 0, with leading term h° - fi fs... fx. Indeed,

taking k£ = 1 this implies first of all that (16) holds, with T]'? = f 4+ O(h); from the
latter it also follows (as in §1.8.1) that Ag is total. From §1.8.1 we also know that for
k=2 and fi, fo € D(Q), the coefficients C; have the desired properties (2)—(4); since
differential operators are uniquely determined by their restrictions to D(£2), (2)—(4)
remain in force also for any f,g € C°°(22) N L>°(Q2). Finally, for k > 2 the existence
of the asymptotic expansion is precisely what is required by (51), and the proof will
be complete.
By the definition of the Toeplitz operator,

Tjo@) = (6. KM) = | oW @K (@.y)dun(y):
ie., T;‘ is an integral operator with kernel f(y)K ™ (z,y). Consequently,
[Th - Th]™(2) = KM (z,2)7 1) . Tp KW, K™.)

:/Q/Q.../Qfl(yl)~--fk(yk)

y KM (z2,y1) KM (y1,y2) K™ (y2, y3) - - - KM (yy, 2)
KM (z,z2)

x dpn(yr) -+ dpn(yx)
/ / / Fuln) -+« Fola) eCEU0+ @ a4+ w2/
cd Jcd

_ . dyy - - - dys
w o= (lyr I ++lykl 2+1212) /A L (53)

Now recall that in the stationary phase method, concerning the asymptotics of the
integral (34), the hypothesis of the compact support of ¢ can be relaxed: it is enough
that ¢ be such that the integral exists for some h = hg, and that the maximum of
Re S at the critical point x¢y dominate also the values of Re S at the boundary or at
infinity, in the sense that Re S(z) — ReS(xg) = x — xp. The latter condition
is obviously fulfilled whenever S is a quadratic form, hence also for the integral (53);
and the former condition is likewise satisfied in our case since the existence of the
integral (53) for all h follows from the boundedness of T]'Jg for any f; € L>°(Q2). Thus
the stationary phase applies, and the existence of the asymptotic expansion as h \ 0
follows, with leading term equal to h° - f(2)--- fx(2) by virtue of (35). This settles
the claim. O
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Remark. Under some extra assumptions, the last proof works without change also
for the pseudoconvex domains from §1.8.4. We have stated the theorem only for
situations in which we will need it later in §4.3.

We conclude this section by elaborating on one more of the ideas above. Namely,
assume that (12) holds and that the Berezin-Toeplitz quantization works on €, i.e.,
the items I(a), II(a), and II(b) from §1.9 are fulfilled. Upon taking operator symbols
on both sides of (6) and recalling that |7]|s < |||, we obtain the equality (47), viz.,

Bufsn Brg =Y W BiCi(f,9)  Vf.g€ A (54)

Jj=0

We might call this a weak Berezin-Toeplitz quantization. It turns out that this is often
something that we are already familiar with.

Proposition 1.3. Assume that the items I(a), I(b), I(c), and III(c) from §1.9 are
fulfilled. Then the weak Berezin-Toeplitz quantization (54) holds for all f, g in a
total set V C C*(Q) if and only if the Berezin quantization holds with the total set

Ao = {Zjeﬁnite hnthfj sy 20, fj € V}

Proof. Immediate upon comparing (29) with (16), and (54) with (17); the fact that
Ap is total if and only if V is follows again from the fact that the leading term in (29)
is the identity operator. O

2. Berezin quantization via spaces of nonholomorphic functions

Returning to the main line of exposition, let us now analyze if the Berezin quantization
can be accomplished using other spaces than the traditional L7 . We start with the
case of the Berezin quantization based on the subspaces L% of functions in some L?
annihilated by a given hypoelliptic operator A, or more generally on the analogous
subspaces H? of the Sobolev space H® with arbitrary s € R (of course, the former
are just the special case s = 0 of the latter), as well as on the Sobolev spaces H*®
themselves.

We thus need to check the three items I(a)-I(c) in §1.9: namely, that (a) the point
evaluations f — f(y) are continuous; (b) the correspondence T +— T is one-to-one;
and, finally, (c) if the space is made to vary with the Planck parameter h in a suitable
way, we can find a total subset such that (17) holds.

Consider first the simplest case among the above (apart from the holomorphic
functions, corresponding to A = d), namely, the spaces Lﬁarm of harmonic functions,
obtained for the choice A = A. From the point of view of practical applications,
these spaces would have the obvious advantage over L2, in that they do not require
Q) to have complex structure.

Thus let L2, (€, dv) be the subspace of all harmonic functions in L?(€2,dv) for

harm
some measure v on 2. The first item (a) presents no problem: from the mean value
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property of harmonic functions, it is immediate that point evaluations are continuous
on L}, . for instance, whenever dv has a continuous positive density with respect
to the Lebesgue measure. The associated reproducing kernel, the (weighted) har-
monic Bergman kernel H(x,y), is then a function harmonic in both z and y, and in

distinction to the usual Bergman kernel is real-valued. Indeed, for any f € L2, .

(f Ho) = f(z) = (f, Ho) = (f, Ho),

implying that H, = H,. Thus H(z,y) = H(y,z) = H(z,y).

Ezample. For Lfmm(C,e_|z|2/h(7rh)_1dz), we have H(z,y) = 2Ree®? — 1; and for
L? . (D,dz), H(z,y) = 2Re(1 — 2y) 2 — 1. For the analogous space on the unit ball
in R", the kernel is already much more complicated; see [2].

Unfortunately, however, the item (b) breaks down completely. Indeed, consider

the operator

T=(fg-(9f
2
harm*

(THy, Hy) = (Hy, f){9. H) = (Hz, g)(f, Ho) = f(2)g(z) — g(2) f(z) = 0.

Thus T = 0, yet T # 0.
More generally, defining a “complex conjugate” of an operator by

for some linearly independent f,g € L Then by the reproducing property of H,

Tf:=Tf,
the same argument shows that
(T —T*)~ =0, foranyT. (55)

Thus there is no hope of performing the Berezin quantization in this case.

Remark. A possible solution to this problem might be to find a (noncommutative)
subalgebra X of B(L?,, ) such that T'+— T is injective on X, yet X is “total” in some
sense. Currently, this is an open problem.

Remark. It is possible to define Toeplitz operators Ty on Lﬁarm as in §1.4 (taking
K = L? and f € L*). One can then show that in several standard situations
(like @ = C with the Gaussian measure, or 2 = D with the measures as in (40)),
the mapping 7' — T on B(L},...) is, nonetheless, one-to-one when restricted to the

Toeplitz operators; i.e., Ty = 0 implies f = 0. (The same is likewise true for the
analogous spaces Lf)h(Q,dz/) of pluriharmonic functions for any bounded rotation-
invariant domain 2 and finite rotation-invariant measure v; see [15] for the proofs of
all these facts.) This seems quite remarkable, since already for commutators [T, T;]
of two Toeplitz operators this is no longer true: indeed, since (Ty7y)* = T;T}, while

TyT, = T§Ty, applying (55) to T' = T§Ty, we see that
(Tng - Tng)N =0, Vf,ge L™. (56)
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On the other hand, it is easy to choose f, g so that TyT, — 1,1y # 0. For instance,
if 0 admits a nonconstant bounded holomorphic function f, then

(TyTrf, f) = | TF 117 = IIPIfIPIP,

while
(TFTef, £) = 1T f12 = 1202 = 1P )P
Since |P|f)?| = |[If*]] <= |f|* is harmonic <= f = const., we see that
TyTj — TT; # 0.
Currently, very little seems to be known about these Toeplitz operators [8,18,23,
26,29], and even less about the corresponding Berezin transforms [15].

The same argument also shows that the Berezin quantization must break down
if we try to use, instead of L? . the Sobolev spaces H*, their harmonic subspaces

Hy o> €tc. — more generally, any function space which contains the complex con-

jugate f whenever it contains f and on which the complex conjugation f +— f is an
isometry.

Remark. In the holomorphic case, the injectivity of the map T +— T stemmed from
the fact that any function f(z,y) holomorphic in  and conjugate-holomorphic in y is
uniquely determined by its values on the diagonal x = y. Similarly, for the spaces Li
and H? defined by a hypoelliptic operator A, the symbol map 7" — T will be injective
as soon as A has the following property: any function f(z,y) satisfying A, f(z,7) =
Ay f(xz,y) =0 Va,y and f(x,x) = 0 Va, vanishes identically. The characterization of
such operators A, however, remains rather elusive as of this writing.

3. Berezin-Toeplitz quantization via harmonic Bergman spaces

Let us now turn to the Berezin-Toeplitz quantization based on the spaces L%. The
Toeplitz operators, of course, are defined using K = L?, so the assumption (19) is
fulfilled, as well as (20). From the item II at the end of §1.9 we know that we need
to verify the property (24) and the asymptotic expansion (6) for the product of two
such Toeplitz operators. We are going to show that, unfortunately, this again fails
already in what one would, apparently, expect to be the simplest generalization of
the classical case, namely, for Toeplitz operators on the harmonic Bergman spaces
D, “2 (1~ |2[*)" % d2)

2
Lh P

arm(

on the unit disc D, where we again use the notation v := % These are the harmonic

counterparts of the Bergman spaces occurring in the traditional Berezin-Toeplitz
quantization on D from §1.8.2.
These spaces have an orthogonal basis {2["},,cz, where

(m] 2 m >0,
zZ =
z7m m <0.
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The norm of z[™ is easily computed to be [m|!/(v),. It follows that e(,, :=
V(W) my/Im]! 2™} is an orthonormal basis. Since
b im] iy Y1 k=l _[m] . [—n] 2\w—2
(Thsz!™, 2y = —— [ 2FZ7 271 — |2]%)" " dz
™ Jp
v—1 1 2m )
_ / / rk+l+\m|+|n\e(k—l+7rz—n)29(1 _ T2)u—2 dor dr
0 Jo

™

1
_ 5k+m,l+n (l/ N 1)/ t(k+l+\m|+\n\)/2(1 - t)u72 dt
0

k+1+|m|+|n| )'
= 5k+m,l+n (U) 2 .

ktlt|ml+in]
2
we have
k+i+|m|+|n|
e Y L0 COlTP S G s A
zrz m " ‘m"ln“ et (l/) k+l+|;n|+\n\
Consequently,
kUt |m|+|m+ k-]
Th e — (V)|m|(V)\m+k—l| (4m2m )! e™ (57)
hE m |m|!|m+k,l|[ (I/) Kl |m|+|mtk—1] ek
2

Now if (6) were true, we would have asymptotically,
HTJ}‘LT; - T;}g - thl(fyg)” =O(h?)

as h \, 0. Applying this to f = 2z, ¢ = z, then vice versa, and subtracting and
using (3), we get

IA(T2T2 = T2TL) = T — 0 (58)
as v = 1/h — +o0, where ¢ = ;-{z,z} = —(1 — |2/*)%. Now from (57) it follows
that the operator v(T! TP —TFT!) is diagonal with respect to the basis {e(™),,}, with
eigenvalues

en() = v (T2 |? = | T2e™ 0 )?)

(V)\ml(y)lm—n (MW)'Q (V)\m\(’/)lm-i-l\ (W)|2

Im|!fm —11' (V)3 i Im|m 4+ 1" ()3,
2 2

b

which are easily seen to satisfy (using Stirling’s formula)

—1 m>1
lim ¢p(v) =10 m=0
v——+00
+1 m< —1
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Observe that the right-hand side is an odd (and nonzero) function of m. On the other
hand, T d’f is also diagonal with respect to the same basis, but with eigenvalues

(1) o= (TP, ),y = V= — | o@lePm = oy s

m]!

which depend only on |m|. Thus (58) cannot hold. (Actually, it is not difficult to
show that dy,,(v) = —(v — 1)jm|+1/ (¥ + 1) |41, Whence lim, . | o d,, (v) = —1 Vm, so
lim infy o || h[Th Th — T(;’H >2.)

Another way of seeing that either (24) or (6) must fail is by using (56): namely,
(6) and (3) imply that

hrph hrph __ = j mh _ ih h 2
TPTy = TyTf =3 W T rg)-cya) = 5 T 1S9} + O
=1

(in operator norm). Taking operator symbols and dividing by h, we thus get

1 y T~

~ 2
F(TFTy = TyTy)™ = 5Tl y +O(h)  as h\.0,

However, by (56), (T}’Tgh - T;’T}L)N =0, so

e~

Th

{f7}—>0 as h \, 0.

Thus (24) implies that {f,g} =0 Vf,g € V, which is absurd.

Again, the last argument also works for any other subspace of L? in the place of
L?, .. aslong as it is preserved by complex conjugation (i.e., contains f whenever it
contains f) and the complex conjugation is an isometry on it.

4. Berezin quantization on general Hilbert spaces of holomor-
phic functions

Here by “general” we mean that the scalar product need not come from plain inte-
gration; i.e., (20) need not hold. (They need not be the holomorphic subspaces of
some L2.) Thus we can still define operator symbols, and the correspondence between
the operators and their symbols is still one-to-one, but in general there are no Toep-
litz operators, and no Berezin transform. (Sometimes the Toeplitz operators and the
Berezin transform can also be defined, but some care is needed; see section 5.)

The simplest example of such spaces are the Sobolev spaces of holomorphic func-
tions Hi ). Another important example is the analytic continuation of the weighted
Bergman spaces on a bounded symmetric domain Q € C? (i.e., Hermitian symmetric
space 2 = G/K of non-compact type) from §1.8.3. Namely, let K (x,y) stand for the
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ordinary Bergman kernel of © with respect to the Lebesgue measure dz. Then the
weighted Bergman spaces
Ll?lol(Qa K($7 x)ia dl’)

are well-defined for « > —1/p and have reproducing kernels K, (x,y) = const -
K(x,y)T!, where p is an integer called the genus of Q. (These spaces are known in
representation theory as the holomorphic discrete series of G.) It was shown by Rossi
and Vergne [31] that these spaces admit an analytic continuation to smaller values
of v; and for these values, with a few exceptions, they are not subspaces of any L?
space.

For instance, for the unit disc D, the analytic continuation of the weighted Berg-
man spaces

L= Lig(D, 221 (1— |22 dz), v 1,

™

is given by £, = {f holomorphic on D: || f]|, < oo}, where

anizzﬁw it f(z) =Y 17,
j=0 77 j=0

for any v > 0; here (v); is the Pochhammer symbol (41). For v = 1, this is the Hardy
space on the unit circle T; for 0 < v < 1, these spaces are not subspaces of any L?
space.

4.1. New scalar product

Our idea will be to get such spaces from “known” ones by a deformation of the scalar
product.

Consider, quite generally, a Hilbert space H of functions on €2, and let M be any
self-adjoint operator on H (usually unbounded) which is positive in the sense that

(Mz,2z) >0 Vo € dom M, x # 0. (59)
Define a new scalar product on dom M by

<fag>M = <Mfag>

and let Hjys be the completion of dom M with respect to the corresponding norm.
Note that if M is bounded (so that dom M = H), then H,s O H; on the other hand,
if M~! is bounded, then Hj; is contained in H and coincides (as a set) with the
domain of M'/2. (In our applications, either M or M~' will always be bounded.)

Ezamples. For H = L?>(R"™) and M = (I — A)*, with A the Laplace operator, we get
the familiar Sobolev spaces Hyr = H*(R"), s € R.

For H = L} ,(Q) and M = (I + D*D)?%, where D : f — (%)?:1 is the operator of

holomorphic differentiation from L | into P’ L3 ,, we get the holomorphic Sobolev
spaces Har = Hy ().
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Now assume that H has a reproducing kernel K (x,y). Then we have
fla) = {f o) = (Mf, M7 KG) = (f, MUK )

Thus if K, € dom M ! for all y, then we see that Hj; has also a reproducing kernel,
L(z,y), given by

L,=M"'K,, or L(z,y)=(M 'K, K,).

(This also shows, in particular, that Hjs is again a space of functions on €2.)

Remark. The condition K, € dom M —1 can in fact be relaxed to
K, € dom M~Y/2, (60)

See [16, section 4] for the details.

Clearly, if H is a space of holomorphic functions, then so will be Hys (since L,
depends anti-holomorphically on y if K, does). Further, the condition (12) will be
satisfied for H,; if it is satisfied for H.

The operator symbols on Hj; can be expressed in terms of those on H:

T]w(fﬂ) _ <TLIaLw>M _

<Lza L1>M
(MTM~'K,, M—'K,)
(MM—'K,, M—'K,)
TM-!
_ M @) (61)
M=*(x)

(In particular, T is uniquely determined by TM whenever it is uniquely determined
by T'.) This implies also the relation between the associated products #y =: % and

el M oM —~ M . .
k3¢, =: %70 by definition, T *p, S™ =TS | which translates into

qf *x M %9 qg

. (62)

f*mg=

where we have denoted, for the sake of brevity,

—

q:=M-1

An operator T on H is bounded on Hj; if and only if (MTz,Tx) < ¢(Mz,x)
Yz € dom M, for some finite ¢; that is, if and only if M*/2TM~'/2 is bounded on H.
The mapping T — M~Y/2TM? is thus an isomorphism (except that it does not
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preserve involution) from B(H) onto B(Has), and the algebra Ay, of all symbols of
bounded operators on H; is related to Ay by

Artyy = {(M=Y2 59 faqg M=1/2)/q; f € Ay} (63)

Finally, if %y has the property of separation of variables, then so has *,;.

In particular, if H is one of our weighted holomorphic Bergman spaces L%J]Ol,
which we will assume from mow on, and M any positive selfadjoint operator thereon
such that (60) holds, then H,; will always be a reproducing kernel Hilbert space of
holomorphic functions and *j,; will have the separation of variables.

Observe that for f,¢g holomorphic we may by (30) also define the M-Berezin
transform by -

- - fx3g M
B (fg) = frar g = LI, (64
and M-Toeplitz operators by

(TM)~M = BM(fg) (if such operator exists). (65)
Ezample 4.1. Take H = L2 (D, 2dz) and
M:z"— (n+1)2"

ie., Mf = (zf). Then (2™, 2™)ar = 6pm = (2™, 2") 2, where H? is the Hardy space
on the unit circle T. Hence Hys = H?, L(x,y) = 1/(1 — yz) (the Szegd kernel). The
Berezin transform can be computed to be

>
BM(znzm) = lrml = { -

zm—n n<m;
that is,
BM § — the Poisson extension of f|

for any polynomial f in z,z. Similarly, for such f, T]{” turns out to be the usual
(Hardy space) Toeplitz operator with symbol f|r. (For more general functions f,
BM f and TfM need not be defined.)

Ezxample 4.2. Take again the same H but now with

(n+1)!
(V)n ’

Then Hjy; are the analytic continuation of the weighted Bergman spaces £, =

L} (D, %=1 (1 - [z]*)¥~2dz), v > 1, mentioned above.

Ezxample 4.3. Take the same H but with

Moo (n+1)!~[1(—|—)n(n—|—u—1)] o

M:2" — v>0.

Then (f,g)pr = (f,9)v + {f',9")v, so Hps coincides with the holomorphic Sobolev
space H} (D, ”Wl( |22 =2dz):={f€L, : ffeL,}
Revista Matemdtica Complutense 418

2006: vol. 19, num. 2, pags. 385—430



Miroslav Englis Berezin and Berezin-Toeplitz quantizations

4.2. Applications to quantization

Fix now a weighted Bergman space H, take a family of operators M}, on it, and let
Hp := Har,, *n, Bp, etc., be the corresponding M-objects. Can we find M), so that
as h — 0, the spaces H, satisfy the conditions I(a)-I(c) from §1.9, and thus can be
used to define a Berezin star-product?

Example 4.4. Consider the weighted Bergman spaces L,QI’hol = L% ,(Q, up) from the
traditional Berezin quantization, and let H := Lio,hol for some chosen (fixed) value
of hg. Let tj, : H — L%’hol stand for the identity mapping f +— f, considered as a
mapping from H into L%,hol' Assume that ¢ is densely defined and has dense range
(that is, H N L}QL,hol is dense in both H and Lihol; except for the compact Kéahler
manifolds, this is satisfied in all situations where the traditional Berezin quantization
is known to work, as soon as hg is so small that H does not reduce to the constant
zero). Then

My, ==t

is a densely defined, positive selfadjoint operator, so we can apply to it our construc-
tion. Since (Myf, f)n = (f, f>Li,hol’ we have Hj), = Lihol. Thus we see that the

spaces L%%hol from the traditional Berezin quantization can be recovered by the above
construction.

Ezample 4.5 (More concrete). Take Q = C, H = Lﬁol(C,e_‘z‘zw_l dz), and
My, : 20— bz (i.e., Mpf(z) = f(hz)).
Then we have

Hp = L2 (C,e F/ M (mh) L dz) = 12 1,
My (z) = e F,

—

M () = eI,
and
fapg= e(1=h™h)|z[? [e(h’lfl)\Z\r“f 3¢ e(h=1)z[? *3¢ e(h’lfl)IZIQg]_

(Note that we had to go outside the realm of formal power series in h!)

Taking, for instance, f = z*z!, g = 2™2", m > [, an explicit computation shows

419 Revista Matemadtica Complutense
2006: vol. 19, num. 2, pags. 385—430



Miroslav Englis Berezin and Berezin-Toeplitz quantizations

T e
2FEl sy 2mEn = 2R e DN IV T My T M

_ |
— sksn (1=h 1)|Z|zszlhl%e*\2\2 1F1(m+1;mfl+1;h*1|z|2)
m —t):
I S
= ettt T () e R dim L 1)
bk —n m) h \! _
— gmtkz Hm(w) VF(—lm— 1+ 1~k Y2)?) by [17, 6.3(7)]
h 1
:zm+kzn+lu(W) LMY —hY22) by [17, 6.9 (36)]
l .
'm! h’
_ Zm+k:2n+l i i i -
2. 5= = P

where 1 F is the confluent hypergeometric function and LS are the Laguerre polyno-

mials. Thus -

hi 9 o
k=l mzn __ k=l mzn
Consequently, taking for 4, the set of all polynomials f = f,(z) in h, z, and z, we see
that Vf,g € A
oo . .
- . 1 07f d¢g
— ic. , 275
fong = ;h Cit9),  with Cj(f,g) = 5 755 75
Thus (17) holds. Since (16) and the totality of Ay are obvious, we thus obtain a
differential star-product on C (identical with the traditional Berezin star-product,
which in this case is equivalent to the classical Moyal product on C).

In general, proving the validity of (17) for a given family M}, is quite difficult.
(Even in the special case of the preceding two examples, it is tantamount to proving
the correct semiclassical behavior of the traditional Berezin quantization!) It is there-
fore of advantage to take another route: namely, to try to establish that if we have
one family M}, which works, then we can get another one by modifying the former in
a suitable way. Since for the former we can take the operators M}, corresponding to
the traditional Berezin quantization (Example 4.4), this will solve our problem.

Thus let as usual €2 be a domain with a Kahler metric admitting a global potential
and assume that the traditional Berezin quantization based on the weighted Bergman
spaces L,%,hol = L}, (9, pup) works on . Assume further that for each h, Uy is a
positive self-adjoint operator on L%’hol such that

Up=> Wu;  ash\0
=0
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for some u; € C*°(Q), up > 0. Consider the spaces

Ly = (L%L,hol)Uh' (66)

(Thus, in contrast to Examples 4.4 and 4.5, now both the operator M and the space H
vary with h.) Let us now see whether these spaces can be used instead of Lj ;. for
performing the Berezin quantization. In view of the results in §4.1, the items I(a)
and I(b) from §1.9 are always satisfied; thus we only need to check 1f we can find a
total set Ag for which (16) and (17) hold.

To prevent confusion, we keep the notations xp,*, A, and Ay for the objects
associated to Lj ), and denote by x,+', A} and Ay the ones pertaining to the
spaces (66). We also keep the notation C; for the bidifferential operators C'; from the
traditional Berezin quantization, denotmg those corresponding to (66) (prov1ded we
establish their existence) by C”.

We claim, first of all, that once a suitable total set .Ay" has been found so that (16)
and (17) hold, the resulting operators C} will automatically satisfy (2)—(4). Indeed,
let us denote, for brevity,

u = Zhjuj e C*(Q)[[r])-

=0

Let ¢ be the inverse of u in C'*°(Q)[[h]] with respect to *; the latter exists since
up > 0 does not vanish by hypothesis, and thus is invertible as an element of C>°(€2).
Moreover, gy = 1/ug. Let further r be the formal square root of w in C*°(Q)[[R]], i.e.,
77 = u; again, 7 exists since up > 0 is an element of C'*°(Q2) having a smooth square
root, and rg = /ug. Now from r * r = u and ¢ * v = 1, together with (62) and (63),
it follows that the star-products * and %' on C°°(Q)[[h]] are equivalent

V(f¥g) =V[xVg (67)
via the operator
Vi=rxqf«xr=f+hVif+hVof+--

By the same argument as in (48) and (49), the desired claim follows.

Thus to show that the spaces (66) can be used for Berezin quantization, it is
enough to find a total subset Ay C &5.4), such that each f € Ay, as well as f ' g for
each f,g € Ay’, have an asymptotic expansion in nonnegative powers of h as h \, 0.

This is accomplished by the following theorem. We formulate it only for the Fock
space and the disc, though it probably remains valid in more general situations.

Recall that a function on C¢ or D is called radial if it depends only on |21, ..., |24
or |z|, respectively. For any radial function w, the Toeplitz operators T are diagonal
with respect to the standard basis of monomials; we will call the function w temperate
if the eigenvalues ¢, of T on z® satisfy

sup < 00, sup Cotb (68)

a Co+p a Ca
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for any h and any multiindex (3. (Here and below, for the unit disc “multiindex” just
means “nonnegative integer.”)

Theorem 4.6. Consider either the Fock spaces on Q = C? from §1.8.1, or the spaces
L%hol on Q =D from §1.8.2. Let w > 0 be a positive temperate radial function in
L>(Q)NC>(Q), and for each h > 0 set

Un = (Tyy)~".
—~Up
Denote by Ay’ the set of all linear combinations of functions of the form h"T:ﬁzm(b(z),
where n > 0, I,m are multiindices (for C%) or I,m > 0 (for D), and ¢ € D(Q) is
radial. Then the spaces (66) with the total set Ay define a Berezin quantization on
in the strong form.

Remark. Of course, the last theorem is a complete triviality on the level of formal
power series, in view of the equivalence (67) — one could even forget about the
complicated definitions of A4y" and special forms of Uj,. The point is to make things
work even on the rigorous (not only formal power series) level.

Proof. First of all, note that w > 0 implies that 7" is positive:
(Thf f) = / w|fPdu, >0 Vfe Li,holz with equality iff f = 0. (69)
Q

"=l = U}, is also positive. Thus U}, satisfies
the condition (59) and the definition (66) makes sense. Also, as U, is bounded, the
condition (60) is trivially fulfilled.

Second, we claim that the operators Tzhl smg(z) B8 above are bounded on the spaces

Hence T is injective and its inverse (T

L, (that was the sole reason behind such a complicated definition of Ay’). Indeed,

we know from §4.1 that this is equivalent to Ui/QTzh, Uh_l/2 being bounded

zZm$(2)
on L%yhol. However, the latter is clear since
Ca
s
and the second factor on the right is nonzero only if o« — 3 = m — [; thus the bound-
edness follows from the boundedness of T _,, » and (68).

Hence A, ¢ A'.

Now let £ > 1 and let fi,..., fr € L N C* be any functions such that T}Tj are
bounded on Lj. Then by the definition of %) and (61),

w2 U2 2P =

ztzm¢(z) <T£Zl+a7 Zm+ﬂ>

)

—~ Uy, ~ Uy, ——Up
h h1~U

TJ’:l *’hTJ’}2 *Z"'*ZT}L = [Ty ---T7]~7"

[T}ll .. 'T}LTLL]N

Th

w
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(Note that T > 0 by (69).) Since both the numerator and the denominator of the last
formula have asymptotic expansions as h \, 0, by Theorem 1.2, so does the left-hand
side. This establishes (51), (16) (upon taking k = 1), and, in view of the discussion
preceding the theorem, also (17) (upon taking k = 2).

Finally, as, in particular,

ln _Tix T fwt O(h)
! fﬁ w+ O(h)

=/ + 0,

the totality of the set Ay’ follows from the (evident) totality of the set of all linear
combinations of the functions h"z!z™m¢(2).
The proof is complete. O

Remark. For the Fock space and w € BC*(C%), an alternative proof of Theorem 4.6
may be given based on the fact that bidifferential operators C; from the tradi-
tional Berezin-Toeplitz quantization (38) obviously preserve BC* (i.e., (52) holds for
V = BC™) and the observation before Theorem 1.2. Similarly for the unit disc and
w € C*(D), by (44).

4.3. Some examples

As our first application of Theorem 4.6, consider the Fock space L} 1, = Liy(C,
e’|z|2/h(7rh)*1dz) on C and take
w(z) = (1+2*)~

with some s > 0. Then T is a diagonal operator with respect to the standard
monomial orthogonal basis {2*}, with eigenvalues

(Thzk, 2%y 1 o sk —t/hy—
k= <Z'€ = (L+t)*the /" p=1at

(1+ yh)_syke_y dy.

TR

It follows that, for each fixed h, ¢ ~ const - k=% as k — oo. Hence, in particular,
foj- - is positive and tends to one, so w is temperate. Thus Theorem 4.6 applies, and
we obtain a Berezin quantization of C based on the spaces Lj from (66). Note that

for s an integer and k > s,

(2, 28V, = (Up2®, 2%) e = <c,C Lok 2Py e (B +1)%(2F, 2F) e

12

= (k+1)°kIn* ~ Zk] kIhF ~ Z(k'j)!z(k—j)!hkj

_Z (]) J)> <Zk7zk>Hsa
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for each fixed h > 0; hence Lj, coincides as a set with the holomorphic Sobolev space
Hi (C, e1=*/ hdz), with equivalent norms. We have thus arrived at a Berezin star
product based on Sobolev spaces of holomorphic functions.

The same construction works also for the Fock spaces on C? with d > 1, using the
function w(z) = H;‘l:1(1 +1z;]?) 5.
For a second example, consider the disc D with the usual spaces L,%’hol =

(D, 224(1 ~ [2)2d2), v = }, and take

s

L2

hol
w(z) = (1 —|z]?)%, s> 0.

Again, T" is a diagonal operator with respect to the standard basis, with eigenvalues

C*%u— L —)2stv—2 7wN —2s
o= S [ grrea - S )

As before, it follows that w is temperate, and thus the last theorem applies and yields
a Berezin quantization of D based on the corresponding spaces (66). Note that again,
for s an integer and k > s,

(2% 28, = e MR 2P e & (ke + 1) —'NZkQJ NZk:Q]k:l v

S 1 ZS 1?2 I
~ E ]{52] (k _])1 ~ (k _j)|2 <Zk J7Zk j>L2 = <Zk72k>Hs’
=0 j '

for each fixed v, so that L; again coincides with the holomorphic Sobolev space
Hi (D, (1 —|z|*)¥~2dz), with equivalent norms.

4.4. Concluding remarks

Remark. We have seen in Example 4.4 that for 2 = D, the unit disc, and 'H =

L} (D, 71 dz), the ordinary (unweighted) Bergman space, the operators M, corre-
) _

sponding to the passage from M to Lj ) = Li (D, h=1(1—|z?)h =2 d2) of the

traditional Berezin quantization are given by Mzl = g;rhl))'zj Similarly, we have
J

seen in §4.3 that the operator M corresponding to the passage from H to the holo-
morphic s-th order Sobolev space H; (D, n~!dz) is given by Mz7 = m;27, where

127113 ,
m, = hol __ Hzgflc”Q
P IIZJH Z )" k
+1)! L2
— +1)°%
Z Gk = U
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(at least for s a nonnegative integer). Since ({j)lj)! = (j 4+ 1)27%, we see that Li)hol

coincides with Hj,| for s = 1 — 5=, with equivalent norms. The Berezin quantization

h — 0 can thus be equivalently viewed as a quantization using Sobolev spaces H} |
with s — —oo (suitably renormalized). Unfortunately, for the Fock space this analogy
breaks down.

Remark. We finish by commenting on a natural question, namely: which reproducing
kernel spaces of holomorphic functions, on a given domain €2, can be obtained by the
“deformation” construction from the beginning of this section?

The answer is: essentially, all of them. Indeed, take H := Lﬁol(C‘ﬂe*"ﬂ2 dz);
this space contains all polynomials and they are dense in it. Thus if I is any other
reproducing kernel Hilbert space of holomorphic functions on a domain Q C C?, such
that the polynomials and contained and dense in it, then H N K is dense in both H
and K. Thus the argument from Example 4.4 can be applied to show that K = (H)

for M = ¢*1, with ¢ the restriction map from H into K.

Remark. Related question: which star-products can be obtained from the Berezin
star-product using the machinery from this section?

Certainly not all, since in view of (67) they must be equivalent to the star product
we have started with, and also have separation of variables (by §4.1). Currently, the
answer to this question is unclear.

It should be noted that for a somewhat analogous problem for the Berezin-Toeplitz
quantization — namely, which star-products can be obtained from the recipe

(W) A(h) =15 (B
QM Q 7ZhJQCj(f,g) ash —0

j=0

(in the sense of operator norms) where f — Qy is a mapping from D(2) to (bounded
linear) operators on L7 , = — the answer is known in the case of symmetric spaces €
and invariant star—procfucts: then any G-equivalent star product can be obtained in
this way. See [12,14]. It is a conjecture that the assertion remains in force even in
general (i.e., for non-symmetric spaces).

5. Berezin-Toeplitz quantization on holomorphic Sobolev spa-
ces

We proceed to discuss the remaining case of the Berezin-Toeplitz quantization on
general spaces of holomorphic functions, and as before we start with the simplest
ones among them, the holomorphic Sobolev spaces H} ;. Of course, for the larger
space K in (19) we take the whole Sobolev spaces H*, so that the Toeplitz operators
are defined by Ty¢ = P(f¢) where P is the projection in H® onto its holomorphic
subspace H{ ;. Now one cannot take an arbitrary L°° functions for the symbol f,
but only those for which the multiplication by f maps H}, into H?®; thus, for instance,
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any f such that all its derivatives of orders < s exist and are bounded will be fine.
Note that since (20) is violated, these Toeplitz operators do not usually have properties
as nice as before; for instance, T'f # Tf in general.

We actually offer only a single result, concerning the simplest case of the holomor-
phic Sobolev spaces H h.not 01 the complex plane C. We will also again assume that
the order s is an integer and s > 0. That is, we consider the spaces

Ly = Hj o1 1= Hioy (C, e/ (mh) T dz),
equipped with the norm
A1 = Do 1%, (70)
j=0

where the norms on the right are taken in L?(C, e“z‘z/h%). The following result
was quite a surprise for the author.

Theorem 5.1. For any f € BC*(C) and h > 0, the Toeplitz operator TJ’J on Hj 1)
is just the restriction to Hp y,; C L%L,hol of the Toeplitz operator T;L on Lihol.

Proof. To avoid confusion, let us temporarily denote the Toeplitz operators on Hj, ;)
by V() t» while keeping the notation T;L for the Toeplitz operators on L%z,hol' Thus

we want to show that V() F = T}L| - Since the monomials form an orthogonal

-
basis both in L? | ; and in H} ,_;, we have

V(h)fzk _ i <fzk)ZYrL>s m Thok — - (fzkvzm>0 m

Z b Z b
2 e, 1= T,
so it suffices to show that
k .m k .m
<fZ y 2 >s:<fz ) 2 >O7 Vk,mZO (71)

(Zm72m>5 <Zm’zm>0

Indeed, then V(") fzk = T;lzk for all k£, and the assertion will follow in view of the

continuity of V(") rand T’ }’ on their corresponding spaces.
Now p
koamyg = k zm ,—|z?/h &%
z2°, z = z)z"zZme .
(e = [ 6 o
Let us integrate by parts on the right-hand side. Owing to the factor e"z|2/h,
the boundary term vanishes in view of the boundedness of f (it would be enough

that f = O(el?’™"), § > 0). We therefore obtain

h d
(f2*,2™)0 = /c a(*f)zm gef‘zﬁ/h 7?2
h e, ds h .
= E/cﬁ(zkf)ﬁzme l2] /h% = E(@(zkf),az Yo-
Revista Matemdtica Complutense 426

2006: vol. 19, num. 2, pags. 385—430



Miroslav Englis Berezin and Berezin-Toeplitz quantizations

Repeating the partial integrations, we thus see that

(m — j)thi
|

(f2F,2m™)0 = (07(ZF ), 072™)0

for any f € BC* and any j < m. Consequently,

min(m,s)

<fzkazm>s = Z <aj(fzk)7ajzm>0

i=0
min(m,s) m!
_ : k
= 2 G Y
p

= Cmsn (F2°,2™)0.
Setting f = 1, k = m, we get, in particular,

<Zm> Zm>s = Cm,s,h <2m7 zm>0-

Since the constants ¢, s, do not depend on f and k, (71) follows, and the proof is
complete. O

Corollary. For any integer order s > 0, the Berezin-Toeplitz quantization works for
the spaces Ly = Hﬁol(C,e_V'z/h%) on C, with the same total set as for the tradi-
tional Berezin-Toeplitz quantization in §1.8.1; moreover, the resulting star-product is
identical to the one from §1.8.1 (coming from the spaces Lizz,hol)‘

The situation described in the last theorem is probably highly untypical, and it
certainly does not prevail even for the unit disc. Namely, if we consider the spaces

Lp = Hj 1,5 = Hij (D, 221 (1 - |22)" " 2dz), (72)

with the norm (70) (where, as before, v = % and s > 0 is an integer), then a short
computation reveals that

o <1,
Thi = Y (73)
q5(s)2? j=>1,

where s 1
(s — k=0 TR x
j - . s 1
=D Yjeo Grmion, s
1

varies with s. (For the Fock space, the analogous expression turns out to be (J]f'l),h ,

which is independent of s.)
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Remark. The formula (73) also implies that T:T; # Ts2 (even though T.T, = T,2)
and, in particular, that T # T on Hjy,: thus we see that the validity of (21)
and (22) is indeed restricted to subspaces of L? in general.

Currently, we do not know whether the Berezin-Toeplitz quantization works also
on the holomorphic Sobolev spaces (72) on D, as it does on the “Fock-Sobolev”
spaces from Theorem 5.1. Computations using the formula (73) seem to indicate that
this might be the case. Needless to say, the case of holomorphic Sobolev spaces on
other domains, or even of more general spaces of holomorphic functions that are not
subspaces of an L? space, is likewise open.

6. Other vistas?

The following table briefly summarizes our findings in this paper.

Berezin quantization | Berezin-Toeplitz quantization
Lﬁol OK OK
Lﬁarm, L4 no no
H? no —
HE L OK OK?
Hy L HE no no

We should, finally, note that there might exist still other possible approaches:
for instance, in principle, one could also use the Toeplitz operators T™ and the
Berezin transform B, defined by (65) and (64) above, to carry out the Berezin-
Toeplitz quantization or Karabegov’s Berezin quantization along the lines of §§1.5
and 1.7, respectively. So far, this possibility remains unexplored.

It should be noted at this point that these Toeplitz operators and Berezin trans-
forms are in general different from those defined in §1.4 and §1.6, respectively, in sit-
uations when both definitions make sense (for instance, for the spaces Hj  from
Example 4.3). Indeed, the Toeplitz operators from (65) always satisfy 771, = Ty, if
f or g is holomorphic, while those defined in §1.4 need not (cf. the Remark at the
end of §5). Similarly, the Berezin transform from (64) always satisfies Bf = f if f is
holomorphic, while for the one from §1.7 Bf = 1,;}, which may differ from f = i“? as
T} # Ty in general (by the same Remark).
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