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Abstract

We present a new theory of a dual systems of vector spaces that ex-
tends the existing notions of reproducing kernel Hilbert spaces and Hilbert
subspaces. In this theory kernels (understood as operators rather than
kernel functions) need not to be positive nor self-adjoint. These dual sys-
tems called subdualities hold many properties similar to those of Hilbert
subspaces and treat the notions of Hilbert subspaces or Krein subspaces
as particular cases. Some applications to Green operators or invariant
subspaces are given.
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Introduction

Functions of two variables appearing in integral transforms (Zaremba, Bergman,
Segal, Carleman), or more generally kernels in the sense of Laurent Schwartz [37]
- defined as weakly continuous linear mappings between the dual of a locally
convex vector space and itself - have been investigated for nearly a century
and have interplay with many branches of mathematics: distribution theory
[37], differential equations [13], probability theory [39], [24], [29], approximation
theory [23], [17] but also harmonic analysis and Lie theory [38], [15], operator
theory [3], [35] or geometric modeling [28], [31].

The study of these objects may take various forms, but in case of positive
kernels, the study of the properties of the image space initiated by Moore,
Bergman and Aronszajn[7] leads to a crucial result: the range of the kernel can
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be endowed with a natural scalar product that makes it a prehilbertian space
and its completion belongs (under some weak additional conditions either on
the kernel or on the locally convex space) to the locally convex space. Moreover,
this injection is continuous. Positive kernels then seem to be deeply related to
some particular Hilbert spaces and our aim in this article is to study the other
kernels. What can we say if the kernel is neither positive, nor Hermitian 7

To do this we study directly spaces rather than kernels. Considering Hilbert
spaces, some mathematicians - among them Aronszajn [6], [7] and Schwartz [40],
[37] - have been interested in a particular subset of the set of Hilbert spaces,
those Hilbert spaces that are continuously included in a common locally convex
vector space. The relative theory is known as the theory of Hilbert subspaces and
its main result is that surprisingly the notions of Hilbert subspaces and positive
kernels are equivalent under the (weak) hypothesis of quasi-completeness of the
locally convex space, which is generally summarized as follows: “there exists a
bijective correspondence between positive kernels and Hilbert subspaces”.

Moreover this theory has been generalized to the Hermitian case by Laurent
Schwartz [37] this leading to a most more complicated theory of Hermitian sub-
spaces. This spaces are also called nowadays Krein subspaces [1] (or Pontryagin
subspaces in the finite-dimensional case [41]) for their link with Krein spaces,
see [9] or [8].

In this article we present a new theory of a dual system of vector spaces called
subdualities (see [26] for a first introduction) which deals with the notion of
Hilbert or Hermitian subspaces as particular cases. A topological definition
(Proposition 1.3) of subdualities is as follows: a duality (E, F) is a subduality
of the dual system (&, ) if both E and F' are weakly continuously embedded in
€. It appears that we can associate a unique kernel (in the sense of L. Schwartz,
Theorem 1.11) with any subduality, whose image is dense in the subduality
(Theorem 1.17). The study of the image of a subduality by a weakly continuous
linear operator (Theorem 2.2), makes it possible to define a vector space struc-
ture upon the set of subdualities (Theorem 2.3), but given a certain equivalence
relation. A canonical representative entirely defined by the kernel is then given
(Theorem 3.4), which enables us to state a bijection theorem between canonical
subdualities and kernels.

We also study the particular case of subdualities of K which we name evalua-
tion (or reproducing kernel) dualities. Their kernel may then be identified with
a kernel function (definition 1.13).

Such subdualities and kernels appear for instance in the study of polynomial
spaces, Chebyshev splines and blossoming, see for instance M-L. Mazure and
P-J. Laurent [28].

Finally we connect this theory we some more or less recent works on Hilbert
subspaces and study normal subdualities (see [37] for normal Hilbert subspaces)
and the relative concept of Green operator,but also representation theory and



invariant subdualities. This field, together with the one of Krein subspaces are
very active (see for instance [4], [5] for Krein subspaces and [15], [32], [42], [44]
for invariant Hilbert subspaces and representation theory).

This work brings up many questions, with both theoretical and applied in-
sights. Many questions are devoted to canonical subdualities: is there an easy
characterization of canonical subdualities, are they interesting enough, can one
characterize directly stable kernels 7 Other questions deal with differential oper-
ators and their link with Sobolev spaces, or group representations. The concept
of Green operator associated to a kernel or the Berezin symbol of operators in
evaluation dualities are also of interest.

Conventions and notations

The theory of Hilbert subspaces and more generally the theory of subdualities,
as its name indicates, relies mainly on the duality theory for topological vector
spaces. Therefore we will only consider locally convex (Hausdorff) topological
vector spaces or (Hausdorff) dualities. Throughout this study & will always be
a locally convex (Hausdorfl) topological vector space (in short l.c.s.) over the
scalar field K =R or C and (€,) a dual system of vector spaces.

In order to be able to deal with inner product spaces, hence sesquilinear forms,
any complex vector space & (i.e. over the scalar field C) will be endowed with
a continuous anti-involution (conjugation) C; : &€ — € when needed such that
& = &. This will however not be the case in general.

We have here chosen to deal with bilinear forms and kernels are linear mappings
between the dual of a l.c.s. and itself, or between the two spaces defining a
given duality. An other completely acceptable choice would have been to treat
sesquilinear forms and semi-dualities. Kernels would then be linear mappings
between the anti-dual of a l.c.s. and itself, or between the two spaces defining
a given semi-duality. This is the point of view taken for the study of Hilbert
subspaces, see [37].

1 Subdualities and associated kernels

In this section, we introduce a new mathematical object that we call subduality
of a dual system of vector spaces (or equivalently subduality of a locally convex
topological vector space). These objects appear to be closely linked with kernels
(Theorem 1.11 and Lemma 1.16) and could therefore be the appropriate setting
to study such linear applications.



1.1 Subdualities of a dual system of vector space

The definition of subdualities remains heavily on the definition of a duality that
therefore is restated below.

Definition 1.1 Two vector spaces E, F' are said to be in duality if there exists
a bilinear form L on the product space F' X E separate in E and F, i.e.:

1. Ve£0€ E,3f € F, L(f,e) #0;
2.Vf£0€eF,3ecE, L(fe) #0.

In this case, (E, F) is said to be a duality (relative to L).

The following morphisms are then well defined:

A

Y(E,F) * F — FE* algebraic dual of E 6(E7F) B = Y(E,F) (F) — F
y — Ly, Lly,.) — y

We can now give the definition of subdualities. Subdualities may be seen as
completely algebraic objects and therefore the first definition is purely algebraic.
VA C &, uja denotes the restriction of u to the set A.

Definition 1.2 ( — subduality — )
Let (E,F) and (€,F) be two dualities.
(E,F) is a subduality of (€,F) if:

e K C¢; FCE;

J

e v, Fe) € vEr (F); Yee,5(Fr) € vrE) (E).

We note 8D((E,5F)) the set of subdualities of (€,5F).

The two first conditions are simply that £ and F', as vector spaces, are alge-
braically included in the reference vector space €.

The last conditions deal with inclusions for the linear forms: they state that
every vector of F, as a linear form on E C & (resp. on F C &), is in F
(respectively in E), i.e

\V/(p € 3:7 Elf € Fa Ve € Ea (‘pve)((ﬂ&) = (fv e)(F,E)



Remark that such an f is unique by the Hausdorff property.

If € is a locally convex space, we say that (E, F) is a subduality of & if it is a
subduality of (&, &’) and we denote by 8D(E) the set of subdualities of the l.c.s.
E.

We will sometimes use the following notations (E, F') < (£,F) (resp. (E,F) —
&) to say that (E, F) is a subduality of the dual system (€, F) (resp. of the l.c.s.
&).

We can also interpret the previous algebraic inclusions in topological terms,
since dualities make a bridge between topological and algebraic properties. An
equivalent topological definition of subdualities is then included in the following
theorem:

Theorem 1.3 The following statements are equivalent:

1. (E,F) is a subduality of (€,F),
2. The canonical injections i : E— & and j : F — & are weakly continuous,

3.1: Ew— &€ej: F — & are continuous with respect to the Mackey
topologies on E, F' and &.

The equivalence between (1) and (3) is notably useful in case of metric spaces,
since any locally convex metrizable topology is the Mackey topology (Corollary
p 149 [20] or Proposition 6 p 71 [10]). In case of subdualities of a locally convex
space, one must notice that the initial topology plays no role in the definition,
that emphases the role of the dual system (&, &’) only.

Proof Let us show that (1) = (2) = (3) = (1):

(1) = (2) We define the following mappings (canonical inclusions):
1:E— &, j:F—E,
e, (F) = v, p) (F), 7" v 5 (F) = v e (E)

i and ¢’ (resp. j and j') are transposes for the weak topology hence weakly
continuous since Ve' € & =y 5)(F), Fi'(¢') € E' =y, p)(F), Ve € B

(€,i(e))ere = ((€'), e)pr .

that is exactly the definition of the transpose. It is the classical link
between inclusion of the topological dual and weak continuity.



(2) = (3)

Since i’ (resp.j’) is weakly continuous, its transpose is continuous for the
Mackey topologies (Corollary 3 p 111 [20]). We could also cite Corollary 2
p 111 [20]: if u : E + € is weakly continuous, then it is continuous if E is
endowed with the Mackey topology and € with any compatible topology).

Since i : E — € and j : F' — & are continuous for the Mackey topologies,
their transposes i : & — E and tj : & — F’ exist. But & = Yee,5)(F)
and E' = Y, F)(F) (resp. F' = ~y(p g)(E)) since the Mackey topology is
compatible with the duality, that prove the result.

Remark 1.4 If (E, F) is a subduality of (€,F), then (F, E) is also a subduality
of (€,F).

Of special interest are the subdualities of genuine functions where the evaluation
functionals §; : f — f(¢) are continuous. We call them evaluation dualities;
They will later also be called reproducing kernel duality due to a forthcoming

property.

Definition 1.5 ( — evaluation duality — )
Let Q be any set. We call evaluation duality on Q any subduality of K endowed
with the product topology (topology of simple convergence).

example 1

example 2

Polynomials, splines
In [31] the authors consider the spaces Ep = Fp = P,, of real polynomials
of degree n and the following bilinear form on Fp X Eyp

L :Fb X_Ey — R '
(fe) — g(‘l,f, 2 (el (r)

that does not depend on the particular point 7 chosen.

It is straightforward to see that this duality is separate (by using the
monomials) and that Ep and Fp endowed with the weak-topology are
continuously included in the l.c.s. R® endowed with the topology product.
(Ep, Fp) is then a subduality of R®, i.e. an evaluation duality on R.

Entire functions and Hermite polynomials
Let H,, denote the Hermite polynomials on C, and define

H,
Eyg ={e= g an—n' , {lan
neN ’

#,n € N} €1%°(C)}

Let also Flg be the vector space of entire functions,

Fy={f(z) =) Bnz", > |Bul" < +ooVz € C}

neN neN



example 3

These two vector spaces may be put in duality by the following bilinear

form
L:FgxFEyg — C

(f7 6) — Z anBn

neN
since this sum is absolutely convergent. A representative for the evaluation

Hn n
functional d,, : e € Eg +—— e(w) is given by ¢(z) = Z %’ ¢ <
neN ’

Fy, whereas a representative for the evaluation functional §, : f € Fy —
N Hy(w)z"
f(2) is given by ¥ (w) = Z a0 Y € Fy.
neN

It follows that (Eg, Fir) is an evaluation duality over C. We will give an
interpretation of the two-variable function in section 1.4. This bilinear
form has a interpretation in terms of Malliavin calculus [25].

Harmonic and Hyperharmonic functions

This example is based on the article [21].

Let m,n € N, m > n — 1 and define the measure dv,, on the unit ball
B={xeR":|z|] <1} by

2(1 - faf?)" "

() = nB(5,m+1—-n)

dv(z)

where dv is the normalized Lebesgue measure on B and f(.,.) the Euler
beta function.

Let
H(B)={uc¢e C*(B), A(u) = 0}

and

h(B) = {u € C*(B), An(u) = 0}
be the sets of harmonic and hyperharmonic functions on B.

In [21] the authors proved the existence of a two-variable function kernel
function K,,(z,y) on B verifying:

v e H(B)(\L'(B.dvm), f(y) = /B Kon(2,9)f (2)dvm(2), y € B

Vo € WB)E (Badv). o) = [ Kolwlgwivn (). aeB

and gave an expression of K in terms of extended zonal harmonics. Going
further in the study of the kernel, we can show that:

Vo € B, Ky (z,.) € H(B)(|L®(B)
Yy € B, Kpn(.,y) € h(B)[|L'(B)

~J



This proves that the bilinear form
(0.0) = [ s @)@

is well defined and separate on h(B) (| L'(B) x H(B) () L>(B), and that
the evaluation functionals are weakly continuous.

Putting all the results together, we have:

Theorem 1.6 The duality (E,, = H(B)(L*>®(B), F,, = h(B)( L'(B))
with bilinear form (g, f) g, g, = Sz 9(@) f(x)dvm () is a subduality of
RB (endowed with the product topology), i.e. an evaluation duality on B.

Once again we will see that the two-variable function K,,(z,y) plays a
great role in section 1.4 and explain its name as kernel function.

1.2 Inner product spaces

In this section any space £ will be endowed with a continuous anti-
involution.

An other class of important examples is given by inner product spaces. Recall
that an inner product space H is a vector space endowed with a non-degenerate
Hermitian sesquilinear form. This inner product puts H in duality with its
conjugate space H with respect to the bilinear form on H x H:

(R, h2) g7 gy = LR, ha) = (halho) 1

In case the inner product is positive, one must be careful that the norm-topology
defined by the inner product is not compatible with the duality in case H is not
complete for this norm.

The classical theory deals with Hilbert subspaces, whose definition is restated
below:

Definition 1.7 Let (€,F) be a duality. Then H is a Hilbert subspace of (€,F)
if and only if H is an algebraic vector subspace of € endowed with a definite
positive inner product that makes it a Hilbert space and such that the canonical
injection is weakly continuous.

Reproducing kernel Hilbert spaces are the Hilbert subspaces of K.

But we can find also in the literature the notion of Hermitian subspace [37] or
equivalently Krein subspace [41],[1] where the inner product is indefinite. Recall



that a Krein space may be seen as the direct difference of two Hilbert spaces.
When the dimension of the negative space is finite, it is also called a Pontryagin
space.

Definition 1.8 Let (£,F) be a duality. Then H is a Hermitian subspace of
(&,F) if and only if H is an algebraic vector subspace of & endowed with an
indefinite positive inner product that makes it a Krein space and such that the
canonical injection is weakly continuous.

Now let H be an inner product space in duality with its conjugate space. If H
is weakly continuously included in &, then so is H thanks to the existence of a
continuous anti-involution hence any Hilbert subspace or Krein subspace H of
& defines a subduality (H, H). If moreover H = H, H may also be put in (only
conjugate symmetric) duality with itself and define a “self-subduality” (H, H).
The concepts of Hilbert subspaces, Krein subspaces or prehermitian
subspaces are then particular cases of the more general notion of
subdualities:

Theorem 1.9 Let H be an inner product space, (H, H) the duality induced by
the inner product. Then (H, H) is a subduality of the dual system (&,F) if and
only if H is weakly continuously included in . In this case, we say that the
inner product space H is a self-conjugate subduality of (€,F).

Proof Evident since E = H = F and the bilinear form is conjugate symmetric.

1.3 Kernels

Subdualities are highly linked with kernels, understood as weakly continuous
mappings between the two spaces forming a duality, or equivalently between
the dual space of a l.c.s. and itself. This section restates the basic definitions
and results concerning kernels.

Definition 1.10 ( — kernel — )
We call kernel relative to a duality (€,F) (and note s : F — &) any weakly
continuous linear application from F into €.

The definition of a kernel relative to a locally convex space follows, since any
lc.s. € defines a duality (&, &').



Since a kernel is weakly continuous, it has a transpose s and an adjoint »* = t¢
when there is an involution. But from the definition of a kernel its transpose and
adjoint are also kernels of the duality (€,F) and we can define the symmetry,
self-adjoint and positiveness properties.

The space of kernels of the dual system (&,5) is denoted by L(F, &), L(&', &)
or simply L(€), for kernels of the l.c.s. &.

Once again, the space K holds a special place regarding kernels, for they can
be identified with kernel functions:

L((K?),K®?) = K

The wanted isomorphism is given by [u(d;)](s) = (¢, s) V¢, s € .

example 1 R™-example
Let (€,F) = (R",R") in Euclidean duality. Any kernel s may then be
identified with a matrix K of My (R) by K(i,j) = (e, (¢;)) 5 ¢)

example 2 kernel theorem
Let &€ = D'(Q2) be the space of distribution on an open set  of R. Then
we can identify its dual with the set of test functions F = D(Q) = C5°(£2)
and by the kernel theorem of L. Schwartz the set of kernels of D’(Q) is
isomorphic with the set of distributions on 2 x €:

w¢HM@OjAMwW®%

where K is a distribution on £ x €. (There exists a general form of this
theorem related to tensor products see [19], [43]).

1.4 The kernel of a subduality

A key result concerning Hilbert subspaces is their link with positive kernels.
Regarding subdualities, we can also state an important theorem that associates
a kernel to each subduality:

Theorem 1.11 ( — kernel of a subduality — )
Each subduality (E,F) of (€,F) is associated with a unique kernel > of (€,F)
verifying

VfEF Vo e, (0,i(f)ige = (fvi_l%((p»(F,E)

called kernel of the subduality (E, F) of (E,F). It is the linear application

»:F — &
@ +— 0B g o joye (e

10



considering transposition in the topological dual spaces or simply

»:F — &
@ — Qo' j(p)

considering transposition in dual systems.
Proof If we consider transposition in the topological duals:

Vf,e F, peF

(0,5 () r.e) = (doven (@) e,
= (f,0rp) " jove,n (@) (FE
= (f,i " (io0r,m) 9" §) ove,5) () (Fp)

The solution is unique since L(.,.) = (.,.)(p,g) separates £/ and F' and
x=1i00p) o joye
If we consider transposition in dual systems, then the proof reduces to:
(907](.][))(37,8) = (t](@)a f)(E,F) = (fvi_l o1 Ot J(SO))(F7E)

Finally, s is weakly continuous by composition of weakly continuous linear
applications.

The concept of subduality and of its associated kernel is illustrated by figure 1
and figure 2. In figure 1 we consider transposition in the topological dual spaces
and in figure 2 transposition in dual systems.

e ,V,(,SJ) o j o
E ' E

Figure 1: Illustration of a subduality, the relative inclusions and its kernel.

Note that these diagrams are not commutative (the path below is associated to
t5¢) unless the kernel s is symmetric.

From now on and for the sake of simplicity, we will always consider
transposition in dual systems unless explicitly stated.

11



F , S

Figure 2: Ilustration of a subduality and its kernel (transposition in dual sys-
tems).

We can then define the application

®:8D((E,F)) — L(F,¢)
(E,F) —

that associates to each subduality its kernel. It is a well defined function.

The following lemma can then be deduced directly from theorem 1.3:
Lemma 1.12 »: F — E is weakly continuous if E and F are equipped with:

1. the weak topologies,
2. the Mackey topologies.

We have seen previously that (F, E) is also a subduality of (&,5). Its kernel is

the linear application 3 = j ot i i.e. 2z = !5z

example 1 Sobolev spaces
Suppose 2 =]0, 1[. The kernel of the subduality (Ew, Fy) < (D’(]0,1[), D(]0, 1]))

where

By — {e €D, e(s) = /Q e d(t)dt, & € LQ(Q)}

and

R = {10 10 = [ neavios e @)

are in duality with respect to the bilinear form

(f:€)ruy i) = / () () du

12



is the integral operator

sew = D(J0,1))  —  D'(0,1])
v = saw(9)() = Jo Kw(t, Je(t)dt

where Kw (t,s) = (s — ) Ij<s.
The kernel of (Fy, Ew) is defined by the distribution

tKW(ta S) = (t - S)HSSt = KW(svt)

example 2 The fundamental example of a Hilbert space
We suppose that € is endowed with a continuous anti-involution such that
& = &. Let H be a Hilbert subspace of (€,F) and define the following
bilinear form on H x H such that (H, H) is a duality:

L:ﬁixH — K
hl,hQ — <h1|h2>

(H,H) is a subduality of (€,F) with positive kernel s = i o' j where
i:H— &andj=1:H — &= & are the canonical injections. Its
transpose ‘3¢ = j o' i = 3¢ is the kernel of the subduality (H, H).

From the isomorphism between L((K?)',K?) and K®*?, the kernel of evalu-
ation dualities can be identified with a unique kernel function that holds nu-
merous properties. From this identification, we also call evaluation dualities
reproducing kernel dualities.

Definition 1.13 ( — reproducing kernel — )
Let (E,F) be an evaluation duality of Q with kernel s.
We call reproducing kernel (function) of (E,F) the function of two variables:

K:OxQ — K
t,s — Kt s)= (t%(5s)7%(5t))(F,E)

Conversely, the kernel sc can be easily deduced from K by the relation

(8) = K(t, )
We deduce from this the following reproduction formulas for the kernel function:
Corollary 1.14
1. VseQVec E, e(s) = (K(.,5),€)(rE)

13



2. Vte QVfeF, f(t)=(f,K(,.)rnp

3.

K(t,s) = (K(.8), K(t..)) .-

Proof Let us prove the second assertion. We apply Theorem 1.11:

Ve Fite, f(t) = (0,5(f) ko) ko)
= L(f, »(d;)) from Theorem 1.11
L(f, K(t,.))

The last assertion is just the previous formula with f(.) = K(., s).

example 1

example 2

example 3

Polynomials, splines
The kernel of the subduality (Ep, Fip) of R¥ is identified with the kernel
function

Kyp(t,s) = (t—s)"

Remark that when n is odd this kernel is antisymmetric.

Entire functions and Hermite polynomials
We have previously seen that the reproducing kernel of the evaluation
duality (Fp, Fr) is the two-variable function

Hy(w)z"
Kp(zw)=Y_ Ha(w)z" _ —ti2e

|
n:
neN

It is the generating function of the Hermite polynomials.

Harmonic and Hyperharmonic functions

We have seen that the duality (E,,, F,,) is an evaluation duality on B and
that there exists a two-variable function kernel function K,,(z,y) on B
verifying:

VS € Ep, f@%iékﬁ@wﬁ@w%mm yeB

Vﬁﬂm9@=é&wMMWMw reB

with
Ve € B, K;,(z,.) € B, and Vy € B, K,,,(.,y) € Fi,

By unicity of the kernel function, we deduce that K, is the reproducing
kernel of (Ey,, Frn).

14



1.5 The range of the kernel: the primary subduality

The image (or range) of a positive kernel plays a special role in the theory of
Hilbert subspaces: it is a prehilbertian subspace dense in the Hilbert subspace,
that is actually its completion. This latter point cannot be attained for the
moment due to the too big generality of subdualities. That will however be the
crucial point in the section 3 “canonical subdualities”.

However, the two other points remain for any kernel as we will see below.

Definition 1.15 We call primary subduality associated to a kernel » the sub-
spaces of & Eg = »(F) and Fy = 3(F) put in duality by the following bilinear
form Lg:

Loy:FoxEy — K
(“e(p1), 2(p2)) (o1, 22(02))(5,e) = (“22(1), P2) e )

Remark that the bilinear form is well defined since the elements of ker(sr) are
orthogonal to !»(F) and respectively, the elements of ker(‘s) are orthogonal to
»(F).

Lemma 1.16 The primary subduality is a subduality of (€,F). Its kernel is .
Any kernel may then be associated to at least one subduality.

Proof From the definition of the primary duality we verify easily that

o Fy C&, FyCE&

* e, 5 (T By € V(Eo,Fo)(F0)s Ve, 5 (T k) € Viry,Ee) (Eo)-

and from the definition of Lg that its kernel is .

The primary subduality of a reproducing kernel duality is simply

FEy = {6 = ZaiK(ti7~)7 neN, o €K, t; € Q}
i=1

Fo={f=>) BiK(,s:), meN, B €K, s; € Q}

j=1

with bilinear form

(1O mEy = D  iBiK(t,s;)

15



The following theorem gives an interesting result of denseness:

Theorem 1.17 Let (E, F) be a subduality with kernel sc. Then the primary
subduality (Ey, Fy) associated to s is dense in (E, F') for any topology compatible
with the duality.

Proof We use Corollary p 109 [20]: “If u : E — € is one-to-one, its transpose
ty : &' — E’ has weakly dense image”. Equivalently its transpose considering
dual systems 'u : F — F has weakly dense image. Taking u = j gives the
desired result since there is an equivalence between closure and weak closure for

convex sets (and Ejy is convex), Theorem 4 p 79 [20].

It follows that the primary subduality associated with s may be seen as the
smallest subduality (in terms of inclusion) of (&, F) with kernel s

The kernel then defines almost completely the bilinear form, precisely:

Proposition 1.18 Let (E,F) and (H,R) be two subdualities with the same
kernel ». Then

Vpe FNR,Voec ENH, (1/)7<P)(F,E):(¢a@)(R7H)

Proof The topology on E, F,H and R is the weak topology. Let us endow
the vector space F N R (resp. E N H) with the projective limit topology with
respect to the canonical inclusions f : FNR — F, t: FN R — R (resp.
¢:ENH—E, h: ENH — H), i.e. the coarsest topology that makes these
inclusions continuous. FNR (resp. ENH) is then a locally convex vector space
([11, 11, Proposition 4 p. 29]).

Define the following bilinear form on (F N R) x (EN H):

B:(FNR)x (ENH) — K
(¥, ) — (V.0 rr) — (¥, 0) (rm

This bilinear form is separately continuous by composition of continuous appli-
cations. Evaluating this bilinear form on *s(F) x (%) we get

B ("% (F) xx(F) =0
since the two subdualities have the same kernel .
But 5(F) is dense in F N R (resp. »(F) in EN H) by [20, Proposition 1 p. 2]
(recall that it is weakly dense in F' and R by Theorem 1.17). It follows that B
isnull on (FN R) x (EN H) [11, 111, Proposition 7 p. 32].

The following corollary is straightforward:
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Corollary 1.19 under the previous assumptions, (E N H, F N R) endowed with
the previous bilinear form is a subduality of (€,F) with kernel .

2 Effect of a weakly continuous linear applica-
tion and algebraic structure of 8D((E€,F))

We have defined the set of subdualities. It is of prime interest to know what
operations one can perform on this set and particularly if one can endow this
set with the structure of a vector space. This can be attained by first studying
the effect of a weakly continuous linear application.

2.1 Effect of a weakly continuous linear application

We suppose now we are given a second pair of spaces in duality (&,F). It is
actually possible to define the image subduality by a weakly continuous linear
application u : & — €&, of a subduality (E,F) of (£,F), by using orthogonal
relations in the duality (E, F).

VA C &, us denotes the restriction of u to the set A. We then define the
following quotient spaces:

M= (ker(u|F)L/ker(u‘E)) and N = (ker(u‘E)J‘/ker(u‘F))

Lemma 2.1 The linear applications u; and upy are well defined and injec-
tive, and ¥ (1, n) € M x N, the bilinear form B(upn(n), upn(m)) = (n,m)r )
defines a separate duality (un (M), un(N)).

Proof We have the following factorisation

u : ker(ujp)t — (ker(y )"/ ker(yp) I e
and wujyg (resp. wujy) is one-to-one. Moreover the bilinear form B : w5 (M) x
un(N) — K is well defined since:
V(ml,mg) € m, V(nl,ﬂg) €n, (m1 — Mo, N1 — n2)(E,F) =0.

The definition of the subduality image of (E, F) by u is then included in the
following theorem:

Theorem 2.2 ( — subduality image — )
The duality (up(M),un(N)) is a subduality of (&€,§) called subduality image
of (E,F) by u and denoted u((E, F)). Its kernel is u o » ot u.
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Proof The algebraic inclusions of definition 1.2 are fulfilled and the dual system
(e (M), ujn(N)) is a subduality of €.

Let i : upp (M) — € and j : un(N) — € be the canonical inclusions. uosotu
satisfies the requirements of Theorem 1.11 since:

vn € un(N), Vf € §, (fJ(n))(g,@) =B (n,%_l ouo 3o u(f))
Let f an antecedent by u of n in F. Then:

B (n,i"" ouo o ulf)) = (f, 5 o' ulf)(rm)

= (

= (f, u(f)) e,
= (u(f),P(e.s)
= (f,j(n))(&@)

We conclude by unicity of the kernel.

Remark that the subduality image u ((E, F')) is included in the set (u(E), u(F'))
but smaller in general.

We have the following figure :

F M —— u(M)
‘g
F E u(E)

u(N) u(F)

Figure 3: Subduality image

example 1 Restriction of evaluation dualities
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Let Q be any set and © C Q. Let
6:K® — K®
¢ — 9o
be the operator of restriction to © and let (E, F) — K.

What is 0((E, F)) ?
Using our definition, we get that 0((E, F')) = (H, R)

H={ee, e€E, flo=0= (f,€)pp =0}
R:{f\(a, fGFa €|@ =0= (fae)(F,E) :O}

with duality product (f‘@,e‘@)(Rﬂ) = (f, e)(F}E)

Remark that H # Ejg and R # Fje in general.
O((E, F)) admits for kernel function K|gxe-

It is worth noticing that the transport of structure is the basic tool for the
construction of subdualities.

2.2 The vector space (8D((&,T))/ ker(P), +, *)

Suppose we are given two dual systems (€1,F7) and (€2, F2) and two subdual-
ities (E1, F1) C 8D((€1,F1)) and (Eq, Fy) C 8D((€2,F2)). Then it is straight-
forward to see that the direct product (E; X Fa, F1 x F5) endowed with the
canonical bilinear form is a subduality of (&; x €2,F; X F3). Theorem 2.2 then
allows us to define the operations of addition and external multiplication on the
set 8D((€,F)) by considering the weakly continuous morphisms +: € x &€ — &
and * : K x &€ — &. The associated operations for the kernels are then addition
and external multiplication on L(F, &).

However the addition is not associative:

{(E1, 1) = (B, Fy) = 0} = {(E1, 1) = (B2, F2)}
hence
((E1, F1) + (B, Fa)) + (B3, F3) # (Ev, Fy) + ((Ba, Fa) + (B3, F3))

in general and (8D((&,F)),+) is only a magma. Remark that this peculiar
situation was already embarrassing when dealing with Hermitian subspaces, as
noted by Schwartz [37].

In order to define a vector space structure appears the necessity of the following
equivalence relation (induced by ker(®)):

(El,Fl):R.(EQ,FQ) < (El,Fl)—(EQ,FQ):O < ¥ = o
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Theorem 2.3 The set (SD((E,F)), +, %) is a commutative unital magma for +
where every element admits a (non necessarily unique) symmetric. The extern
multiplication is distributive over the addition.

The set (8D((E,F))/ ker(®P), +, x) is a vector space over K algebraically isomor-
phic to the vector space of kernels L(F, &), an isomorphism being

O : $D((€,F))/ ker(d) —s L(TF, €)

Proof The following relation
(El,F]):R.(EQ,FQ) < (El,Fl) — (EQ,FQ) =0 «<— | = Mo

is an equivalence relation and the quotient set SD((&,F))/ ker(®P) is in bijection
with the set of kernels L(F, &).

One verifies rapidly that the addition and external multiplication are com-
patible with this bijection, which gives the vector space structure of the set
8D(€E)/ ker(®) and the isomorphism of vector space between SD(€)/ ker(®) and
L(F,¢).

example 1 Polynomials, splines
For k € [0, n] define the following one-dimensional evaluation duality with
reproducing kernel Kj(t,s) = Ckt"=F(—s)*,

E, =R.s*, F, =R.t"F
with duality product:

n— (71)]C
(z k,zk)(Fk,Ek): C’r]i

We can give a sense to the sum (either by associativity of this particular
sum, of by the image of the operator n-sum)

(EaF) = Z(EkaFk)

k=0

It is the (unique since finite-dimensional) subduality with kernel
n
K(t,s) = Z Crn=F(—s)F = (t — 5)" = Ko(t, 5)
k=0

that is (E, F) = (Ep, Fp).

example 2 + is not associative on 8D((&,F))
Let (E,F) — (&,F) be different from its primary subduality (Ey, Fp).
Then
(Eo, Fo) — (E,F) = (0,0)
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since its kernel is the null operator. It follows that
((E07FO) - (EvF)) + (EvF) = (EaF)

and
(Eo, Fo) + (—(E, F) + (E, F)) = (Eo, Fo)

that are different by hypothesis. They are of course in the same equiva-
lence class for they have the same kernel.

It is also possible to give proper definitions of infinite sums and integrals of
subdualities. It is the object of a forthcoming paper that will develop a theory
of harmonic analysis on subdualities.

2.3 Categories and functors

Let C the category of dual systems (&,F) the morphisms being the weakly
continuous linear applications and V the category of vector spaces the morphisms
being the linear applications. Then according that to a morphism u : € — &
we associate the morphism

i : 8D((E,F))/ ker(d)

— 8D((€,5))/ ker(®)
(E,F) — u((E,F))

we get

Theorem 2.4 ki?@) : (E,F) — 8D((E,F))/ ker(®P) is a covariant functor of

category C into category V.

On the other hand, L : (€,F) — L(J, &) is also a covariant functor of category
C into category V, according that to a morphism u : € — & we associate the
morphism

u:L(F, &) — L7, €

% +—> wuoxoly

and

Theorem 2.5 The two covariant functors %(%) and L are isomorphic.
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3 Canonical subdualities

The classes of equivalence of subdualities with identical kernel are very large
and it may be interesting to associate each equivalence class with a canoni-
cal representative enjoying good properties, as it was done for positive kernels
associated to a unique Hilbert subspaces. This section aims at defining this
particular set of subdualities that will be called canonical subdualities. The
desired good properties (such that the equality with Hilbert subspaces in case
of positive kernels) are listed below.

Actually, before stating the main results of this part, one must ask the follow-
ing question: what do we mean by canonical representative? And what good
properties do we need?

There is probably not a single answer to these questions and there may be many
different good ways to define canonical representatives. However, it seems natu-
ral to require some properties for a canonical representative. Those chosen here
are:

1. the canonical representative must be “representative” of the kernel, i.e.
entirely defined by the kernel;

2. the canonical representative must be “big”, in some sense;

3. the definition of the canonical representative must be “symmetric”, i.e. if
(E, F) is the canonical subduality associated to s, then (F,E) must be
the canonical subduality associated to ¢s¢;

4. the definition of the canonical representative must coincide with the defi-
nition of real Hilbert subspace in case of (real) positive kernels.

It is in this spirit that those canonical subdualities have been constructed.

Since Hilbert subspaces may be seen as the completion of the primary subspace
associated to the positive kernel it seems natural to mimic this construction
up to a certain extent i.e. do some completion. However, in the general case
there is no canonical norm (or equivalently canonical unit ball) associated to
the kernel. The first task is then to define “canonical” topologies on the sets
and F.

3.1 Definition of the canonical topologies

We define the locally convex topology by convergence on bounded sets of a dual
space. First we aim at defining some “good” bounded sets. Our choice is as
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follows:

Let 5 € L(F, &) be a kernel, (Ey, Fy) the associated primary subduality. We
recall that a barrel is a closed, equilibrated and absorbing set. We define the
following sets:

e Tp, = {g barrels of Ey, 3(\,v) € (RT)?, R((57(0),0)

and ?R((txfl(ao),ao)(is)) < 'y}
where ¢° is the polar (remark that since we deal with barrels, the polar
coincide with the absolute polar) of o for the duality (Fo, Fp);

(F.e) S A

o Jp, = {O’O, O'ETEO};

under the following convention:
?R((%_l(a),o)(,f’g)) < A stands for 3¢ € F, () = o and R((s,0)5¢)) < A
(resp. for o°).

Remark that this convention is useless for symmetric, Hermitian or antisymmet-
ric kernels since ker(s) (resp. ker('s)) is orthogonal to '»(F) (resp. to »(F))
and obviously if the kernel s is one-to-one.

Tr, (resp. Tg,) is a set of weakly bounded sets of (Ey, Fy) and one can define
over Fy (resp. Ey) the topology of Tg,-convergence, this topology being locally
convex and compatible with the vector space structure (Proposition 16 p. 86
[20]).

Let us show that Tg, (resp. Tr,) is a set of weakly bounded sets:

Let ¢ € Tg,. It is an equilibrated and absorbing set hence Vf € F, Ja >
0, af € Tg, and (0, f) g ) is bounded. It follows that 0° € T, is a barrel as
the absolute polar of an equilibrated weakly bounded set (Corollary 3 p 68 [10])
and finally, the elements of T, are also weakly bounded.

3.2 Construction of the canonical subdualities

We cannot start from any kernels and therefore restrict our attention to a subset
of kernels that we call stable kernels:

Definition 3.1 Let s € L(F,&) a kernel. It is stable if:

1. the sets Tg, and Tg, are non empty;
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2. %:F — Ey (resp. »:F — Fy) is continuous if F is endowed with the
Mackey topology and Eo with the topology of Tr,-convergence (resp. Fy
with the T g, -convergence).

The first condition is necessary to be able to define the canonical topologies
whereas the second condition is needed to perform the completion (see Lemma
3.3 below).

Proposition 3.2 The second condition is equivalent to:
the elements of Tg, (resp. Tr,) are weakly relatively compact in E.
This condition is always fulfilled if F is (Mackey) barreled.

Proof We use Proposition 28 p 110 in [20]. The weakly continuous application
»x =4 :9F — Ey is continuous if F is endowed with the Mackey topology
and Ey with the topology of Tg,-convergence if and only if j(Tr,) is a set of
weakly relatively compact sets of € (recall that the Mackey topology on ¥ is the
topology of convergence on the weakly compact sets of &).

Lemma 3.3 Let 3 € L(F, E) be a stable kernel, (Ey, Fy) the associated primary
duality. Let E = E\o (resp. F = ﬁ;) be the completion of Ey endowed with
the topology of Tr,-convergence (resp. the completion of Fy endowed with the
topology of Tg,- com}ergence} Then E (resp. F) is the vector space generated

by the closures (in Eo, resp. Fo) of the convexr envelopes of finite unions of
elements of Tg, (resp.Tg,) and E C €, F C E.

Proof First, F = E'\O is the vector space generated by the closures in EB of its
neighborhoods of zero, i.e. by polarity by the closures of the convex envelopes
of finite unions of elements of Tg,.

Second, if we endow J with the Mackey topology and Fy with the Tg,-convergence,
then s : § — Fy is continuous with dense image and s : Fj — & is one-to-
one. But F{ is the vector space generated by the weak closures of the convex
envelopes of finite unions of elements of T, in the weak completion of Ej
(Corollary 1 p 91 [20]). It follows that E C F} C & since E, is continuously
included in the weak completion of Fy.

Theorem 3.4 ( — canonical subduality — )

Let s € L(F,E) be a stable kernel, (Eo, Fy) the associated primary duality, F
and F defined as before. Then the bilinear form Ly defined on the primary
duality extends to a unique bilinear form L on F X E separate. It defines a
duality (E, F) called canonical subduality associated to .
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Proof We use the extension of bilinear hypocontinuous forms theorem (Propo-
sition 8 p 41 [10]). We endow E (resp. F') with the topology of Tr, (resp. Tg,)-
convergence. Then Ey (resp. Fp) is dense in E (resp. F'), every point of E (resp.
F) lies in the closure of an element of Tg, (resp. Tg,) and Lo : Fy x By — K
is hypocontinuous with respect to Tg, and TF,. The hypothesis of the theorem
are then fulfilled and Ly extends on a unique bilinear form L on F' x E. This
form is separate by the Hahn-Banach theorem.

Remark 3.5 L is hypocontinuous with respect to Tg, and Tg,.

3.3 Properties of canonical subdualities

In the introduction of this section, we ask for some properties of canonical
subdualities. The following results prove that the constructed subduality holds
indeed these properties.

Next corollary gives a important result concerning completeness of canonical
subdualities:

Corollary 3.6 If the elements of Tg, (resp of Tp,) are weakly relatively com-

pacts in EO (resp. in FO) then E = Eo (resp. F = Fo) is complete for its
Mackey topology.

Proof The topology of Tp,-convergence (resp. of Tg,-convergence) is then
compatible with the duality (E, F) and the result follows.

We call them weakly locally compact canonical subdualities, since the topologies
of Tg,-convergence and of Tr,-convergence are weakly relatively compact. Re-
spectively, a stable kernel verifying such conditions is called a weakly compact
kernel.

Proposition 3.7

1. if (E,F) is the canonical subduality associated to », then (F,E) is the
canonical subduality associated to ‘s

2. if s is the Hilbert kernel of a real Hilbert subspace H, then s is stable
(weakly compact) and the associated canonical subduality is (H, H).

Proof The first statement is obvious by construction and the second one is
straightforward when dealing with real Hilbert spaces. It would not be the same
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for the field of complex numbers, since no conjugation in the definition of T,
is at stake.

Real Hilbert spaces give a very large breeding ground of canonical subdualities
(different from Hilbertian ones in general) thanks to continuous coercive bilinear
forms. Recall that a coercive bilinear form on a real Hilbert space H verifies:

3K >0, B (h,h) > K||h||%

The following proposition follows:

Proposition 3.8 Let H be a real Hilbertian subspace of (€,F) and B a contin-
uwous coercive bilinear form on H. Then H endowed with this bilinear form is a
canonical subduality of (€,5F).

Proof One checks easily that the convergence defining the canonical topologie
takes place on the balls for the Hilbertian norm. By reflexivity of Hilbert spaces,
the canonical topology is the Hilbertian one and we get that the duality (H, H)
with bilinear form B is canonical.

example 1 Sobolev spaces
In this example, K = R. Then the subduality (Ew,Fw ) is canonical.
This is a direct consequence of the following results:

1. Let 0 € Tg,, (%;Vl(o),a)
Then

e < A and (t%;[,l(ao),ao)(gﬁg) < 7.

dQ:/wmﬁemj/&gA
0 Q
and

s = [ sas o= [ v <

2. By Schwartz inequality
B\ = {e eD e(s)= / Ni<sp(t)dt, | ¢* < )\} €Tk,
Q Q

3. The canonical topologies are then Hilbertian topologies and the com-
pletions are the given Sobolev spaces.

example 2 Krein subspaces
Let s be any real Hermitian kernel that admits a Kolmogorov decompo-
sition. Then the canonical subduality associated to s is the self-duality
intersection of all Krein subspaces with kernel s (this intersection is well
defined by Corollary 1.19).
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example 3 Symplectic Banach space
Let B be a reflexive Banach space, B’ its dual space. define

w:(B'xB) — (BxB)
(V',0) +— (b,=V)

First, notice that the kernel is stable since a Banach space is barreled
and the unit ball is in Tg,. It follows that this kernel admits a canonical
subduality. But the primary subduality ((Bx B’), (B x B’)) endowed with
the symplectic bilinear form

((bs:07) s (besbr) ) = beby = by

is the only subduality with kernel ¢ since the kernel is bijective. It is then
the canonical subduality of (B x B’) with kernel s.

3.4 The set of canonical subdualities

In chapter 2 the image of a subduality by a weakly continuous morphism has
been defined. It is then of prime interest to see whether the image of a canonical
subduality is a canonical subduality,. Actually, the main results of this section
are of negative type:

e the set of canonical subdualities is not stable by the action of a weakly
continuous linear application

e the set of canonical subdualities cannot be endowed with the structure of
a vector space.

The second statement is evident by taking a real Krein subspace of multiplicity.
It hence defines no canonical subduality but it is the difference of two real
Hilbert (hence canonical) subspaces.

For the first statement, the same argument works. A real Krein subspace H of
& of multiplicity is no canonical subspace, but it is the image by the canonical
injection i : H — & of the canonical subduality (H, H) of (H, H).

We can then ask the following questions:

e [s it interesting to work with one canonical subduality, or should we keep
many (if not all) “representatives” ?

e Are there particular dualities such that the image of any of their canonical
subdualities is canonical (different from finite-dimensional ones) ?

27



e Conversely, what are the kernels such that the image of their canonical
subdualities is canonical (apart from positive kernels or finite-dimensional
ones) ?

One must however notice from the counterexamples of this section that our
choice of canonical subdualities is not important, for as soon as we have Hilber-
tian subspaces and their difference, no definition of canonical subduality will
give a set stable by sum or image.

4 Applications

In this section we detail three different possible applications of this theory:

1. the first one is the study of normal subdualities and the associated concept
of Green operators, which is a continuation of L. Schwartz work on normal
Hilbert subspaces ([37]) and that could be applied to many problems in
differential equations or other topics (see [29]).

2. The second one considers group representation in locally convex spaces
and invariant subdualities The idea is that a general theory of harmonic
analysis on subdualities is possible. In particular we search the subdual-
ities of holomorphic functions invariant under the action of the group of
similitudes.

3. Finally a third study is the generalization of the Berezin symbol for oper-
ator in evaluation dualities, where once again the special case of holomor-
phic functions is of interest.

4.1 Normal subdualities and Green operators

The Green function associated to a differential operator is a classical tool in
differential analysis, but a precise definition of the Green function is only given
for positive differential operators in [37]. In this section we give a rigorous
definition of the Green operator associated to a kernel when the kernel is normal
that generalizes L. Schwartz’s definition and transform an algebraic problem -the
existence of an inverse- into a topological problem -being a normal subduality-.

From now on we suppose that we are given a continuous injection u from F to

&, such that F is identified with a dense subspace of £. (The classical example
is the identification of the test functions as distributions).
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Let now (E, F) be a subduality of (£,F). Then we say that this subduality is
normal if F is identified with a dense subspace of E and F:

Definition 4.1 ( — normal subduality — )
With the previous notations, (E, F) subduality of (€,F) is normal if
1. w(F) is dense in E and F' for their Mackey topology;

2. the injection ug from F to E is weakly continuous;

3. the injection up from F to F is weakly continuous.

A kernel s will be normal if there exists a normal subduality with kernel .
The definition of a normal subspace is an old concept, see [37].
But we may consider 05 ¢) o' up and 05 ¢) o' up as canonical inclusions i.e.

identifie for instance f’ € F’ with the unique element of & defining on F the
continuous linear form ¢ — (f',9) g p)-

VQO S 3: (@7 f/)"_;r"’e) = (f/7()0)(F”F)

It follows that with these identifications, (F', E') is a subduality of (&, &) with
kernel G = 05 ¢) o' up o y(p,p) oug (figure 4). Moreover, this subduality is also
normal.

el F
t o ..
N
B — il 3
up O(7.¢e)

Figure 4: Illustration of a normal subduality and the relative inclusions

The bilinear form is given by:

(¢, f/)(E/,F/) = (¢, e)(E',E)

where e € F verifies:

VfeF, (f e)(F,E) = (f/af)(F/,F)
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If moreover f € F we get

(f, 8)(F,E) = (flvf)(F/,F) = ([, f/)(gr,g)
We can then state the following theorem:

Theorem 4.2 3 extends to a continuous linear application from F' to E, G
extends to a continuous linear application from E to F' and the two are inverse
one from another.

Proof The desired extensions are respectively 6 r gy and 7(p, g) which finishes
the proof.

Suppose now we are given a normal kernel . We have seen that G may be
considered as the inverse of s. Is the operator G unique 7 That is starting from
two different normal subdualities with kernel s, do their dual spaces have the
same kernel ? The answer is indeed positive:

Theorem 4.3 Let (E,F) be a normal subduality with kernel ¢, G the kernel
of (F',E"). Then any normal subduality (H, R) with kernel > verifies that G is
the kernel of (R', H').

Proof To simplify the notations, we forget the canonical inclusions. We want
to prove that G is the kernel of (R’, H'), i.e.

Vh' € H' Vo € T, (¢, 1) 5.6y = (W, G(9) (5rr vy
but by identification
(¢, h/)(:r,g) = (h/,QO)(H/,H)
and by definition of the bilinear form on (R, H')
(h'wp)(H/,H) = (h/ar/)(H’,R’)
where 1/ € R’ verifies
VpeR, (p, <P)(R,H) = (T/ap)(R’,R)

By the Hahn-Banach theorem it is sufficient to prove this equality on a dense
subset of R, for instance F. The problem reduces to prove that

V’(/J € ?? (w7(p)(R,H) = (’(/}a G((p))(i}‘,ﬁ)

But since G is actually the kernel of (E’, F’) the same chain of reasoning gives
that

VpEeF, Vo eTF, (¥,9)mp =@, G@) e
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We then use Proposition 1.18 and the fact that & is included in R, H, F' and F
by definition of a normal subduality.
It follows that

WeF, VoeF, U,0) pm =) rr = (1/J>G(90))(5f,8)

and G is the kernel of (R, H').

The definition of the Green operator of a normal kernel follows:

Definition 4.4 ( — Green operator — )
We call Green operator of a normal kernel s the kernel G of (F',E') where
(E, F) is any normal subduality with kernel .

From Theorem 4.2 the Green operator G of » may be considered as its gener-
alized inverse. Remark that G being also normal, it has a Green operator that
is exactly s.

4.2 Representation theory, invariant subdualities

Generalities

Operator theory and representation theory are two close concepts, since one of
the topic of representation theory is to represent a given group G by a subgroup
of the group of linear automorphism of a given vector space. On the one hand,
unitary representations are of overwhelming importance among group represen-
tations, notably for their various properties such as the Plancherel formula and
their link with quantization. On the other hand, there exist topological groups
with no continuous unitary representation [33]. Moreover, one sometimes re-
stricts is attention to a given vector space (such as a subspace of the space of
holomorphic functions, see [34]), and their may not exist unitary representation
on these spaces (or equivalently unitary invariant spaces).

The object of this section is to show that, by using an enlarged concept of unitary
operators, new unitary representations and new unitary invariant spaces may

appear.

Invariant subdualities of holomorphic functions for the group of similitudes of
the complex plane

Let G be a group of automorphisms acting on a set Q (Q is a G-space). The
problem is to find a dual system of functions on 2 invariant under the group
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action, 7.e. by defining

Vg € G, WQZCQ — Y
fo— (@) t)=Fflg't)

find a duality such that:
m(9)(E) = E, n(g)(F) = F

and
Vg € G, (W(g)f,ﬂ'(g)e)(F’E) = (f, e)(F,E) VfeF eck

In other words, calling such an operator unitary (relative to (E, F)), we look
for an evaluation duality (E, F') such that the representation of the group G is
unitary relatively to (E, F') i.e. such that each 7(g) is unitary relative to (E, F').

This problem is very general and we focus here on the particular domain 2 = C*
and on the group of similitudes of the complex plane. We treat moreover two
distinct problems (the first being more difficult than the second one):

- Problem 1: E and F' are continuously included in the space of holomorphic
functions.

- Problem 2: E and F’ are spaces of holomorphic functions, continuously included
in CC".

These two problems have been studied by Faraut ([15] or [14]) when G is the
group of rotations of the complex plane and for Hilbert spaces. He finds that a
Hilbert space H of holomorphic functions (problem 2) is invariant if and only if
it is a reproducing kernel Hilbert space with the following orthonormal basis

{hm(2) = /lm2z™, pm €ERT, me A CZ}

with VA € R7, Z U A™ < 00 and its kernel verifies
meA

K(z,w) = Z 2™

Moreover, this space is continuously included in the space O(C*) of holomorphic
functions (problem 1).

It is straightforward to see that if now the group G is the group of similitudes
of the complex plane, then the reproducing kernel must be constant.

We must therefore look in an other direction, and the concept of subdualities is
one.

We would like to answer completely problems 1 and 2, but we can only state
following theorem:
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Theorem 4.5 If (E, F) subduality of the space of holomorphic functions (prob-
lem 1), or evaluation duality of holomorphic functions (problem 2), is invariant
under G, then ezists a holomorphic function ¢ : C* — C such that its repro-

ducing kernel verifies
z

K(zw) = 6()

Conversely, to each kernel of this form is associated at least an invariant eval-
uation duality of holomorphic functions (problem 2).

Moreover, if the decomposition of ¢ in Laurent series is of the form
o(z) = Z anz"
nez
then by decomposing e € E, f € F in Laurent series:
e(w)=> eqw”,  f(2) = fa2"
nez nez

one has for duality product

(fs 6)(F,E) = Z Jn en_n

a
nez

Proof Let (E, F) be a subduality of the space of holomorphic functions O(C*)
(endowed with the topology of uniform convergence on compacts). Since O(C*)
is continuously included in the product space CT, it follows that (E, F) is an
evaluation duality. Let K (z,w) be its reproducing kernel.
If the subduality is invariant under the group action, then direct calculations
show that for all g € G, R(z,w) = K(g7 'z, g~ 'w) verifies

R(z,.) e E
R(.,w)eF

and
e(w) = (R(.,w), e)(F,E)

hence R is reproducing.
By unicity of the reproducing kernel it follows that

Vg € G, V(z,w) € C*? K(z,w)=K(g 'z, 'w)

Let now G be the group of similitudes of the complex plane, that we identify
with C*, the group action being pointwise multiplication. Then

Y(z,w) € (C*)? K(z,w)=K(z 'z, 27 'w) = K(1, 27 'w) = (27 w)
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where ¢ is holomorphic.

The first part of the theorem is proved.

Let now K be such a kernel. Then it is straightforward to see that the primary
subduality associated to this kernel is invariant and of holomorphic functions,
hence the theorem is proved.

Remark 4.6 The decomposition of ¢ in Laurent series gives a decomposition
of (E,F) as a direct sum of one-dimensional invariant subdualities, and one
has an analogue of a Plancherel formula. This gives the intuition that harmonic
analysis on subdualities is possible.

It is an open problem to see if, as in the Hilbertian case, any kernel of this form
is associated to an invariant subduality of O(C*). However, if ¢ is polynomial,
then the associated primary subduality is finite-dimensional hence continuously
included in the space O(C*). In this case, the associated subduality is of course
unique.

The primary subduality is however not the only possibility in case of problem
2 when ¢ is not polynomial:
let
E = {e(w) = Z enw™, Iy €RY) |nle,| < 4™ Vn € N}
neN
and

F={f(z) =) fnz" 7R, |nlf_,| <" V¥neN}
neN

We put them in duality by the following bilinear form:
(f7 e)(F,E) = Z n'ffn €n
neN

This subduality is invariant and admits for reproducing kernel function

K(z,w)=e*

4.3 Berezin symbol of operators in evaluation dualities

It is well known that not all the continuous endomorphisms of L?() are of the
form

Tf(t):/QA(t,s)f(s)ds

In [3] D. Alpay proves that continuous endomorphisms in reproducing kernel
Hilbert spaces are characterized by a function of two variables thanks to the
equation



and up to unitary similarity by actually a function of one single variable called
the Berezin symbol (Theorem 2.4.1 p 33). This theorem extends naturally to
the context of Krein spaces.

In the subduality setting it appears that many morphisms in evaluation dualities

are also characterized by a function of two variables:

Theorem 4.7 Let (E, F) be an evaluation subduality on the set Q with repro-
ducing kernel K(.,.). Then any weakly continuous operator S : F — E and
T:E — E (resp. from E to F or from F to F) can be written as

S(HE) = (F,8 ) (r.m)

(T('v 8)7 e)(F,E)

Iﬂ
—~
8]
~
—
V)
~—
Il

where

and

Proof For instance for S:

SNE) = (K( 1), S(N))pr) = (L SIEC D) (mm) = (8 ) (5.1

The following transposition and composition rules follow:

2. To S is associated to [T o S](t, s) = (T(.,t),S(s,.) p m)

3. Ty o Tj is associated to [Ty 0 To|(t,s) = (T1(., s), T2(t,.)) (5

Remark that this generalized Berezin transform is injective and defines a non-
commutative algebra of two-variable functions, the product being T x Q = TQ.
Moreover, in the case of holomorphic functions, it is well known that a two-
variable holomorphic function is entirely defined by its restriction to the anti-
diagonal Z = w. It follows that in case of holomorphic subdualities, and when
the set ) is conjugate symmetric, the following mapping is injective and defines
a non-commutative algebra of holomorphic functions:

B:L(E,E) — 0O(Q)
T +— T(w)=T(w,w)

the product being
TxQ=TQ
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The Berezin transform then allows one to transport operator theory problems
into function theory problems using the appropriate algebra, or conversely to
use operator theory arguments to solve functional problems (see for instance
[36] or [30] for the use of Hilbert space operator theory to solve function theory
problems).

example 1 Polynomials, splines

Let
T:Eyp — FEp

Z aisi — Z a(n_i)si
i=0 i=0
Then its Berezin symbol is given by
T(t,s) = T[K»(t,.)](s) = (ts — 1)"

Rewriting it as

1 1
T(t,s) =s"(t— -)" = s"Kp(t,—)
s s

we get

T(e)(s) = (T(.,),€)(py ) = (Sn(t B )n’e) (Fs,Es)

1 1
=s" (Kgp(., )7e> = s"e(-)
5/ (Fs.Bp) 5

which gives a second expression of T'.

example 2 Entire functions and Hermite polynomials

Let D be the differential operator:

D:Fyg — FEg
e — ¢

Its Berezin symbol is

D(z,w) = [6%KH(,Z7 JNw) = 22K (z,w)

By the transposition rule, it is also the Berezin symbol of its transpose
'D(z,w) = 2:Kg(z,w)
and we get

'DUFE) = (£ D) iy gy = F22Kn () )
=2z (f, Ku(z, '))(FH,EH) = 22f(2)
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example 3

i.e. the operator D is the shift operator on the space of entire functions.

We can then recover the classical recurrence relation for Hermite polyno-
mials:

’ i ’ Hl i Hl
Hy,=3_ (Z ’H")<FH,EH> a9 2 (" DHa) s, g, il
neN neN
= Z (tDZ 7Hn)(FH«,EH) 7 = Z (22 +1,Hn)(F,E) 7
neN neN
= 2an,1

i i . =8 7l
since (z ’HJ)(FH,EH) = 0;,51!

Toeplitz operator equation in holomorphic evaluation dualities
In the previous example, we have seen that the Berezin symbol of the shift
operator is very simple. This is in fact true for any Toeplitz operator. Let
(E, F) be a reproducing kernel duality with kernel function K(.,.). If

T,:FE — FE
e — e

the operator of multiplication by ¢ is well defined and weakly continuous
then its symbol is
Ty(z,w) = (w)K(z,w)

Suppose now that £ ad F' are spaces of holomorphic functions, and let
A={T, T € L(E, E)} be the function algebra of the one variable Berezin
symbol (T'(w) = T(w,w)). The following operator equation in £L(E, E)

AT¢ + BTy =1
with ¢ and v given reduces to the functional equation
$(w) A(w) + ¢(w) B(w) = I(w) = K (w,w)

where we look for solutions A and B in A. This equation is very similar
to a Carleson Corona problem [12].

Conclusion and comments

The concept of subduality generalizes the previous concepts of Hilbert, Krein
or admissible prehermitian subspaces (and also D. Alpay’s concept of r.k.h.s.
of pairs [2]). The set of subduality quotiented by an equivalence relation can
the be endowed with the structure of a vector space isomorphic to the set of
kernels and one gets a unified theory if one introduces the notions of canonical
and inner subdualities.
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Symplectic structure (see [27],[22]) or more generally non-symmetric structures
(see for instance [18] for an example of use of non-symmetric bilinear form)
are more and more used in mathematics or mathematical physics, as are non-
Hermitian matrices, operators or Hamiltonians (see [16] for a good bibliography
on the subject). The concept of subdualities gives a new setting to study such
objects.

The link between subdualities and kernels opens new perspectives, either to
study spaces or operators. The existence of the kernel may serve as a tool to
study some particular dualities such as invariant dualities, or on the other hand
the use of a subduality and its topological properties associated to a given kernel
may help study its algebraic properties (for instance the existence of a normal
subduality implies the existence of a Green operator).

Finally, we recall the statement of Laurent Schwartz concerning Hermitian sub-
spaces [37]: “Le §12 tente une généralisation aux espaces hermitiens (& métrique
non positive) et aux noyaux hermitiens associés. On rencontre la de grandes
difficultés. 11 apparait que (..) un noyau hermitien est associé, non plus &
un sous-espace hermitien, mais & une classe de sous-espaces hermitiens; (...)
Néanmoins c’est peut-étre la, non pas une monstruosité, mais une nouveauté
pleine d’intérét.” The generalization we propose in this article is confronted to
the same difficulties. Further work is now needed to decide whether it is, as
Laurent Schwartz said, a monstrosity or a novelty full of interest.
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