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SYMBOL CALCULUS OF SQUARE-INTEGRABLE
OPERATOR-VALUED MAPS

INGRID BELTITA, DANIEL BELTITA AND MARIUS MANTOIU

ABSTRACT. We develop an abstract framework for the
investigation of quantization and dequantization procedures
based on orthogonality relations that do not necessarily in-
volve group representations. To illustrate the usefulness of
our abstract method, we show that it behaves well with
respect to infinite tensor products. This construction sub-
sumes examples from the study of magnetic Weyl calculus,
magnetic pseudo-differential Weyl calculus, metaplectic rep-
resentation on locally compact abelian groups, irreducible
representations associated with finite-dimensional coadjoint
orbits of some special infinite-dimensional Lie groups, and
square-integrability properties shared by arbitrary irreducible
representations of nilpotent Lie groups.

1. Introduction. Square-integrable representations of locally com-
pact groups play a well-known role in Lie theory, representation the-
ory, and their applications to physics. The present paper is devoted
to developing a set of techniques applicable to operator-valued maps
on measure spaces m: (X, u) — B(H) that satisfy a square integrability
property analogous to that of locally compact group representations,
see equation (2.4) below, although 7 may not be a group representation
and p may not be a Haar measure. This investigation was motivated
by several situations when ¥ is a group that fails to be locally com-
pact so it does not admit any Haar measure (as, for instance, in the
study of canonical commutation relations where suitable substitutes of
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the group algebra for inductive limit groups [12, 13, 14] are sought),
or when ¥ is locally compact but 7 is not a projective group repre-
sentation (see, for instance, the orthogonality relations for irreducible
representations of nilpotent Lie groups [20, 33, 40] and the references
therein, or magnetic Weyl calculus [3, 4, 21, 27, 29]).

From a more technical point of view, this article, as many others,
is concerned with symbol calculus (also called quantization under cer-
tain circumstances) seen as a systematic way of associating operators
in some infinite-dimensional vector space with functions almost every-
where defined in a suitable related set 3 endowed with a measure. Our
primary focus is on operators acting in a Hilbert space H, although
other types of topological vector spaces will also be considered. More-
over, in order to define symbols for arbitrarily bounded linear operators
on H, in subsection (3.2), we will also need extensions of the symbol cal-
culus beyond spaces of functions on 3, in the same way as the classical
Weyl calculus on R™ needs to be extended from functions to tempered
distributions on R?".

Among the different strategies for beginning and motivating symbol
calculus, there are two which are dual to each other. The first one,
inspired by Weyl’s quantization procedure, consists of associating a
bounded linear operator 7(s) in H to each point s of the space X.
This mapping s — m(s), while not supposed to be unitarily-valued or
to possess group-like properties, would benefit from some regularity
requirements. Boundedness and weak continuity are good properties,
and yet a square integrability condition with respect to some measure
w on ¥ (generalizing the notion of square integrable representation
of a group) is the best starting point. Then, operators II(f) are
associated to suitable functions f on X by integration techniques, cf.,
equation (3.4), and square integrability plays an important role in
identifying Hilbert-Schmidt operators as corresponding by quantization
to L2-functions. Simple examples show that not all of the elements in
L3(%, 1) need to be involved.

A dual approach is a priori to give the symbols (functions defined
on X)) of all the rank-1 operators. Then, the symbols of more general
operators are obtained by superposition, modeled by integration on X,
followed eventually by extension techniques. If suitably implemented,
the construction is essentially the inverse of that described above.
However, this is achieved only after the formalism has been extended.



SQUARE-INTEGRABLE OPERATOR-VALUED MAPS 1797

Many classes of operators form *-algebras under operator multipli-
cation and taking adjoints. Clearly, it is desirable to use quantization
to induce isomorphic versions of these *-algebras on classes of sym-
bols. As a matter of fact, due to the square integrability assumption,
one obtains compatible scalar products on the *-algebras, making them
Hilbert algebras. This makes available extension techniques which per-
mit the treatment of symbols not associated to Hilbert-Schmidt oper-
ators. However, most of the known examples strongly suggest the ex-
istence of an extra mathematical structure, resulting in Gelfand triples
both at the level of vectors and at the level of symbols, suitably inter-
connected. One could simply recall the role played in pseudodifferential
theory by the Schwartz space and its dual, the space of tempered distri-
butions. Another example, leading to Gelfand triples of Banach spaces,
is Segal algebra, available on locally compact groups. In our general
framework, we will indicate a systematic way to construct Gelfand
triples connected to the symbol calculus associated with the family
{m(s) | s € ¥} which will have a rich algebraic content.

The objective of Sections 2 and 3 is the construction of the symbol
calculus associated to the data (2, u, w, H) where X is a space endowed
with a measure u. That space serves as a family of indices for a set
of bounded operators {7 (s) | s € X} in the Hilbert space H. We do
not assume that m(s) is unitary, and we do not require anything about
the product 7(s)w(t) for s,t € ¥. The map m(-) is assumed bounded
and weakly continuous. The main requirement is relation (2.4), a
condition of square integrability extending a well-known concept from
group representation theory [6].

In Section 2, we show that the class of square-integrable families of
operators is closed under some basic operations as compressions and
tensor products. We also show that these families are irreducible, in
the sense that their commutant is trivial and they do not have any
nontrivial common invariant subspace, which suggests the interesting
problem of pointing out the topological groups for which every unitary
irreducible representation admits a measure on the group for which the
representation is square integrable, see, for instance, Corollaries 2.5 and
2.6 for answers to this question in the case of compact and nilpotent
Lie groups, respectively.

In Section 3, the first purpose is to raise the family 7, essentially by
integration, to a correspondence f +— II(f), sending a closed subspace
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of L?(X; i1) to the ideal of all Hilbert-Schmidt operators in H. Actually,
the fact that IT is an “integrated form” of 7 (in the spirit of group
representation theory) is only seen a posteriori. The initial construction
is based only on the “representation coefficient” map ®. The linear
maps II, & and A are isomorphisms of H*-algebras. By transport of
structure via these isomorphisms, one then defines classes of trace-class,
compact and bounded-type symbols forming Banach *-algebras. Radon
measures on Y can also be incorporated when ¥ is a locally compact
space.

We also develop the dequantization procedure for the operator
calculus, that is, we develop methods for recovering the symbol of a
given operator. In order to do that in an effective way, we need to
explore new spaces of symbols and their natural composition law that
recovers the twisted convolution in the case of group representations
and corresponds to the composition of operators in the representation
space.

Section 4 deals with the Gelfand triples that occur in our general
framework in connection with suitable dense subspaces of the Hilbert
space under consideration. This is suggested by the classical example
of the Schwartz space S(R™) of rapidly decreasing functions on R™,
which is continuously and densely embedded into the Hilbert space
L?(R™) and is closely related to the square-integrable family of unitary
operators R" x R" — B(L?(R")) defined by the Weyl system. We study
the abstract version of the operators S(R™) — S’(R™) and some related
structures, which provide a unifying perspective on different types of
applications in Section 7.

In Section 5, we develop some very basic aspects of the Berezin-
Toeplitz quantization in our abstract framework, in order to suggest
how this important topic fits into our picture.

Section 6 explores infinite tensor products of square-integrable fam-
ilies of operators, a circle of ideas that plays an important role in the
representation theory of canonical commutation relations (CCR) with
infinitely many degrees of freedom; see, for instance, [18, 19, 24, 34].
We prove that these infinite tensor products always have a certain prop-
erty of approximate square integrability in Theorem 6.6, and then, to a
very limited extent, we also discuss the Berezin-Toeplitz quantization
which suggests that several interesting problems arise in this area. It is
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noteworthy that the relationship between CCR and the infinite tensor
products was also studied from a different perspective in [12, 13, 14].

Finally, in Section 7, we briefly present four topics from earlier
literature where one can find special cases of the general ideas developed
in the present paper:

(i) the magnetic pseudo-differential Weyl calculus;
(ii) the study of metaplectic representation on locally compact abelian
groups;
(iii) irreducible representations associated with finite-dimensional coad-
joint orbits of some special infinite-dimensional Lie groups;
(iv) square-integrability properties shared by arbitrary irreducible rep-
resentations of nilpotent Lie groups.

It would also be quite interesting to understand the relationship be-
tween our abstract approach and the Weyl and Berezin calculus on
bounded symmetric domains as developed, for instance, in [1, 37].

Preliminary conventions and notation. A convenient reference
for square-integrable representations of locally compact groups and
their role in representation theory is [32, Appendix VII]; see also the
references therein.

If 3 is a topological space (always Hausdorff), we set BC(X) for
the C*-algebra of all bounded continuous complex-valued functions on
3. If ¥ is locally compact, we write Cp(2) for the C*-algebra of the
continuous functions vanishing at infinity. For any measure p on ¥ and
q € [1, 00], we denote the usual Lebesgue space of order g on (3, ) by
LI(3; ).

For two complex Hausdorff locally convex spaces £ and F, we will
write £ ® F for the algebraic tensor product. When endowed with
projective topology, that space will be denoted by £ ®, F and its
completion in this topology by 5<§p]: . Analogously, £&;F will be the
completion of £ ®; F, which is £ ® F endowed with injective topology.

Under the same assumptions on £ and F, we denote by B(E,F)
the vector space of all linear continuous operators from &£ onto F and
use the abbreviation B(E) := B(E,€). Then, &£ := B(E,C) is the
(topological) dual of &.
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We recall [6] that a Hilbert algebra is a *-algebra (<7, #,7 ) endowed
with a scalar product (-,-) : & x &/ — C such that

(i) (g%, f#) = (f,g) for all f,g € A,
(ii) (f#g,h) = (g, f[##h) for all f,g,h € A,
(iii) for every g € &, the map

Ly: o/ — o,

Ly(f) := g#f is continuous.
(iv) o/#.4f is total in .

A complete Hilbert algebra is called an H*-algebra.

Clearly, one also has

(f#9.h) = (f.h#tg™) forall fg,he o,

and the map R, : & — &7 given by Ry(f) := f#g is also continuous;
therefore, .o/ x o A o s separately continuous.

To give some basic examples, let us fix a complex Hilbert space
‘H. By convention, the scalar product (-,-) is anti-linear in the second
variable and we denote the conjugate space of # by H. By the Riesz
theorem, the dual H’ of H is canonically antilinearly isomorphic to H,
so there is a linear isomorphism permitting the identification of H with
H’'. Recall that the space Ba(H) of Hilbert-Schmidt operators on H
forms a *-ideal in B(#) and a Hilbert space with the scalar product

<S, T>]B$2(H) = TI‘(ST*)

Actually, Bo(H) is an H*-algebra; the subspace Bo(H)B2(H) (coin-
ciding with the *-ideal By (#) of all trace-class operators) is dense in
Bo(H).

Let us denote by A the canonical unitary operator
(1.1) A HOH — By(H), Au®@v) == Ay = (-, 0)u,

where H & H stands for the Hilbert completion of the algebraic tensor
product H ® H. On the space H ® H, we consider the unique struc-
ture of H*-algebra such that the above operator A is an H™*-algebra
isomorphism. Its restriction A : H ® H — F(H) is a Hilbert algebra
isomorphism between the algebraic tensor product and finite rank oper-
ators. We record for further use some relations valid for w,v,u’,v" € H
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and S € B(H):
(12) S)\u,v = ASu,vv )\u,vS = Au,S*'Ua /\u,v)\u’,v’ = <U/,U>)\u7yl,
(1.3) Ao = Aoy Tr(Auw) = (u,v).

Very often, besides the norm topology of a Hilbert algebra .7, there is
another finer locally convex topology. We recall that a Fréchet *-algebra
is a *-algebra (o, #,% ) with a Fréchet locally convex space topology
7 such that the involution &/ > f — f# € & is continuous, and the
product

A x 3 (f.g) — [H#g €,

is separately continuous. Then, a Fréchet-Hilbert algebra (<7 ,#,% , 7,
(-,-)) is both a Fréchet *-algebra and a Hilbert algebra, the topology 7
being finer than that of the topology associated to the scalar product.

2. Square-integrable operator-valued maps. Let us fix a com-
plex Hilbert space H, a Borel space ¥ with a Y-algebra M, and a
positive measure p on ¥. The set of measurable complex-valued func-
tions on ¥ will be denoted by .#(X). We assume that 7 : ¥ — B(H)
is a weakly measurable, almost everywhere defined map. One defines
the sesquilinear mapping

(2.1) T = HXH— H(T), Puv(8) = (m(s)u,v).

This extends concepts such as representation coefficients, wavelet trans-
form and short time Fourier transform.

Notation 2.1. We will use the notation
(2.2) PT=:HIH — L (Z;p) = LA(D),

if the mapping ¢™ admits such an isometric extension.

Remark 2.2. The map ®™ from Notation 2.1 exists if and only if

(2.3) -/Z<7T(s)u1,v1><v2,7r(s)uQ> du(s) = (u1, ug){ve,v1),

for all uy,us,v1,v9 € H. To achieve this equality, a renormalization of
the measure p may be used, if necessary. Also note that it is enough to
check that equation (2.3) is satisfied for vectors uy, ug, v1 and ve merely
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in some dense subset of H. A simple polarization argument also shows
that it suffices to verify equation (2.3) for u; = us and vy = vs, that is,

(2.4) / \ d,u( ) = llul?|lo]?, for all u,v € H.

The next definition is convenient for our purposes.

Definition 2.3. For any complex Hilbert space H, and any measure
space (X, M, u), we define SQ(B(H), 1) as the set of all weakly mea-
surable, almost everywhere defined maps 7: ¥ — B(#) satisfying the
square-integrability condition (2.3).

Before continuing, we remark that Definition 2.3 was motivated by
several important examples of operator-valued maps that satisfy the
above square-integrability condition:

(i) unitary irreducible representations of compact groups (see Corol-
lary 2.5);

(ii) unitary irreducible representations of connected, simply con-
nected, nilpotent Lie groups (see Corollary 2.6 and Proposi-
tion 7.2);

(iii) the magnetic Weyl systems on R?" (see subsection 7.1);

(iv) operator calculi on locally compact abelian groups (see Proposi-
tion 7.1);

(v) localized Weyl calculus for some unitary representations of infinite-
dimensional Lie groups (see subsection 7.3).

We will now obtain some simple results which point out that the
square-integrability property of operator-valued maps should be viewed
as a kind of irreducibility in the sense of representation theory, that
is, it implies the absence of nontrivial invariant subspaces. It is
well known that the assertions in the next proposition are equivalent
ways of describing the irreducibility property if the operator set m(3)
is assumed to be closed under operator adjoints. Since we do not
assume the self-adjointness hypothesis, we will prove these assertions
separately.

Proposition 2.4. Let 7 € SQ(B(H), ). Then, the following asser-
tions hold.
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(i) If a closed linear subspace Ho C H has the property m(X)Ho C Ho,
then either Ho = {0} or Ho =H.

(ii) If the operator T € B(H) has the property Tn(s) = w(s)T for
almost every s € X, then T = z14 for some z € C.

Proof.

(i) Assume that Ho & H. Then, there exists some nonzero vector
v € H with v L Hy. Hence, by using the hypothesis 7(X)Ho C Ho, we
obtain v L w(s)u for all s € ¥ and u € Hy. Setting u; = ug = u and
v1 = v = v in equation (2.3), it follows that, for all u € Hg, we have
lull?||v]|> = 0; hence, necessarily, u = 0. Consequently, Ho = 0, and
this concludes the proof.

(ii) First, note that, for every operator T' € B(H) satisfying the con-
dition Tw(s) = w(s)T for almost every s € X, we have (m(-)Tuy,v1) =
(m(-)u1, T*v1); hence, by equation (2.3), we obtain

(Tuy, u2){ve,v1) = (ur, us)(ve, T*v1), for all uy,us,vi,ve € H.

Now, for u; = us and v; = v we obtain

Tu,u (T, v)
<||u|2>: e =:2€C forall u,v € H\ {0}

Thus, the numerical range of operator 1" consists of a single point, and
T is then a scalar multiple of the identity operator. Specifically, the
above equalities imply ((T' — z1ly)u,u) = 0 for all uw € H. Then, by
polarization, ((T' — zly)u,v) = 0 for all u, v € H; hence, eventually
T = z14, which completes the proof. O

Proposition 2.4 implies that direct sums of square-integrable maps
may not be square integrable, that is, if

7Tj(') S SQ(B(H]‘),/J]') for j=12

(Wlo(-) 7720('))

SQ(B(H1 © Ha), 1 @ p2),

then the map

does not belong to
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unless we have either H; = {0} or Ho = {0} (see, however, Proposi-
tion 2.7).

Now, we derive other consequences of Proposition 2.4.

Corollary 2.5. If ¥ is a compact group with the Haar probability
measure u and 7: X — B(H) is a unitary representation, then m €
SQ(B(H), 1) if and only if w is an irreducible representation.

Proof. Tt is well known that irreducible representations of compact
groups are square integrable with respect to the Haar measure, and the
converse implication follows by Proposition 2.4. (|

We also state next corollary here for the sake of completeness of
available information on this circle of ideas, although its nontrivial im-
plication depends on some aspects of representation theory of nilpotent
Lie groups to be discussed in subsection 7.4.

Corollary 2.6. Let 3 be any connected, simply connected, nilpotent
Lie group, and let m: ¥ — B(H) be any unitary representation. Then,
w is an irreducible representation if and only if there exists a Borel
measure i1 on X for which m € SQ(B(H), ).

Proof. If m € SQ(B(H), ) for some measure p, then the represen-
tation 7 is irreducible by Proposition 2.4. The converse implication,
including details on the construction of the measure p in terms of the
representation 7, is the subject of Proposition 7.2. (]

Proposition 2.4 suggests the problem of determining topological
groups for which every unitary irreducible representation admits a mea-
sure on the group where the representation is square integrable. As
Corollaries 2.5 and 2.6 show, that property is shared by both the com-
pact topological groups and the connected, simply connected nilpotent
Lie groups, which looks somehow surprising since these two types of
groups have rather few common features. It would be interesting to find
other examples of topological groups whose unitary irreducible repre-
sentations are square-integrable, with respect to suitable measures.

Despite the above irreducibility properties of square-integrable maps,
we note that the direct sums of such maps do have a weaker property, as
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recorded in the following observation, which is necessary for the proof
of Theorem 6.6.

Proposition 2.7. Let (X, M, ) be any measure space. Let J be any
countable index set for every j € J, let H; be any complex Hilbert space
and let m; € SQ(B(H;), p). Assume that, for almost every s € ¥, we
have sup ¢ ; (|7 (s)|| < oo. If we set

H = @’Hj,
jeJ
then the map defined almost everywhere
= @m(): Y — B(H),
jeJ

is weakly measurable and has the property

(2.5) /| s)ur, v1)(va, w(s)ug)| dp(s) < [Jurll[[or]l[|vzllllwell

for all uy,us,v1,v9 € H.

Proof. Since the index set J is countable and the map 7; is weakly
measurable for every j € J, it easily follows that the map 7 is, in turn,
weakly measurable. For arbitrary j € J and wuq,ue,v1,v2 € H, we will
denote their projections on H; by u1j,u2;,v15,v2; € H;, respectively.
Then, we have

/ [ (8)ur, 1)z, m(s)uz) | dps)
<y / (5 (8 a1, 015) W3k, 7 ()| ()

j.keJ
1/2 1/2
<y (/m Syurg, v1;)Pd(s ) (/ (v () Pea(s ))
j.keJ
= luagllllvs vael[uax]
J,ked
=(Z |uu||||v1j||) ( 3 ||||v2k||u2k||)

jeJ keJ
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() (Sr) () “(Spet)

JjE€J JjE€J keJ keJ

=[lua[[llvr [[l[va]l[[uzll,
and this concludes the proof. O

Now, we draw a consequence that will be needed in the proof of
Theorem 6.6.

Corollary 2.8. Let (3, M, u) be any measure space, and let K be any
separable complex Hilbert space. If mg € SQ(B(Ho), 1), then

71'() = 7T0(-) Rid: ¥ — B(HO @)]C)

is a weakly measurable map that satisfies (2.5) for all uq,uq,v1,vs €
Ho QK.

Proof. Let J be the index set of any orthonormal basis of K such
that K = £2(J). If we set H; := Ho and 7; := 7o for all j € J, then we
may apply Proposition 2.7, and the conclusion follows. O

Below, we discuss a few operations on operator maps satisfying the
square-integrability condition required in Definition 2.3. In particular,
these operations will provide methods of constructing new square-
integrable maps out of other maps satisfying the same hypothesis.

2.1. Tensor products of square-integrable maps.

Proposition 2.9. Forj = 1,2, let H; be any complex Hilbert space, let
(3, M;, i) be any o-finite measure space, and let m; € SQ(B(H,;), ;).
If we define

T @My N1 X By — B(H1®0Hs),
(m1 @ m2)(81,52) 1= m1(s1) ® m2(s2),
then
T ® m2 € SQB(H10Hz2), 1 @ p12).
Proof. For any f; € L*(X;, p;) with j = 1,2, define
f1® fo € L*(S1 x S, 1 @ o)
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by
(f1 ® f2)(21,22) = fi(z1) fa(2),

almost everywhere. Recall that the bilinear map

L*(Sy, 1) x L (82, o) — LA(S1 xS0, i1 ®@p2),  (f1, f2) — [1® fa,

gives rise to a unitary operator
Vi L*(S1, 1) @ LP (S, pa) — L*(S1 X B, 11 © pig).

In fact, using the Fubini theorem, the operator V is an isometry, and in
order to prove that it is also surjective, we may assume that p;(2;) < oo
for j = 1,2. Then, where we have denoted the characteristic function
of the set A by x4, it suffices to show that the set

Q:={ACX¥; x35| x4 € RanV}

contains the o-ring Qg of all the p; ® ps-measurable subsets of 37 x ¥y
since {xa | A € Qp} spans a dense linear subspace of L?(31 X g, 3 ®
u2). Recall that Qg is the o-ring generated by the sets A; x Ag for
all measurable sets A; C ¥; with j = 1,2. It suffices to note that
Q is a ring, i.e., it is closed under finite unions and differences, Q
is closed under countable unions of increasing sequences by Lebesgue’s
dominated convergence theorem since we assumed the measures p; and
pe to be finite, and moreover, Q contains all of the above-mentioned
sets Ay X Ag; hence, by the monotone class theorem, Qy C Q [16,
Chapter I, subsection 6, Theorem B].

Then, for j = 1,2, by using the hypothesis 7; € SQ(B(H,), 11;) along
with equation (2.2), we obtain the isometry

O H; H; — LS4, 15), DT (u@v) = (m;(-)u, ).

As the Hilbertian tensor product of two isometries is again an isometry,
we obtain that the operator

O™ @ O™ (Hy DH,) & (Hy @Ha) — L2(S1, 1) © L (S, pia)

is an isometry. On the other hand, for j = 1,2, all u;,v; € H;, and
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almost all s; € 3;, we have

(2™ @ ™) (w1 ® v1) ® (ug ® v2)))(s1, 52)
= (m(s1)ur, v1)(7(s2)uz, v2)

= (((m ® m2)(s1, 82)) (U1 ® u2),v1 @ v2)

_ ®
- ¢Zi®z;,v1®v2 (813 32)'

Now, by composing the isometry ®™ ® ®™ with the flip unitary
operator,

(7‘[1 @gﬁ ® (7‘[2 <’X\>§2) — (7‘[1 @7'[2) ® M1 ® Mo,
U1 QU1 @ Uz ® Vg — U @ Uz ® V] ® V2,

and with the above unitary operator V', it follows that the sesquilinear
mapping

T E™ L (Hy @ Ha) x (H1 @ Ha) — M (E1 x Do),
(see equation (2.1)) gives rise to the isometry
PO = T @ O™,
This implies that
™ ®@m € SQ(B(H1 ®Ha), 11 ® p2),

and the proof is complete. O

2.2. Compressions of square-integrable maps.

Proposition 2.10. For j = 1,2, let H; be any complex Hilbert space,
let (X5, Mj,pj) be any measure space, and let m;: X; — B(H;).
Assume that p: 3o — X1 is a measurable map satisfying the condition
px(pe) = p1 and that v: H1 — Ho is a linear isometry for which
m op = *ma(-)t almost everywhere on Y.
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If o € SQ(B(Hz2), p2), then also m € SQ(B(H1), p1), and we have
the commutative diagram

LQ(EL ,U/l) fH_fop) L2(227M2)

q>7"1 T Tq)ﬂ'Z
7‘[1@%1 &) 7‘[2@@2

whose arrows are isometries.

Proof. By using the hypothesis for arbitrary u;, v; € H1, we obtain

/E [ (s, vn) [Py (s1) = / (1 (p(59))ur, o1 [2dpa(s2)

32

= [ 1 ma(sautun) o) Pa(s2)
P3P}

= [ matsa)utun). u(wn)) Pa(e)
P3P}

= leCun) [P leCon)1* = ual*[loa |1,

which shows that m; € SQ(B(H1), 11). The assertion on the commuta-
tive diagram is then clear, and this concludes the proof. O

3. H*-algebra %-(X) and larger symbol spaces. We place our-
selves in the setting of Section 2; in particular, we are given a map
7w % — B(H) belonging to SQ(B(H), ). We do not assume the fam-
ily

{bup =2(u®v) [u,v € H}
to be total in L?(X). For instance, this property fails if 7 is any
irreducible representation of any compact group ¥ # {1}, since we
then have dim H < oo and the Peter-Weyl decomposition of L?(X) see
also Corollary 2.5.

Consequently, we need to introduce the closed subspace
Po(8) =@ (HOH) C L* (%),

which is unitarily equivalent to H ® H, and hence, with By(#). This
space %o () is the closure in L%(X) of the subspace ®(H®@H). Clearly,
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there is a unitary operator

(3.1) H:=Ao®': %(%) — By(H),
uniquely determined by

(3.2) (py,u) = Auw = (-, v)u, for all u,v e H,

and satisfying
TeII(F)T1(g)"] = (f,g)xy = / £(5)9(s) ds(s),

for all f,g € PB2(X). For the sake of clarity, we also note the
commutative diagram

(3.3) HOH —2> Bo(%)

| A

Ba(H)

whose arrows are isomorphisms of H*-algebras, and, in particular,
unitary operators.

Remark 3.1. Commutative diagram (3.3) can be connected with
previous constructions. For example, in the context of Proposition 2.9,
we can use m; € SQ(B(H;), ;) to construct the H*-algebra %5(X;)
and the map II;, while m; ® 72 serves in the same way to construct the
H*-algebra %B(31 X X3) and the map II. As a direct consequence of
Proposition 2.9, %5(X; x ¥3) can be identified with %2(21)@).@2(22)
and II with II; ® II5. In the setting of Proposition 2.10, one has
f € B2(X1) if and only if

f opeE P72 (LHl @E) C @2(22),

and then II;(f) = *Ia(f o p)e. If ¢ is unitary, the two H*-algebras
PB(21) and Hy(X,) are isomorphic through the transformation

f— fop.



SQUARE-INTEGRABLE OPERATOR-VALUED MAPS 1811

3.1. Basic properties of II.

Proposition 3.2. For any f € $2(2), in a weak sense one has
34) 1) = [ for auts). 1) = [ T duls).
b b

Proof. If w,v € H, then one has

<H(f)u7 ’U> = Tr[)‘H(f)u,v] = H[H(f))‘um]
= Tr[II(/) I (¢v,u)"] = (f, Pvu) (z)

- / £(5) ()7, v) da(s).
>

Then, the second formula follows from the first one. O

The next simple corollary is needed in the proof of Proposition 7.1.

Corollary 3.3. The adjoint of the isometry
PoA " By(H) — LA(D)
is given by the weakly convergent integral
(@oa)'s = [ Fn(s)ducs)
b

for every f € L*().

Proof. One has
doA =11t =1I%,

since II is unitary. The assertion now follows by Proposition 3.2. I

By transport of structure, a composition law and an involution may
be defined by

K1 Ba(D) X Bo(E) — Bo(T), fxg:= LU I()(g)],
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Therefore, Bo(X) is an H*-algebra and 11 : %y(X) — Ba(H) is an
H*-algebra isomorphism. Thus, for all f, g, h € $B(X):

(f*,9*>(2) = (97f>(2),
(fxg, M)y =(frhxg") (=) = (9, [ *h)(x).
The Hilbert subalgebra %;(X) := %Bo(X)xHB2(X) is dense in Hy(X),
and, for every g € %»(X), the maps
PBr(X) D fr— g* [ € Ba(Y), PBo(X) > fr— [*g € Ba(X)
are continuous.

For further use, note the relations

(3.5) (Bur o1s Puz,va) () = (U1, u2)(v2, V1)
(36) ¢u1,v1 * ¢U2,'U2 = <U27v1>¢u1,v2u (b':,"u = ¢U,U7

are valid for every u, w1, us, v, v1, v9 € H, as well as

f*¢u,v*g = ¢H(f)u,H(g)*v7 for all fag € '%)2(2), u,v € H.

In particular, if |Ju| = 1, then ¢, , is a self-adjoint projection, repre-
sented by II as the rank-one operator A, ,. Also, note that % (X) and
PBo(X) are Banach *-algebras, where %;(X) is endowed with the norm
for which the linear bijection I1: % (X) — By (H) is an isometry.

3.2. Extensions and the explicit form of the composition law.
In this subsection, we extend some of the above maps to larger symbol
spaces. We define a new norm

- ||93(2) 1 B2(X) — Ry, Hf“{%’(z) = Hn(f)H]B(H)‘

The completion of %2(X) under this norm is a C*-algebra B (%)
containing Hs(X) as a dense *-ideal (also endowed with the stronger
Hilbert topology). Clearly, IT extends to a C*-algebraic monomorphism
II: B(X) = B(H) with range I[P (X)] = Boo(H), the ideal of all
compact operators in H. Then, we denote by (%) the multiplier
C*-algebra [38] of B (), which is isomorphic by a canonical exten-
sion of II with B(H) and, in turn, can be identified with the multiplier
C*-algebra of B, (H). We keep the same notation * and * for the com-
position law and the involution on #(X). Based on the constructions
above, the elements of % (%) (%2(X), Boo(X)) will be called trace-
class (Hilbert-Schmidt, compact) symbols, respectively. To eliminate
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any possible confusion, we reserve the term operator-bounded symbols
for the elements of A(%).

The spaces %,(X), ¢ = 1,2,00 remain *-ideals in #(X), and the
scalar product (-, -) #,(x) can be “extended” to sesquilinear forms

()@ #u(E) x B(X) — C,
<-, >(Z) : 93(2) X @1(2) — C

For this, one simply sets (f,g)x) = Tr[II(f)II(g)*] (definitions by
approximation are also available). Note for f € %;(X) and g € #(%)
that the inequality holds:

I(fs9) )l < Hf||<@1(2)”9“(@(2) = HH(f)H]Bl(H)”H(g)HIB(H)'

Due to the cyclicity of the trace, if f,g,h € %(X), and one belongs to
%1 (%) (or two belong to H5(X)), then one has

(f*g, h)z) = (f hg™) ) = (9, [ D) sy
Let us set
es = [r(s)"] € B(X) forallscy;
hence, ¢, (s) = (u,II(es)v) for all u,v s and

(3.7) r(s) = (e,),  m(s) = TI(el).

Proposition 3.4. For every f € %1(X), one has
(3.8) (fres)sy = f(s),  (fred)m) = f*(s),

u-almost everywhere s € X.

Proof. By direct computation using equations (1.2), (1.3) and (3.2)
for u,v € H, s € 3, one gets
<¢u,vves>2 = T‘T[H(d)u,'u)ﬂ—(s)] = Tr[Au,vTr(S)] = ’I‘r[)‘u,ﬂ'(s)*v] = ¢u,v(s)-

Thus, the same is true for ¢, , replaced by any element of ®(H @ H),
which is dense in %;(%).

Now, assume that a sequence

{gn}nen C @(H ® ﬂ)
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converges to f € %;(X), with respect to the trace norm. Then, for
each s € X,

|<f7 es)(E) - <gm es>(2)| = |TI“ [H(f - gn)ﬂ'(S)H
< (S = gn)lls, (20 17 ()l g0
=|f _9n||931(2)||77(5)H]B(H) e 0,
recalling that II: %;(X) — By (H) is an isometry by the definition of
the norm of %;(X). Since convergence in %) (%) implies convergence
in L2(¥) which, in turn, implies y-almost everywhere convergence of

a subsequence, there is a p-negligible set M C X and a subsequence
{9n,. }ken such that, for every s € ¥\ M,

f(S) = klig)lo Iny (8) <gnk768>(2) = <f’ eS>(Z)-

= lim
k—o0
Then, for s in the same set s € X\ M, one has

(fredd ) = (s, [M)m) = ([*res) () = [*(s). O

Corollary 3.5. For every f,g € %1(X), one has
[ el duts) = (. 0) s

Proof. Follows immediately from Proposition 3.4. ]
Now, we can compute the symbol of a trace-class operator.

Corollary 3.6. For T € B1(H) C Bo2(H), one has
(3.9) [IY(D))(s) = Te[Tm(s)],
p-almost everywhere s € X.
Proof. For the moment, let us denote the mapping defined in equa-

tion (3.9) by II=Y. Tt is enough to show that TI-D[II(f)] = f holds
p-almost everywhere, for every f belonging to %;(X).

But, for p-almost every s € 3, one has, by equations (3.7) and (3.8),
(VNN (s) = Te[IL(f)m(s)] = (fres)m) = f(s)- O
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Corollary 3.7. For each S € B1(H) and each f € $B2(X) one has

_ / £(8)Tx [(s)"S]du(s),

(3.10) / f(s )Sldu(s).

Proof. Using the definitions, the fact that II is unitary and for-
mula (3.9),

Te[TI(f)S] =(I1(f), I (S )]>BZ<H) (IS )

/ (s 9= [ 1 TERnGs)
= [ £ (s)" ) ).
Relation (3.10) follows similarly. O

Corollary 3.7, which can be alternatively derived from equation (3.4),
reinforces Proposition 3.2, recovered by taking S to be a rank 1
operator.

Remark 3.8. One can also justify, for every f € %5(X), the relations

;= /E f(S)eadp(s),  f* = /E F)etdu(s)

for example, if g € %;(X), then

/f (es,9)(x) du(s) /f =(f,9) -

In general, %5(X) is not a reproducing kernel Hilbert space as the
symbols ey rarely belong to %s(X).

Now, we give explicit formulae for the algebraic structure. In the
following statement, we use the fact that, for any complex Hilbert
space H, the Banach algebra of trace-class operators B;(H) has right
approximate units. For instance, the family of orthogonal projections
onto finite-dimensional subspaces of H is a two-sided approximate
unit of By(#H). This follows by [10, Chapter III, Theorem 6.3] on
separable Hilbert spaces, and then it extends to arbitrary Hilbert
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spaces, every operator in B;(H) written as a linear combination of
self-adjoint operators, and using the fact that the closure of the range
of any compact self-adjoint operator is separable.

Theorem 3.9. Let {S; | j € J} be any right approzimate unit in
By (H).

(i) If f € $B1(2), for p-almost every r € 3, one has

) =lim / Tr [ () (5)8517(5) dis(5).

(ii) If f,g € $B2(X), for p-almost every r € ¥, one has
(Fxa)lr) =tim [ [ o (et w0 n(r)S, 1 (5)g(0) dnts) d()

Proof. Both computations rely on Corollaries 3.6 and 3.7. One has
for p-almost every r € X,

(1) = T I )" (r)] = lim T [I1(7) ()]
= lim / Tr [ (s)e () 317 (s) du(s),

and

( % 9)(r) = T [T TTg)(r)] = lion Tr [T (g) ()]
= lim / F($)T [n(s) TH(g)n(r)S;] dpu(s)
= tim [ 1) duts) | g0 Te (o) w(0)" (1)) du)

and this concludes the proof. O

Remark 3.10. Let us assume that X is a locally compact space and we
have [|7(s)|lpz) < C < oo for all s € 3. Let %Z(3¥) be the Banach space
of all Radon bounded complex measures on X, seen alternatively both
as functions on the Borel sets of ¥ and as elements of the topological
anti-dual of Cy(X). Using the Hahn-Banach theorem, one can easily
find a norm-preserving extension of every p € Z(X) to an anti-linear
continuous functional p : BC(X) — C, where BC(X) denotes the
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Banach space of all bounded continuous functions on ¥. We will use
the notation ({p, f)) = [, fdp for this “duality” (linear in p and anti-
linear in f). On Z(X), the usual norm of an anti-dual coincides with
the measure norm expressed as the total variation applied to the entire
space . Since, for every u,v € H, one has ¢, ,, € %2(X)NBC(X), one
can define II(p) € B(H) in a weak sense by

Wp)u,0) = [ (r(6) 0,0 do(s) = (. T, 01D = (0p Gl
Now, it is also obvious that e; coincides with the Dirac measure
concentrated in ¢ and that, if p has a density g with respect to the
initial measure p, then II(p) = II(g). The estimate,

) ey < Pl Sup 17 () g2

is easy and certifies that L'(X, u) € Z(3) C B(%).

4. Fréchet-Hilbert algebras and their Gelfand triples. In
most applications, there is some supplementary structure which can
be used to enrich and enlarge the formalism. Let G be a Fréchet space
continuously and densely embedded in H, and set « : G — H for the
embedding. We will show that this extra data generates many new,
useful objects, even if we do not require 7(s)G C G for s € ¥. Assuming
that G is nuclear would simplify the overall picture, but we also want
to cover the case of Banach spaces.

Lemma 4.1. The projective tensor product G ®p§ is a Fréchet space
continuously and densely embedded in the Hilbert space H® H.

Proof. Clearly, G @,,a is a Fréchet space. It is enough to embed it
continuously and densely into ’Héépﬂ. The canonical mapping,

aRa:GR6 —HOH,

is linear and continuous when we put the corresponding projective
topologies [36, Proposition 43.6] on both tensor products, so it extends
to a linear continuous map

a®pa:G®,G — HR,H.
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This map obviously has a dense range, and it is injective [36, Example
43.2]. By composing with the canonical injection H@Qpﬁ — HOH ,
we get the linear continuous map a : G ®p§ S HOH (injective and
with dense image). O

By slight abuse of notation, we will treat G as a dense subspace of
H and G <§>p G as a dense subspace of H QH. Let us set

(%) = ®[G8,G| c £(%) C L3().

Theorem 4.2. With the algebraic and topological structure induced
from G @)p G, along with the scalar product (-, ) (x), the space G(X) be-
comes a Fréchet-Hilbert algebra (as defined at the end of the introduc-
tion) composed of trace-class symbols, continuously and densely embed-
ded into B2(X). Its dual 9'(X) contains all of the operator-bounded
symbols. The restriction ® : g@)p? — 9(X) is an isomorphism of
Fréchet-Hilbert algebras.

Proof. Clearly, 4(X) is turned into a Fréchet space by transport of
structure. It is densely contained in %5(X) because G (EAQP G is densely
contained in H & H.

The basic complete tensor products in the case of Hilbert spaces
are described in [36, Section 48]. For instance, by [36, Theorem
48.3], H®,H can be identified with B;(#) while H&;H is canonically
isomorphic to Bo (H). We recall that the Hilbert space tensor product
H®H is isomorphic to By(H). Taking into account the continuous
embedding of G ®, G into H®,H, the assertions Z(X) C %, (%) follow,
and then % (X) C ¥'(X) becomes obvious. However, the dual
of By(H) is B(H), which permits the identification of %;(X)" with
B(X) C9'(%).

By the very definition of the structure of ¥(X) by transport of
structure from G®,G via ®, it is enough to check that G®,G is a
Fréchet-Hilbert algebra. Recall from the definition at the end of the
introduction that a Hilbert algebra need not be complete with respect
to the topology defined by its scalar product. On G ® G the algebraic
structure is uniquely defined by (v ® v)* := v ® u and

(wev)- (W ev) =, v)(uer)efeq,
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valid for u,v,u’,v’ € G. Then, one can conclude by density, if it is
checked, that the involution and the multiplication are continuous, with
respect to the projective topology. For the involution, this is very easy;
we will treat the multiplication.

Let {px | A € A} be a directed family of seminorms defining
the topology of G. Since G is continuously contained in H, by [36,
Proposition 7.7] there exist \g € A and C' > 0 such that ||ul| < Cpx, (u)
for all u € G. Also, by [36, Proposition 43.1], the projective topology
on G ® G is defined by the family of seminorms {py ,, | (A, 1) € A x A},
given by

prnt) = int { 3 s | w0 = 3w
l l

all the sums should be finite. For any A,z € A and any u,0 € G ® G,
one has

Pau(u-0) = inf { ZP,\(wl)pu(wf) lu-o= Zwl ® wf}
1 1

gm{zmwwmwmm>

Jik

|u—Zuj®u;,n—ka®v;€}
J

k

<M{mememmw

ik
|u=Zuj®u;,n=ka®v;}
J %

<wquymwmmm§pwwmmw

k

J
=Y u s o= ue)
j k
=C? inf{ZpA(uj)pAo(“;) [u=>"u ®“§}
j J

J
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X inf { > aoR)pu(vh) [0 =) v @ Ufc}
k k

= C2p>\,>\o (u)p)\m# (0),
which justifies the continuity of the product. O

For further reference, we indicate here the continuous embeddings
(4.1)  G(XD) = Bi(T) = Ba(X) = B(X) = B(X) — 9 (D).

The first and last embeddings become isomorphisms if and only if
G = H. In most of the cases, the operators 7(s) = II(es)* are unitary;
in such cases, e, is not a compact symbol.

Remark 4.3. The above direct construction of the Fréchet-Hilbert
algebra ¥(X) by transport of structure is convenient because it is
universal, but the output is rather implicit (although, clearly,

{buw | u,v € G}

is a total family in 4(X); see [36, Theorem 45.1] for a stronger result).
Fortunately, in most of the interesting examples, the space ¢(X) has
some independent definition as a space of functions (or distributions) on
3. The scale of spaces given in equation (4.1) can be used to extend the
composition law by duality techniques and to define optimal “Moyal-
type” *-algebras, as in [30].

Now, we need some notions concerning duality of Fréchet spaces [36,
Section 19]. When, on the (topological) dual G’, we consider the weak*-
topology, we write G/. Recall that, in this topology, the convergence
is merely the pointwise convergence of functionals and that a base of
neighborhoods of 0 € G§ is composed of the polars of all the finite
subsets of G. However, we are also going to use the stronger topology
~ of uniform convergence on convex compact subsets of G, and then G’
will be denoted by Q;. One can take the polars of the convex compact
subsets of G as a base of 0 € Q’;.

Using the transpose o : H' — G, cf., [36, Section 23], and the
Riesz antilinear identification of A with its strong dual H’, one gets
an injective continuous antilinear embedding of H into the dual G’ (or,
equivalently, a linear embedding of H in G’). Thus, we identify H
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with a subspace of G’, which is dense if, on G’, one considers either
of the topologies o or 7. Hence, we have a Gelfand triple (G, H,G,)
for v = o,7. Since the duality between G and G’ is compatible
with the scalar product, we can use notation for this duality, such
as (u, w) := w(u), antilinear in w € G’ and linear in u € G.

Note that G can be seen both as the dual of its weak*-dual G/ and as
the dual of G’ , cf., [36]. In general, it does not coincide with the dual
of Qé, involving the strong topology S of uniform convergence on the
bounded subsets of G. By a simple duality argument, it follows that
H (hence, G also) will be dense in G|, for v = o,+. This also happens
for v = B if G is assumed reflexive. If G is a Banach space, we have
a Banach-Gelfand triple. In such a case, the strong topology 8 on G’
coincides with the norm topology given by

lwllg: := sup{[{u, w)| [ u € G, [lullg <1}.

The same construction can be applied to the continuous and dense
embedding G <§>p G — H®H, obtaining an ampler Gelfand triple

(G, G HOH.(G,0),);

one uses the transpose H & H < (G®,G)., of the map a constructed
in the proof of Lemma 4.1. Here, once again, we may use any of the
topologies v = 7,7, .

Now, we recall that we have an isomorphism of H*-algebras ® :
HRH — PB(X) (in particular, a unitary map) which restricts to an
isomorphism of Fréchet-Hilbert algebras ® : §®,G — ¥(X). The
inverse of the transpose will be a continuous extension (denoted by
abuse of the same letter)

(4.2) :(GR,G), — 9" (2).;
the topological dual of 4(X) has been denoted by ¥4'(%).

We summarize the discussion above as a corollary. We denote
an isomorphism of Gelfand triples (unitary at the level of Hilbert
spaces) for which the “small” spaces are Fréchet-Hilbert algebras by
isomorphism of Hilbert algebra Gelfand triples. The Hilbert spaces are
H*-algebras, and the isomorphism respects the *-algebra structures,
whenever this makes sense.
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Corollary 4.4. Assume that the Fréchet space G is continuously and
densely embedded in H. There is a canonical isomorphism of Hilbert
algebra Gelfand triples
(4.3)

O =0 (8,0 KO (G5,0),) — (D), B:(),9'(2),).

Notice that for u,v € G’ one has a well-defined element

uw i=P(u®v) € ¥ ().

Remark 4.5. A canonical isomorphism (G®,G) ~ B(G,G’) exists
which is purely algebraical and involves the space of all linear operators
A : G — G’ which are continuous when we put the weak*-topology on
G’. See [36, page 465] for more details. Using this, it is easy to deduce
from the above considerations that

H=Aod ': % (2) — Ba(H)
extends to a linear isomorphism
II:9 (%) — B(G,G).

Thus, the elements of ¥’(X) can be seen as symbols of linear operators
T : G — G’ that are continuous with respect to the weak*-topology on
the dual. The relation

(14 @) = [ g0 ) dut) = (9,60},

P

valid a priori for g € $2(X) and u,v € H, also stands true for g € ¥'(X)
and u,v € G with the obvious reinterpretation of the duality (-,-)(x).

Remark 4.6. Some extra structure is present if, in addition, G satisfies
the approximation property. That property is shared by many specific
examples of Fréchet spaces; see, for instance, [22, Section 18]. Here,
it serves to identify the injective tensor product G’ ®; 6/ with another
—/
topological tensor product G’ € G, and thus, to simplify the picture.
Under this extra assumption, one has isomorphisms
~ = ~ =/
B(G,G,) ~ (G ®,G), =G, ®:G,,.
The second [22, page 346] is an isomorphism of locally convex spaces,
and it involves the topology of uniform convergence on compact convex
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sets on various dual spaces. By general principles, it justifies the Hilbert
algebra Gelfand triple

/

(68,0, HEH.G,8:T,).

Remark 4.7. Let us show how suitable subspaces of %5(X) can be
used to define the Fréchet spaces G and ¢(X) which are the topic of
this section.

Let (X)) be a continuously and densely embedded Fréchet space in
PB2(X). We fix a unit vector w € H, and we set w(s) := w(s)*w for
every s € ¥ and ¢, (u) 1= ¢y for every u € H. Then, we define

GE® =g .= ¢ 6(X)] C H.

It can be shown that G is a continuously and densely embedded Fréchet
space in H.

We will now give a concrete realization for 4(X) := ®(G®,G). Let
us also define T, : (%) — L*(X x X) by

[Tw(9)](s,) 1 = (9, Pw(t),w(s)) (D)
=Agmwvwwmw@wmmm

It turns out that Y, is an isometry with its range contained in
PB(X) ® B2(X). Then, it is rather easy to show that

9(3) = T, [6(2)8,8()|.
The proof is based on the identity

Twoq):¢w®¢wv

which is an immediate consequence of equation (3.5).

5. The Berezin-Toeplitz quantization. In this section, we show
that some very basic aspects of the Berezin-Toeplitz quantization can
be naturally recovered in our abstract framework. More details on this
circle of ideas can be found in [7].

Let us fix a unit vector w € H and consider the family

W={w(s) :=n(s)"w|s € X}
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As a consequence of the existence of isometry (2.2), we have, in a weak
sense,

(51) 1= /Z:)\w(s),w(s) d/"’(‘g)

by using the notation introduced in equation (1.1). For later use, we
note that equation (5.1) implies

(5.2) T = /E(Tw(s),w(s»du(s)

for every operator T € Bj(H). In fact, this follows by writing
T as a linear combination of four nonnegative trace-class operators
and then using the diagonalization of these four operators along with
equation (2.3). We set

$u : H — Ba(%) C L*(2), [P (u)](s) := (u,w(s))
whose adjoint operator ¢!, : L?(X) — H is given by

(0 = [ Fuls) duts) = (1w
The associated kernel is the function p,, : ¥ x ¥ — C, given by

Pu(s,t) = (w(t), w(s)) = [pw(w(t))](s) = [P (w(s))](t),

defining a self-adjoint integral operator P, = Jnt(p,) in L?(X). One
can easily check that P, = ¢,,®!, is the final projection of the isometry
bw, 50 P,[L*(X)] is a closed subspace of %(X). Since ¢l ¢, = 1, we
obtain the inversion formula

(5.3) "= / (6o ()] (By(t) dp(t),

leading to the reproducing formula ¢, (u) = Py[dw(u)], i.e.,
Bu]() = [ (w0 0 Bu(w]O) dutt).
>

Thus, 2, (%) := P,[L?(X)] is a reproducing Hilbert space with repro-
ducing kernel py,.

If, in addition, sup ||7(-)||{c0, and ¥ is endowed with a topology for
which 7 is weakly continuous, then the reproducing kernel Hilbert space
Pw(E) consists of bounded continuous functions on X.
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Let us define, for f € L*(X),

QT{( = / f w (s),w(s) dM(S)

and call it the Berezin operator associated to the frame W. This should
be taken in a weak sense, i.e., for any u,v € H, set

(54)  (Qu(Huv):= / £(5) vty ooy s 0) da(s)
:/Zf(S)[%(u B @](s) du(s).

We gather the basic properties of €2, in the following statement; see
[2, 7] for other results of this type.

Proposition 5.1.
(i) The estimate [[Qw(f)|lpa < 1f]lpe (s holds.

(ii) The map Q, sends p-almost everywhere positive functions in
positive operators.

(iii) If f € LY(X, |lw(-)||Pw), then Qu,(f) is a trace-class operator and
T (] = [ (ulls).w(s) dits)
= [l )

(iv) Assume that ¥ is a locally compact space and that p is a Radon
measure with full support. If f € Co(X), then Qu,(f) is a compact
operator.

Proof.
(1) We estimate
[{Qw (F)us )] < ([ fll L /E [P (W] ($)][[Pw (0)](5)] dpal(s)

SNF N poe 1w (@) 2 (| (V)] 2
= £l oo lleloll,

and this gives the result.
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(ii) This follows from the fact that
@ i= [ F6)Gul](o)duts).

(iii) We may assume that f > 0. On one hand, if {v}; is any
orthonormal basis in H, one has, by the Parseval equality,

Tr [0 ()] = D (Qu(f)or, vk)
k

- /zf(S)Z ‘(w(S),Uk>‘2dM(S)
k
=LﬂMW®WW®%

hence, the assumption f € L'(X, |lw(-)||?n) implies Q,(f) € B1(H).
The asserted formula of the trace can then be obtained either by
equation (5.2) or directly, by equation (5.1),

w(s),wl\s S) = w wIls 2 S
L@Mﬁ(% (5)) du(s) //f@Kﬁ%(»MM)W@

= [ @dute) [ w0, w) Fduts
= [ rolauo.
(iv) Since p was selected to be a Radon measure, it is finite on
compact subsets of X, and thus,
C.(%) c LYZ) N L>(D).
If f is continuous and has compact support, then Q,,(f) is a compact

operator by (iii). Then, the assertion follows by density from (i). O

Remark 5.2. Formula (5.4), which can also be written

(Qu(fu,v) = <f ¢w( )Pw (v )>(E)7

opens the way to various extensions by duality. Returning to the setting
of Section 4, let us also assume that 4 (X) is stable under the pointwise
product. Then, for w,u,v € G, one has ¢, (u) - ¢, (v) € Z(X) -4 (%) C
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%(X). This gives meaning to Q7 (f) as a linear continuous operator

G— G for fe9d' (%)

We now give a Toeplitz-like form of the operator
Ay (f) = ¢uw o Qu(f) o ¢Iu
Proposition 5.3. For every f € L>=(X), one has
Ay(f) = Py oM;yoP,,
where My: L*(X) — L*(X) is the multiplication by f operator.

Proof. We have now obtained

[MUW®—<(ﬁW(ﬂ(W
/ ) [ (1, (1)) ()T (] du(t)

/ F(0) dult) / () [ (w () () B @D dult)
/ / SO pu (1, pu (L 5) dis(t) du(t)
_ / [ / Do (5, £ (E)pu () dia()| B(E') dpu(t)

= [(P, o My o P,)h](s). 0

We define the covariant symbol of the operator A € B[L?(X)] to be
the complex function on ¥ given by

[0w(A)])(5) = (Apu[w(s)], pulw(s)])(s) = (D), Adwlw(s)], w(s)).
We also introduce the covariant symbol of the operator S € B(H) as
[T (9)](s) = (Sw(s),w(s)).
Note that, for S =TI(f), we obtain
[T (9)](s) = (I(e5 * f % €s)w, w)

for any s € ¥. On the other hand, the covariant symbols of Berezin-
Toeplitz operators are also easy to compute in terms of the reproducing
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kernel p,,. Specifically,
[0 (Aw(9))I(s) = [T (Quw(9))](s) = /Eg(t)I<UJ(8)"LU(t)>|2du(t)-
Now, we investigate the connection between €, = Q7 and II.

Proposition 5.4. For any f € LY(X, ||lw()||?1), one has QF(f) =
II[&T (f)], where, for p-almost every s € 3,

[SL(N](s) = /Zf(t)@f(S)*W(t)»W(t» du(t) = (f, molm(s)]) z)-

Proof. Using equations (3.9), (5.1), (5.2) and (5.4), one has

M40 (£))(s) = Telm(s)920 (/)

- / (0 (f)wt), 7 (s) w(t)) du(t)

- / / ) By (T 0m oy ty o () dp(t) dp(r)
>J¥

- / / F) () w, w(t)) (w (), 7(s)m(r) w) dpa(r) dpt)
X J¥

- / £ () w, m(s)m(r) ) dpa(r)

- / FEm(s) w(t), w(t)) du(t) = [7(F)(s),

and this concludes the proof. O

6. Infinite tensor products of square-integrable maps. We
need the next definition in order to describe square-integrability prop-
erties of infinite tensor products of operator-valued maps.

Definition 6.1. Let A be any complex Hilbert space, and let (3, M)
be any measurable space as above. Also, let = {fia}aca be any
family of positive measures defined on the o-algebra M, where the
index set A is directed with respect to some partial ordering. A weakly
measurable map 7 : ¥ — B(H) is said to be square integrable with
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respect to the family of measures p if it satisfies the condition

(6.1) lirr}‘ (m(s)u1, v1)(va, (s)ua) dpra(s) = (u1, ug)(va, v1)
[e7S »

for all uy,us,vi,v9 € H.

Remark 6.2. As in Remark 2.2, a polarization argument also shows
that it suffices to verify equation (6.1) for u; = us and vy = ve, that is,

2 I ‘ = [l [0]2
(62) tim [ )| dna(s) = 1ul?o]
for all u,v € H. Also note that, if there exists a measure i, such that,
for some ag € A, we have

LY(Z ptoe) = (] L'(Z, o),

a>ap

and, for all ¢ € LY(3, 100 ), We have

/¢duoo— hm/sbdua,

then the operator-valued map  is square-integrable with respect to the
family of measures g = {1 faca if and only if 7 € SQ(B(H), ttoo)-

By using infinite tensor products of Hilbert spaces, we introduce the
following notion of infinite tensor product of square integrable maps.
We emphasize that this notion does not involve measure spaces, but
rather measurable spaces, that is, merely pairs (X, M) where M is
a o-algebra of subsets of a set ¥. In particular, the functions on M
must be everywhere defined. However, we use the above notation from
square integrable operator-valued maps to facilitate the application of
this infinite tensor product construction in that setting in Theorem 6.6.

Definition 6.3. For j > 1, let H; be any complex Hilbert space, let
(X;, M;) be any measurable space, and let m;: ¥; — B(#;). Assume
that we have

(i) a distinguished vector w; € H; with ||w;|| = 1;
(ii) a distinguished point ¢; € X; Wlth mi(t;) = 1.



1830 I. BELTITA, D. BELTITA AND M. MANTOIU

Denote

wi={w;}s1 € [ 1y,

j>1

and define the complex Hilbert space

H = @ij7

Jj=1

as the inductive limit of the sequence of Hilbert spaces

H(N) = @ Hj,

1<j<N
with respect to the isometric embeddings

H D) —>H(N+1), T— T QW1

Then, define

b ::{s:{sj}j>1 EH Ej‘ there exists j(s)>1for all j>j(s), s, :tj}
j=1

and

m: ¥ — B(H), m({sj}i>1) = ®7TJ 55)-
jz1

As in [15, Appendix D], we say that X is the restricted Cartesian
product of {¥,},>1 along the sequence of distinguished points {¢;};>1,
and we endow it with the restricted product of the o-algebras {M;};>1,
see [15, Definition D.2]. Moreover, 7 is the restricted tensor product of
maps {7;},;>1 along the sequences of distinguished points {t;};>1 and
distinguished unit vectors w = {w; };>1.

Remark 6.4. The definition of an infinite tensor product of operator-
valued functions raises several issues which may seem mutually exclu-
sive, namely, in general, the map 7 in Definition 6.3 cannot be defined
on the whole Cartesian product of {X¥;};>1 because of restrictions re-
quired by the definition of an infinite tensor product of operators. More
precisely, if T; € B(H;) for every j > 1, then, in order to define ®,>1T;
on the inductive limit @WH]-, we need to have Tjw; = w; when-
ever j > 1 is large enough. On the other hand, the problem with the
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restricted Cartesian product X is that, if some measure p; is given on
the measurable space (X, M) for every j > 1, then it is not clear how
to use the sequence of measures {y;};>1 in order to define a natural
measure on Y. From this point of view, it might seem preferable to
work with the full Cartesian product of {¥;};>1 and to assume that
each p; is a probability measure. In a forthcoming paper, we will see
how these problems can be dealt with in some special cases when ev-
ery (X;, M;, ;) is given by some Gaussian measures on an Euclidean
space, and every 7; is a projective representation of the additive group
underlying that Euclidean space.

6.1. Square integrability for infinite tensor products. In order
to avoid the difficulties mentioned in Remark 6.4, we will use an alter-
native approach which leads to Theorem 6.6 and was inspired by some
methods used in the representation theory of canonical commutation
relations; see, for instance, [18, 19], [24, Section B] and [34, Lemma
4.2]. The key of this approach is the approximate orthogonality prop-
erty introduced in Definition 6.1. The next elementary lemma will be
needed in the proof of Theorem 6.6.

Lemma 6.5. Let {apn}m n>1 be any double sequence of complex
numbers satisfying the following conditions.

(i) There exists a € C for which lim lim apn = a.
M—o00 N—oo

(ii) We have sup{lapn]| | M,N > 1} < 0.
(iii) There exists N}im ayn =: by uniformly for N > 1.
—00

Then, lim lim ajyny = a.
"’ N—voo M—00

Proof. The sequence {by } n>1 is clearly bounded. We need to prove
that it is convergent to a, and, to this end, we will prove that every
convergent subsequence has the limit a.

If {bn, }j>1 is any convergent subsequence, then the uniform conver-
gence hypothesis ensures that the double sequence {ap, N; }ai>1 has
the property

a= lim lim appn, = lim lim app,;
M —o00 j—00 J j—00 M—o00 7
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hence, lim by, = a for any convergent subsequence {bx;, };>1, and the
j—o0 -

assertion follows. O

Theorem 6.6. Assume the setting of Definition 6.3. Moreover, as-
sume that there is a o-finite measure p; on the measurable space
(3, M;) with m; € SQ(B(H;), ;) for all j > 1. For every N > 1,
define the map

AN Y x - x Xy — 8

by
O (51,0, 8N) = (S14- .-y SN EN+1 EN 42, - ),

and consider the measure
pN) = (9(N))*(M1 ® - @ uN)

on X.. Then, the restricted tensor product w: X — B(H) of the
maps {m;};>1 along the sequences of distinguished points {t;};>1 and
distinguished unit vectors w = {w; } j>1 is weakly measurable and square
integrable with respect to the sequence of measures {u(N)}Nzl.

Proof. The proof has two parts since we will first record some
preliminary facts. It is clear from Definition 6.3 that the map = is
weakly measurable. To prove that this map is square integrable with
respect to the sequence of measures {M(N )} N>1, We must prove that,
for arbitrary u,v € H, we have

(6.3) lim / [ (Y, 0) Pt = [l o],
2

N—o0
which is equivalent to

lim (w0 () u, v) [P @ -+~ @ ) (5) = [[ull* o1,

N—oco Jy(N)

where XV) := 3, x -+ x Ty for every N > 1.

(i) For every N > 1, denote by K¥) the infinite tensor product of
the sequence of Hilbert spaces {;};>n+1 along the sequence of unit
vectors {w; };>n+1. The associativity of infinite tensor products shows
that there exists a natural unitary operator

WM (H1® - @HN)RKDN) — A,
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which also allows us to define

HN =W ((H1® - BHN) @ w1 wnpa ® ) CH,
with the orthogonal projection PXV): H — HN). Note that,
(64)  M>N>1= PMr(g™ () = m(0™)() PO,
since, for every N > 1, one has the commutative diagram

o(N)

(65) 21X'-~XZN by

7"1(')®"'®7"N(')®1,C(N)l lﬂ'
B(H1® - OHN)RKDN)) —= B(H)

whose existence follows by the definition of 7 (see Definition 6.3)
and whose bottom arrow is the spatial isomorphism of von Neumann
algebras given by T+ WWMNT(WW))* For the same reasons, and
by also taking into account Propositions 2.7 and 2.9, we obtain for all
Uy, V1, U2, V2 € H and M > N > ]_7

(6.6) / (Y, POV, ) (POD vy (- Yuaz)| dp™)
>
< POy [[|POD g [[|POD gy || POy |
< Jeaa 1P 0 [ | P .

The above inequality holds under a stronger form if N > M > 1,
namely,

(679 N>M—=— /(ﬂ'(s)ul,P(M)U1><P(M)v2,7r(s)uQ> dp™) (s)
b
- <P(N)U1,P(N)U2><P(M)’U2,P(M)’U1>

since, in this case, we have P(M) p(V) = p(N) p(M) — p(M) " and then
the above equality follows by Proposition 2.9 along with equations (6.4)
and (6.5).

(i) Now, we return to the proof of equation (6.3). By using
equation (6.7), we obtain

(6.8) lim lim apn(ur,vi,u2,ve) = (ug, ug)(ve, v1),
M—o00 N—oo
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where
G/MN(’U,l,’Uh’UzQ,'UQ) = /<7T(S)U1,P(M)U1><P(]V[)’U277T(S)’U,2> dM(N)(S)J
b))

for all M, N > 1 and uy, vy, us,vs € H.

We will prove that the limits in equation (6.8) can be interchanged
by using Lemma 6.5. To this end, it suffices to consider the case
u; = ug =: u (by a polarization argument). Since, by equation (6.6),

(6.9) Jansn (u, o1, u,v2)| < Jfull?||og vzl

for all M, N > 1, we still need to show that there exists a sequence
{bn(u,v1,u,v2)} n>1 for which the conditions

(6.10) lim ann(w,v1,u,v2) = by (u1,v1,u2,v2),
M —o0

are uniformly satisfied for N > 1. In order to check the above condition,
first note that, for arbitrary u,v € H and My, Ms > 1, we have

2
(6.11) / [ (s, POOY) — (o, PORI0) [ ™)
< ul P PPy — POy 12,

In fact, we may assume that My < M;. If N < M;, and we set v; =
vy :=v — PM2)y then

P(Ml)vj — p(Mi)y _ p(Ma)y,
for j = 1,2; hence, by using equation (6.6) for M := M; and u; =

us := u, we obtain equation (6.11). On the other hand, if N > M,
then equation (6.11) follows at once by equation (6.7).

Now, we can check equation (6.10) by proving that
{aMN(Ua U1, U, U2)}M21

is a Cauchy sequence, uniformly for N > 1. More precisely, for all
My, My, N > 1, we have
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\aMlN u, U1, U, 112) GMQN(U,UMU,W)\

/\ ay PO 0y (PO gy, () — (PO ()| da ™)

Iy POn) = (PO o) (PO ()| ™

< [l PO | POy — POy |
1 [ POy || | Py — POT2)gy ),

where the last inequality follows by the Schwartz inequality, along with
estimates (6.6)—(6.11). Thus, equation (6.10) follows.

Now, equations (6.9) and (6.10) ensure that Lemma 6.5 applies;
hence, the limits in equation (6.8) can be interchanged. In turn, this
implies that
(6.12) lim lim apry(ug,v1,us,v2) = (uy, ug){ve,v1)

N—o00 M —0c0
for all uy,v1,u2,v2 € H. On the other hand, by taking into account
the definition of apsn(u1,v1,us, vs), it follows that, for all N > 1 and
u,v € H, we have

lim apn(u,v,u,v) = lim /|<7r(-)u,P(M)v>|2du(N)
M— o0

M —o0 )

=/uwmwwww
>

where the last equality is a direct consequence of equation (6.11).
Thus, equation (6.12) implies that equality (6.3) holds true, and this
completes the proof. O

6.2. Symbol calculus for infinite tensor products. One can in-
quire as to what happens at the level of quantizations when opera-
tions (as tensor products) are performed with square integrable fami-
lies. This question is particularly interesting in the setting of Section 5
since our input there was a pointed Hilbert space (H,w), which is the
basic subject when performing infinite tensor products. In the rest
of this section, we will take a few steps in this direction, but many
interesting problems still remain unsolved; in particular, the symbols
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that give rise to operators in various Schatten ideals. See, for instance,
Proposition 5.1 (iii).

Theorem 6.7. Assume the setting of Theorem 6.6, and denote the
space of all complez-valued, bounded measurable functions on ¥ by
L>(X). Then, the following assertions hold:

(i) for every N > 1, f € E‘X’(Z) and u,v € H, the integral

oM (o = / O, (yum(yudp™

is weakly convergent and defines an operator Q&N)(f) € B(H)

satisfying 24 ()] < Jjull* sup 1]
(ii) For allu € H\ {0} and f € L™(X), there exists Q,(f) € B(H)
satisfying Qyu(f) = A}im QgN)(f) in the weak operator topology,
— 00
and moreover, || Q. (f)|| < [Jul/?sup|f].
b

(iii) IfueH and 0 < f € L®(X), then 0 < Q,(f) € B(H).
(iv) For every u € H with |u|| = 1, we have Q,(1) = 1.

Proof.

i) Use again the notation X(V) = ¥ x - -+ x YN to write
(i) g
() (f)on, va) = / F ) wn, 7 (Y (Y, ) dp )
>

= FOW () (o1, w0 ())u)

S(N)
(@O (), v2)d(p1 @ - ® p);

hence, by taking into account commutative diagram (6.5), the conver-
gence of the above integral and the required estimate for the norm of
QgN)( f) follow by the estimate provided in Proposition 2.7.

For (ii), we only need to prove the asserted convergence in the weak

operator topology, since the norm estimate will then follow by the norm
estimates established above.

In order to prove that the sequence {QiN)( f)}n>1 is convergent
in the weak operator topology, we will adapt the method of proof of
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Theorem 6.6, and we will use the notation from that proof, except that
for fixed f € L>°(X), we set

ayn(u1,v1,ug,v2) = / f(~)<7r(~)u1,P(M)m)(P(M)vg,W(')u2>d,u(N)
b
for all M, N > 1 and w1, v1,us,v2 € H. Then, we have
lm apn(u, vy, u,v9) = (QgN)(f)vl,w)
M —o00

uniformly for N > 1, using reasoning similar to that used for prov-
ing equation (6.10). Moreover, we have the following version of equa-
tion (6.9)

lanin (u, v1,u,v2)] < IIUI|2||v1H||vzllsgp|f|

for all M;N > 1; hence, we can use Lemma 6.5 to prove that
{<Q£N)(f)v1,v2>}N21 is a convergent sequence for all w,vi,v9 € H,

that is, the operator sequence {QgN)( f)}n>1 is convergent in the weak
operator topology in B(H) for all u € H.

Assertion (iii) is clear.

Finally, assertion (iv) follows directly from Theorem 6.6 (see equa-
tion 6.3), and this completes the proof. O

Remark 6.8. Theorem 6.7 (iv) should be regarded as a version of
equation (5.1). In the present situation of infinite tensor products, we
do not have any natural version of the space L?(X), and therefore, we
need to work inside the space C* of all complex-valued functions on ¥
in order to construct the reproducing kernel Hilbert space as above.
For instance, if we pick any unit vector w € H, then we can define

w()=a()w:Y —H and ¢, :H — C*,
Pu(u) = (u,w(-)) = (w(-)u, w).

Then, the linear map ¢,, is injective by equation (6.3); hence, we may
define &, (X) := Ran ¢,,, and make this function space into a Hilbert
space such that ¢,,: H — £,(X) is a unitary operator. Note that
P, (X) is a reproducing kernel Hilbert space since, for every s € 3 and
the point evaluation evs: 22, (X) — C, evs(f) = f(s) is continuous.
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The corresponding reproducing kernel is
P X E—C,  pu(st) = (w(t), ws)),
as above, see [32, Theorem 1.1.6].

The version of inversion formula (5.3) in the present setting is

w= lim QM= lim [ (u,7()wn(-)wdp®™,
N —o0 N—oo [y
where the limit and the integral are taken in the weak sense. This
is obtained by using Theorem 6.7 (ii) and (iv) for the mappings
mi(-)* € SQ(B(H;), ;) and provides a generalization of a result [24,
Theorem 3.2] from the representation theory of canonical commutation
relations.

7. Examples. It is quite clear that the formalism of Section 6 is
meant to cover at least two situations: square integrable irreducible
unitary group representations with their associated twisted convolution
algebras and the Weyl pseudodifferential calculus. Now, we will briefly
indicate other examples in order to show the generality of our setting.
They are developed only to the extent where the identification of
the relevant objects becomes obvious, although we plan to give more
specific applications in forthcoming papers. The references cited in this
section contain much more than we are able to review here.

7.1. The magnetic Weyl calculus. Take ¥ := X x X*, where X is
an n-dimensional real vector space and X* is its dual (so the “phase-
space” ¥ is non-canonically isomorphic to R?"). Below, setting B = 0
and A = 0, one may recover the standard Weyl calculus [8].

The magnetic Weyl calculus [21, 23, 27, 28, 31] has, as back-
ground, the problem of quantization of a physical system consisting of
a spinless particle moving in the Euclidean space X = R™ under the
influence of a magnetic field, i.e., a closed 2-form B on X (dB = 0),
given in a base by matrix-component functions

Bjp = —By; : X — R, jk=1...,n.

For simplicity, and in order to have full formalism, we are going to

assume that the components Bjy belong to Cpg,(X), the class of smooth

functions on X with polynomial bounds on all the derivatives. The
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magnetic field can be written in many ways as the differential B = dA
of some 1-form A on X called a vector potential. One has B = dA = dA’
if and only if A’ = A + dy for some O-form ¢ (then they are called
equivalent). It is easy to see that vector potential can also be chosen
for class C'9,(X).

pol

One would like to develop a symbol calculus taking the magnetic
field into account. The basic requirements are:

(i) it should reduce to the standard Weyl calculus for A = 0, and

(ii) the operators T4 (f) and ITI4'(f) should be unitarily equivalent
(independently on the symbol f) if A and A’ are equivalent; this is
called gauge covariance and has a fundamental physical meaning.

To justify the formulae, one could think of the emerging symbol calculus
as a functional calculus for the family of non commuting self-adjoint
operators (Q1,...,Qn; P, ..., PA) in H := L*(X). Here, Q, is one of
the components of the Poisson operator, but the momentum P; := —i9;
is replaced by the magnetic momentum PJA = P;—A;(Q), where 4;(Q)
indicates the operator of multiplication with the function A; € C55,(X).
Notice the commutation relations

Q5 Q) =0, [P Qx] = 64, i[PjA,PkA} = B;1(Q).
Now, one computes the magnetic Weyl system
S — B(H), 7 (z,€) = expli(z - P4 — Q- €)],
and explicitly obtains

e ) = 0 oxp | (-0) [ aluty+a)

ly,y+a]

The extra phase factor involves the circulation of the 1-form A through
the segment
[z,y] :={(1 =tz +ty [t €[0,1]}.

These operators depend strongly continuously on (z,£) and satisfy
74(0,0) = 1 and

ﬂ-A(x’é.)* = W(xvg)il = ﬂ-A(_I’ _f)a
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thus being unitary. However, they do not form a projective represen-
tation of ¥ = X x X*. Actually, they satisfy

(2, )7y, n) = QP[(2,€), (y,1); Qln =z + y,£ + 1),

where QP[(z,€), (y,n); Q] only depends on the 2-form B and denotes
the operator of multiplication in L?(X) by the function

X3z — QP[(2,9), (y,n); 2]

:eXp[.(yf:v-n)] exp {(i) / B}

(z,2+x,2+x+Y)

N =

Here, the distinguished factor is constructed with the flux (invariant
integration) of the magnetic field through the triangle defined by the
corners z, z+x and z +x + y.

Straightforward computation leads to

B4 (0@ 0)](2,€) : = (m (&, E)u,v) = /

. e~ W exp [(—z) / A}

ly—=/2,y+z/2]

x u(y + x/2)v(y — x/2) dy.

It can be decomposed into the product of multiplication by a function
with values in the unit circle, a change of variables with the Jacobian
identically equal to 1, and a partial Fourier transform. All are isomor-
phisms between the corresponding spaces, so the orthogonality relation
holds with %, (%) = L*(%).

Thus, one can apply all of the prescriptions and get the correspon-
dence f + II4(f) and the composition law (f,g) — f*? g (depending
only on the magnetic field). In fact, many are interested in the (sym-
plectic) Fourier transformed version

a(Q, P*) = Op?(a) == TA[F1(£)]

and in the multiplication #7 obtained by transport of the structure
and therefore satisfying Op” (a)Op”(b) = Op”?(a#5b). The resulting
involution is just complex conjugation; thus, Op?(a)* = Op”(@). For
the convenience of the reader, we indicate the explicit formulae in
which we set ['4([x,y]) := f[z,y] A and T'B((z,y, 2)) := f< B. The

T,Y,2)
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magnetic Moyal product is
B =g xp{—2i[(x — z) - (€—n)—(z—y)-({—
(@#™0)(X) =7 [ [ expil(e = 2)- €=n)~(w=p)-6=O)

><exp[—iFB((x—y+z,y—z+x,z—x+y>)
x f(V)g(Z)dzdY

and the magnetic Weyl calculus is given by

(7.1)
D9 (@)al(w) = (20)" [ [ explite =) -l expl=T (z.5))

xa<x+y )u@w@dg

2 3
An important property of equation (7.1) is gauge covariance, as hinted
above. If A’ = A + dp defines the same magnetic field as A, then
DpA’(f) = ¢?9Op?(f)e~". By destroying the magnetic phase factors
in all the above formulae, one obtains the defining relations of the usual
Weyl calculus.

In this case, a convenient choice of the auxiliary space is the Schwartz
space G = S(X), which is a nuclear Fréchet space continuously and
densely embedded in L?(X); thus, G’ will be the space of tempered
distributions. By simple examination of the map ®4, this leads to
4(X) = S(X x X*). Tt can easily be shown that (by suitable restriction
or extensions)

Op[S(X x X*)] = B[S'(X), S(X)]
and
OpA[S/(X x %) = BIS(X),8'(X)].

The symbol algebras for the magnetic Weyl calculus were studied
in detail [27] while, in [21], the full pseudodifferential theory was
developed.

7.2. Operator calculi on locally compact abelian groups. In
this subsection, we will present some square integrable operator-valued
maps related to the metaplectic representation in the framework of
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locally compact abelian groups, the representation of which was studied
in [25, 35, 39].

The framework is provided by any locally compact abelian group
(G,+) with its dual group @7 which is the set of all continuous
homomorphisms from G into the circle group T. Recall that G is in
turn a locally compact abelian group with the pointwise operations
and with the topology given by uniform convergence on compact
sets. The natural duality pairing between G and G is denoted by
(") G x G — T. For every Haar measure v on G, there exists a
unique Haar measure v* on G for which the Fourier transform

FIMGw) — BO@G),  (FHE) = / (&, —) () dv(z)

G

gives rise to a unitary operator L2(G,v) — L2(G, v*).

Proposition 7.1. Let G be any locally compact abelian group with a
Haar measure v and denote H = L*(G,v). For k = 1,2, define

mr: G x G — B(H), (mi(z, & )u)(2) = (£, kz + (k — Dz)u(z + x).
Then, the following assertions hold:
(i) we have m € SQ(B(H),v x v*), and
O™ HOH — LG x G, v x v*)

18 a unitary operator.

(ii) If the map x — 2z is an automorphism of G, then there exists
a constant ¢ > 0 for which mo € SQ(B(H),v x cv*), and the
corresponding operator

O™ : HRH — L*(G x G,v x a*)

15 unitary.

Proof. For k=1,2 and every
uwe L'G x G,vxv*)NLXG x G,v x v*),
define
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= [ e mle dvla) i (€).

xG
Now, we prove the assertions separately.
(i) It follows by [39] that T™ extends to a unitary operator L%(G x

@,1/ x v*) — Bo(H). By taking operator adjoints and complex-
conjugates of functions, we then obtain a unitary operator

L*(G x G,v x ") — By(H),

given by
i [ ulem e, dv() v (@),
GxG
for every
u € LYG x G, v x V)N LA(G x G, v x V),
and this is just the adjoint of
P oA HOH — LG x @,V x V"),

in Corollary 3.3. Since A is a unitary operator, it follows that ®™ is,
in turn, unitary as asserted.

(ii) If the map x +— 2z is an automorphism of G, then it follows [35,
Theorem 1] that there exists a constant ¢ > 0 for which 7™ extends
to a unitary operator L*(G x G,vx cv*) — Ba(H). Now, the assertion
can be proved, just as above. O

The hypothesis that the map x — 2z is an automorphism of G from
Proposition 7.1 (ii) is satisfied by many important examples of groups,
as, for instance, the linear spaces G = R?, or the additive groups of local
fields, like the p-adic fields @Q, which are interesting for quantization
and pseudodifferential theory with applications to number theory, as
shown in [17].

We also note that the aforementioned hypothesis is quite natural
inasmuch as it is satisfied if and only if an appropriate version of the
Stone-von Neumann theorem holds. More precisely, according to [25,
Theorem 1], if we define the cocycle

o (GxG)x (GxG)—T,  o((x,),(ymn) = (&y)na),
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then the locally compact abelian group G x G has just one equivalence
class of unitary irreducible projective representations with the cocycle o
if and only if the map = +— 2x is an automorphism of G. One projective
representation of that type is the map 7 from our Proposition 7.1 (ii).
See also [32, Appendix VIII] for a discussion of this circle of ideas.

Much extra structure is present due to the existence of a Fourier
transform and the structure theorem for locally compact abelian
groups. In particular, besides choosing the Bruhat-Schwartz space for
the ingredient G, there also exists a better choice which relies on writ-
ing G as R™ x Gy with G containing an open compact subgroup. We
do not review the theory; instead, we refer to [11], which also con-
tains many constructions and results involving a certain class of coor-
bit spaces, discretization techniques and Gabor frames. If G = R™,
i.e., Gy is trivial, the emerging formalism essentially boils down to the
Kohn-Nirenberg pseudodifferential calculus [8].

7.3. Unitary representations of some infinite-dimensional Lie
groups. For a full presentation, we refer to [3, 4, 5, 33].

The starting point is a unitary strongly continuous representation
w: M — U(H), where M is a locally convex Lie group with the Lie
algebra m and a smooth exponential exp,,; : m — M. On the dual m’
of m we consider the weak* topology.

We also fix a real finite-dimensional vector space ¥ with dual ¥’ and
a linear map 0 : ¥ — m. The basic idea is to use 7 := w o exp,; 06 :
% — B(H) as well as the Fourier transform = : L2(X) — L?(X') in order
to build a more general form of the Weyl calculus. So, one should set

(7.2) Op™(a) = T1(3) = /E a(s) @ [expay (0(5))] ds.

In [4], the outcome was called the localized Weyl calculus associated to
the representation w along the linear map 6. The single requirement
needed to develop the basic part of the theory is orthogonality, i.e.,

/ (@ lexpas (0(s))u, v) 2ds = [l o],
b

for all u,v € H. Under this requirement, the general theory gives
a definite sense to equation (7.2), at least for @ € %»(X), and the
constructions and results of Section 2 and subsection 3.2 are valid. A
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good choice for the auxiliary space G is the space of smooth vectors of
the representation tw,

G=Howo:={ueH|M>3mr— w(m)u € His C*}.

It carries a natural Fréchet topology [4, Remark 2.1] in terms of
“differential operators” indexed by the universal associative enveloping
algebra U(mg) of the complexified Lie algebra me. In the infinite-
dimensional case, the denseness of Ho, in H is not always verified, so
we must require it. But, as soon as this is achieved, all the present
results hold. In [4], extra regularity assumptions are imposed in order
to obtain good control upon the spaces involved. One of the aims is to
identify ¢(¥) with the Schwartz space .(X) and

Op™[F(5)] = IH(T)),

with the Fréchet space B(H)s of all the smooth vectors (operators)
under the continuous unitary representation

w® M x M — B[By(H)], (@@ (m,n)] T := w(m)Tw(n) .

Another aim is to determine when %,(%) = L?(X) holds.

The above general setting was studied in some detail in two specific
situations: firstly, when M is a finite-dimensionally and simply con-
nected nilpotent Lie group. Such a situation was pointed out in [33]
and will be discussed in subsection 7.4. Secondly, the case when M
is an infinite-dimensional Lie group that can be written as the semidi-
rect product F X G between a (finite-dimensional) connected nilpotent
Lie group G, with Lie algebra g, and a suitable (typically infinite-
dimensional) locally convex space F of smooth functions on G. This
was studied in [3, 4]. The connection with the square-integrable fam-
ilies of operators is established by [4, Corollary 4.7 (3)].

An important particular case comes from the presence of a smooth
magnetic field (i.e., a closed differential 2-form) on G, inasmuch as
the aforementioned function space F should be invariant under left
translations on GG and should contain the coefficients of the magnetic
field as well as their derivatives of arbitrarily high order. This shows
that, if the magnetic field fails to have polynomial coefficients, then F
is infinite-dimensional. In this situation, an irreducible representation
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is given by
@: M=FxG—BL*G), (w(¢,2)f)(y) ="V fay),

and, in [3], it was proved that, although M is an infinite-dimensional
Lie group, its irreducible representation w can be obtained by the geo-
metric quantization from a certain finite-dimensional coadjoint orbit
O of M. Moreover, the coadjoint orbit O is symplectomorphic to the
cotangent bundle T*G. The appearance of the finite-dimensional vec-
tor space ¥ from the above general framework is connected to that
coadjoint orbit O, and the linear mapping 6 is canonically assigned to
a vector potential generating the magnetic field. Specifically, one may
use X = g X ¢g’. In this setting, the outcome of the operator calculus
is an extension to nilpotent Lie groups of the magnetic Weyl calcu-
lus briefly presented in subsection 7.1, which can be recovered for the
abelian group G = (R", +).

7.4. Operator calculus for representations of nilpotent Lie
groups. We will briefly describe some square integrable operator-
valued maps related to unitary irreducible representations of nilpotent
Lie groups. This method was previously used in the proof of Corol-
lary 2.6. The details of this construction can essentially be found in
[5, 33].

Let G be any connected, simply connected, nilpotent Lie group with
the Lie algebra g. Then, the exponential map exps: g — G is a
diffeomorphism with its inverse denoted by log,: G — g. The adjoint
action of G is

d _
Adg: Gxg — g, Adg(g)z:= altzo(gexpc(tm)g 1).

We denote by g* the linear dual space of g and by (-,-): g* xg — R
the natural duality pairing. The coadjoint action of G is

Adg: G g’ — g%, (9:€) — Ad5(9) = €0 Adg(g ™).
Pick any & € g* with its corresponding coadjoint orbit
0 = Ad5(G)0 C o
The isotropy group at & is
Ge, = {9 € G | Adg(9)& = o},
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with the corresponding isotropy Lie algebra

ge, ={X € g|&oadgX =0}.
Let n := dim g and fix any sequence of ideals in g,

{0=goCcgmC---Cogn=9

such that
dim(g;/g;-1) =1

and
9,9;] C gj—1 forj=1,...,n

Pick any X; € g;\g;—1 for j =1,...,n, so that the set {X1,...,X,,}
will be a Jordan-Holder basis in g.

The set of jump indices of the coadjoint orbit O, with respect to the
above Jordan-Holder basis is

€= {]E {1,7TL}| gy /@ gj*l"‘géo}v

and does not depend on the choice of §§ € O. The corresponding
predual of the coadjoint orbit O is

ge :=span{X;[jce} C g

and it turns out that the map O — g, { — &g, is a diffeomorphism.

Proposition 7.2. Assume that the above setting holds, and let m: G —
B(H) be a fized, unitary irreducible representation associated with the
coadjoint orbit O. Then, there exists a Lebesque measure fe on ge for
which, if we denote by p the measure on G obtained as the pushforward
of pe by the map expg lg.: e — G, then m € SQ(B(H),p), and its
corresponding operator ®™: H & H — L2(G, p) is unitary.

Proof. Tt easily follows by [33, Theorems 2.2.6-2.2.7] that there
exists a Lebesgue measure p, on g, for which, if we define the measure
1 as in the above statement, then the operator

T™: LNG, ) N L3(G, p) — B(H),
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given by

T"f = / flexpg z)m(expg ) dppe (v / f(s u(s),
g

e

extends to a unitary operator L?(G,u) — Ba(H). The assertion is
obtained by the same method as in the proof of Proposition 7.1. ([l

The space of smooth vectors
Hoo :i={veH |n()v e C(G,H)}

is a Fréchet space in a natural way and is a dense linear subspace of
‘H which is invariant under the unitary operator w(g) for every g € G.
We denote the space of all continuous antilinear functionals on H., by
H_ oo, and then, we have the natural inclusions

Ho & H—=>H_oo

Now, consider the unitary representation
7@7: G x G — B(By(H)),
defined by
(r@m)(g1,92)T = 7(g1)Tr(go) " for all g1, g2 €G, for all T €By(H)).

It is well known that m ® 7 is strongly continuous. The corresponding
space of smooth vectors is denoted by B(#)~ and is called the space
of smooth operators for the representation w. One can prove that
B(H)oo C B1(H).

Since
{(fifal fisfo € Hool CB(H)oo C Bi(H),

and H is dense in H, we obtain continuous inclusion maps

B(H)oo <= B1(H) — B(H) — B(H)%

00

where the latter mapping is constructed by using the well-known
isomorphism (Bq(#))* ~ B(H) given by the usual semifinite trace on
B(H).

We conclude by noting that the version in the present setting of the
above dequantization formula from Corollary 3.6 corresponds to [33,
Theorem 2.2.6].
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