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Abstract

The identification mentioned in the title allows a formulation of the multidi-
mensional Favard Lemma different from the ones currently used in the literature
and which parallels the original 1-dimensional formulation in the sense that the
positive Jacobi sequence is replaced by a sequence of positive Hermitean (square)
matrices and the real Jacobi sequence by a sequence of positive definite kernels.
The above result opens the way to the program of a purely algebraic classification
of probability measures on R? with moments of any order.

The quantum decomposition of classical real valued random variables with all
moments is one of the main ingredients in the proof.
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1 Introduction

The theory of orthogonal polynomials is one of the classical themes of calculus since
almost two centuries and, in the 1-dimensional case, the large literature devoted to this
topic has been summarized in several well known monographs (see for example [19],
[20], [8], [11]). In this case, even if at analytical level many deep problems remain open,
at the algebraic level the situation is well understood and described by Favard Lemma
which, to any probability measure p on the real line with finite moments of any order,
associates two sequences, called the Jacobi sequences of p,

{(Wn)n€N7 (an)neN} ) Wn € R+, Q€ R7 n = 07 1a 27 e (11)



subjected to the only constraint that, for any n, k € N,

wp,=0 = wysr=0 (1.2)
Conversely, given two such sequences, it gives an inductive way to uniquely reconstruct:
(i) a state on the algebra P of polynomials in one indeterminate (see subsection 2.3),
(ii) the orthogonal decomposition of P canonically associated to this state.

In this sense one can say that the pair of sequences (1.1), subjected to the only con-
straint (1.2), constitutes a full set of algebraic invariants for the equivalence classes of
probability measures on the real line with respect to the equivalence relation py ~ v
if and only if all moments of y and v are finite and coincide (moment equivalence of
probability measures on R).

Compared to the 1-dimensional case the literature available in the multi-dimensional
case is definitively scarse, even if several publications (see e.g [9], [12], [16], [17]) show
an increasing interest to the problem in the past years, and for several years it has been
mainly confined to applied journals, where it emerges in connection with different kinds
of approximation problems. The need for an insightful theory was soon perceived by
the mathematical community, for example in the 1953 monograph [10] (cited in [22]),
the authors claim that 7 ... there does not seem to be an extensive general theory of
orthogonal polynomials in several variables ... 7.

Several progresses followed, both on the analytical front concerning multi-dimensional
extensions of Carleman’s criteria [18], [21], and on the algebraic front, with the intro-
duction of the matrix approach [15] and the early formulations of the multi-dimensional
Favard lemma [13], [14], [22].

However, even with these progresses in view, one cannot yet speak of a ” general theory of
orthogonal polynomials in several variables”. In fact the importance of Favard Lemma
consists in the fact that the pair (o, , w,) condensates the minimal information
gained from the knowledge of the n—th moment with respect to the knowledge of all the
k—th moments with k¥ < n — 1. Here the word minimal is essential:

it is exactly this minimality that was missing in all the numerous approaches to the
multi-dimensional Favard Lemma until a couple of years ago. On the other hand, it is
only pinpointing a minimal set of conditions that one can hope to prove a constructive
reconstruction theorem.

This unsatifactory situation with the multi-dimensional analogues of Favard Lemma
was also pointed out in [23] (see comment after Theorem 2.3).

Moreover the currently adopted multi-dimensional formulations of Favard Lemma Since
the multi-dimensional analogues of positive, resp. real, numbers are the positive defi-
nite, resp. Hermitean, matrices. Therefore intuitively one would expect that a multi—
dimensional extension of the Favard lemma would replace the sequence (w,) by a se-
quence of positive definite matrices and the (a,,)—sequence by a sequence of Hermitean
matrices. The precise formulation of this naive conjecture is what we call the multi—
dimensional Favard problem (see section 3).

The goal of the present paper is to prove that the above mentioned naive generalization of
Favard lemma is possible and that a new feature, specific of the multi—dimensional
case, emerges, namely that some of the arbitrary parameters cannot be given a priori,



but only recursively, because their choice is constrained by the choices done previously.
The determination of these constraints was hinted, and heavily relies, on the quantum
probabilistic approach to the theory of orthogonal polynomials first proposed, in the
1-dimensional case, in the paper [1], where the notion of quantum decomposition of a
classical random variable was introduced and used to establish a canonical identification
between the theory of orthogonal polynomials in 1 indeterminate and the theory of 1-
mode interacting Fock spaces (IFS). One can say that the quantum decomposition of a
classical random variable is a re-formulation of the Jacobi recurrence relation.

The early extensions of this approach to the multi-dimensional case [5], [2] constructed
the quantum decomposition of the coordinate random varibles in terms of creation, an-
nihilation and preservation operators on an IFS canonically associated to the orthogonal
decomposition of the polynomial algebra in d indeterminates P; with respect to a given
state, however they still relied on the use of rectangular matrices.

An important step towards the solution of what we call ”the Favard problem” for poly-
nomials in d indeterminates (d € N) (see section (3)) was done in the paper [4] where
it was proved that the reconstruction of the state on P, can be achieved using only the
commutators between creation and annihilation operators and the preservation operator.
These operators preserve the orthogonal gradation, therefore each of them is determined
by a sequence of square matrices. Moreover the preservation operator, being symmetric,
is determined by a sequence of Hermitean matrices while the commutators between cre-
ation and annihilation operators are determined by two positive definite matrix valued
kernels, respectively (a;a;) and (a]a;) (j, k€ {1,...,d}).

Although this framework was much nearer to the one conjectured in the Favard problem,
yet important discrepancies remained, in particular:

(i) While the sequence of Hermitean matrices is only one for each coordinate random
variable, as conjectured, the commutators involved are defined by two sequences
of positive definite matrix valued kernels;

(ii) Contrarily to the 1-dimensional case, the correspondence between IFS and families
of orthogonal polynomials is not one—to—one;

(iii) The multi-dimensional analogue of the compatibility condition (1.2) remained ob-
scure;

(iv) The "minimality condition” mentioned above was not respected (this fact will be
clear from the present paper).

The main results of the present paper are:

(1) The identification of the theory of orthogonal polynomials functions on
R? with the theory of symmetric interacting Fock spaces over C? with
a 3-diagonal structure (see section 10.5 and section 7.1).

(2) The explicit form of the minimal set of constraints, that allows a recon-
struction theorem, i.e. a bona fide multi—-dimensional Favard Lemma.

(3) The proof of such a reconstruction theorem (Theorem 8.2) which shows
that the d-dimensional analogue of the principal Jacobi sequence is
given by the sequence of the real parts (€2 ,,+1) of the positive-definite



kernels, defining the scalar product on the space of orthogonal polyno-
mials of order n+ 1 in terms of the scalar product on the space of order
n. In fact these can be chosen arbitrarily, while their imaginary parts
are uniquely fixed by the commutation relations. The d—dimensional
analogue of the secondary Jacobi sequence is given by d sequences of
symmetric matrices. These are not arbitrary, but have to satisfy an
inductive system of linear equations. The fact that this system al-
ways admits the zero—solution, corresponding to symmetric measures,
shows that, in the symmetric case, Theorem 8.2 provides the exact d-
dimensional analogue of Favard Lemma, with the arbitrary sequence
of positive numbers (w,) replaced by an arbitrary sequence of positive
definite kernels with no imaginary part (for d > 2, the d-dimensional
analogue of condition (1.2) follows from the definition of the positive
definite kernels).

In the present approach the emergence of the symmetric tensor algebra as
well as of nontrivial commutation relations are both consequences of the
commutativity of the coordinate random variables. In this sense a non
commutative structure is canonically deduced from a commutative
one.

The above results naturally suggest the program, initiated in [3], of a purely
algebraic classification of the moment equivalence classes of probability mea-
sures on R% and provide the basic tools for its realization. From the point of
view of physics the mathematical clarification of the structure of the usual
Boson Fock space within the more general and traditional theory of orthogo-
nal polynomials, with the important addition of the quantum decomposition
and the consequent clarification of the probabilistic origins of the commuta-
tion relations, can open the way to the investigation of the possible nonlinear
generalizations of first and second quantization, a field which in quantum
probability is already object of investigation since a few years.
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2 The polynomial algebra
2.1 Notations

Throughout the present paper, for any m € N, C™ (resp. R™) will denote the
m~dimensional complex (resp. real) vector space referred to the canonical
basis denoted in both cases (e;) (7 € {1,...,m}) and the term coordinates
will be referred to this basis. Unless otherwise specified, algebras and vector
spaces will be complex. Let D := {1,...,d} (d € N) be a finite set and



denote
P :=Pp = C[(X})jep] (2.1)

the complex polynomial algebra in the commuting indeterminates (X;);ep
with the
*—algebra structure uniquely determined by the prescription that the X; are
self-adjoint. The principle of identity of polynomial states that a polynomial
is identically zero if and only if all its coefficients are zero. This is equivalent
to say that the generators X, (j € D) are algebraically independent. These
generators will also be called coordinates.
By definition P has an identity, denoted 1p, and

X)=1p ; VjeD (2.2)
where 1p denotes the identity of P.
For any vector space V' we denote L£(V') the algebra of linear maps of V' into
itself.
For F={1,...,m} C Dandv = (vy,...,v,) € R™ we will use the notation:

Xv = Z’Z}JXJ
jEF
The coordinates X; (j € D) define a linear map
X:v= Zvjej ceR— X, = Zvaj € L(P)
jeD j€D

The real linear span Py of the generators X induces a natural real structure
on P given by
P = Pr+iPr (2.3)

where, here and in the following, + in (2.3) means direct sum in the real
vector space sense. All the properties considered in this section continue to
hold if one restricts one’s attention to the real algebra Pg.

With the convention (2.2) a monomial of degree n € N is by definition any
product of the form

M= ][ X} (2.4)

jEF
where F' C D is a finite subset, and for any j € I, n; € N
=
jEF

The monomial (2.4) is said to be localized in the subset F' C D.
The algebra generated by such monomials will be denoted

PFQPZ:PD



Notice that, with this definition of localization, if F¥ C G C D then any
monomial localized in F' is also localized in G, i.e.

PrCPegCP
For all n € N and for any subset F' C D, we use the following notations:

M, := {the set of monomials of degree less or equal than n localized in F'}

(2.5)
Mg, := {the set of monomials of degree n localized in F'}

(2.6)
Prn := {the vector subspace of P generated by the set Mg, }

(2.7)

Pp.,, := {the vector subspace of P generated by the set M, } (2.8)

We use the apex 0 in Pp,, to distinguish the monomial gradation (see (2.14)
below), which is purely algebraic, from the orthogonal gradations, which will
be introduced later on and depend on the choice of a state on P. The only
monomial of degree n = 0 is by definition

Therefore
Pho=Pro=C-1p (2.9)

More generally, if |F'| = m then for any n € N there are exactly

dn::<”+m_1> (2.10)

m— 1

monomials of degree n localized in F' and, by the principle of identity of
polynomials they are linearly independent. Therefore one has

Py, =Ch (2.11)

where the isomorphism is meant in the sense of vector spaces.

For future use it is useful to think of P as an algebra of operators acting on
itself by left multiplication. In the following, when no confusion is possible,
we will use the same symbol for an element () € P and for its multiplicative
action on P. Sometimes, to emphasize the fact that () is considered as an
element of the vector space P, we will use the notation

Q- 1p =:Q - P

The sequence (Pry))nen is an increasing filtration of complex finite dimen-
sional x—vector subspaces of P, i.e:

'PF,()] - /PFJ] C 'PFQ] C---C PF,n] cC---CPrCP (2.12)
Moreover
U Prw =Pr (2.13)
neN



and, for any m, n € N one has

PF,m] : PF,n] = 7DF,m—&—n]
The sequence (P%’n)neN defines a vector space gradation of Pp

Pr=Y _ Piy (2.14)

keN

called the monomial decomposition of P. In (2.14) the symbol Z denotes

direct sum in the sense of vector spaces, i.e. elements of P are finite linear
sums of elements in some of the P% and

m#n — P?;,m N P?’,n = {0} (2.15)

The gradation (2.14) is compatible with the filtration (Pp,)) in the sense
that, for any n € N,

Pra = Y, Piy (2.16)

In particular

Pr = Pro + (ZP%,J ,  VneN

k>n



Lemma 2.1 (i) For any vector subspace W C Pp, the set
XW ={X,W : veCm} (2.17)

is a vector subspace of Pp.
(i) For each n € N, one has

XPh =Pt (2.18)

Prns1) = XPrn) + Pro = Prn) + Phni (2.19)
(iii) For n € N, let P,;1 be a vector subspace of Pr1) such that

Pn] + Pn+1 = Pn+1} (220)

Then as a vector space P,41 is isomorphic to PY, ;.

PROOF. (i) The set (2.17) coincides with the set
{Y X0 Dewvjer]
jEF
and this is clearly a vector space.
(ii) Since Mp,, is a linear basis of

73191”, Uje rXjMp, C P%yn 41 is a system of generators of the subspace
XPp,. Hence XPp, C Pp,,;. The converse inclusion is clear because
Ujer XjME, is also a system of generators of PPnyq- This proves (2.18).
(2.19) follows from (2.16) and (2.18).
(iii) Since the sum in (2.20) is direct and the spaces are finite dimensional,
one has

dim(Py, 1) = dim(Poy1)) — dim(Pry) = dim (Pns1)

2.2 P and the symmetric tensor algebra over C?

In the present paper the number d € N* := N\ {0} will be fixed and
D= {17 e d}
in the following the index D will be omitted and we will use the notations:
Pp="7P ; P = 73%’” ; Pr) = Pp.n ; neN

with the convention
Pgl - P_l} = {O}

The natural real structure on C given by C = R+iR induces a real struc-
ture on C? = R4+iR? the associated (componentwise) involution given by
complex conjugation:

(u+iv)" :==u—iv ; u+iveCt = R 4 jR? (2.21)



In the following we fix the choice V := C? and we denote (e;);ep the canonical
basis of C? which is a real basis, i.e. a basis of R? ¢ C? ® will denote
algebraic tensor product and ® its symmetrization. The tensor algebra over
C? is the vector space

Tens(C?) := » (CH®"

neN
with multiplication given by
(U @ QU) R (V@ ®V1) = U, @+ DU QU @+ Dy

for any m, n € N and all u;, v; € C% The extension to C? of the natural
real structure on C given by C = R + ¢R and the associated involution,
induces a *—algebra structure on 7 (C?) whose involution is characterized by
the property that

(0, ® - @u) =v® vl ; VneN,VveC! (222
For n € N*, the x—sub-space of (C?)®" generated by the elements of the form
V" =0 ®- - ®v  (n-times) ; VneN, VoeC? (2.23)

is called the symmetric tensor product of n—copies of C? and denoted
(CH®r, (C4)®™ coincides with the fixed point sub—space of the linear action,
on (C%)®" of the n—th order permutation group S,, given by

G (Un @V ® - @ V1) 1=V, My, @DV, Un@Up_1®---®v; € (CH®" 5 €S8,

By definition: ~
(CH®0 .= C

Tens sy, (C?) := Z ((Cd)@"

neN

Tensgy, (C?) is the graded abelian *-sub-algebra of Tens(C?) generated by
the elements of the form (2.23) and is called the symmetric tensor algebra
over C?

The following Lemma reformulates some known results in a language and
with the notations that will be used later.

Lemma 2.2 Let (¢;);ep be the canonical linear basis of C?. The map
ej — Xj , J € D | 17—Sym((cd) — 1p (224)

extends uniquely to a is a gradation preserving isomorphism of commutative
x—algebras:

SO = 252 : Tens,ym, (C%) := Z(Cd)®" — 2772 =P (2.25)

neN neN neN

10



In particular for all n € N* and for all maps j : {1,...,n} — {1,...,d}:
€, 8 ®ej — X, X, (2.26)

and, in the notations of section (10.1) below:
e®(-) =10, =X, (2.27)

Proof. The thesis follows from the fact that the e;’s (resp. X;’s) (j € D)
are algebraically independent (i.e. the terms appearing in (2.26) and the
correpsonding identities are linearly independent) self-adjoint generators of

the commutative x—algebra Ty, (C?) (resp. P) and that the correspondence
(2.24) is 1-to-1.

Remark. In analogy with the identification of X; with its action as mul-
tiplication operator on P, e; can be identified with the symmetric tensor
multiplication by e;. If confusion may arise, we use the notation
Me,(e;,® - - ®e;,) = e;8e;,® - - Rey,
With this notation and the corresponding one for the X;’s, one has
0 0y—1 _ ) :
S"M,,;(S")"" = Mx, ; jeDb (2.28)
Lemma 2.3 Let (P,)nen be any family of subspaces of P such that
Pk—f—l] = Pk} —i-Pk_;_l ) VkeN
Po =Py = Py =Clp

Then, for all n € N, there exists a vector space isomorphism
S, : (CHEm P, (2.29)
and the map

S = Z Sy ¢ Tensgym(CY) := Z(cd)@b - Zm =P (2.30)

neN neN neN

is a gradation preserving vector space isomorphism.

ProOOF. From Lemma 2.1 we know that, for all n € N, P, has the same
dimension as P? (given by (2.10)). Hence there exists a vector space isomor-
phism

T, : P° = P, : Vn éeN.

Defining S,, := T, o S where S? is given by (2.25), (2.29) follows. This
implies that the map defined by (2.30) is a gradation preserving vector space
isomorphism. i

Remark. In general the map defined by (2.30) is not an isomorphism of
commutative *—algebras in particular the analogue for S of (2.28) does not
hold. To obtain this additional property will require a different choice for
the vector space isomorphisms 7,, (see section 8 below).

11



2.3 States on P

For the terminology on pre—Hilbert spaces we refer to Appendix 9.

Denote S(P) the set of states on P. From the known existence theorem for
the Hamburger moment problem in many variables (see [8]), any such a state
is induced by a probability measure on R? with all moments. Conversely any
such a measure induces a state on P. In general many probability measures
on R? define the same state on P (non uniqueness in the moment problem).
On the contrary, the state on P is uniquely defined. For this reason in the
following we restrict our attention to states on P.

Any state ¢ € S(P) defines a pre-scalar product ( -, - ), on P given by

(a,b) € P x P~ (a,b), = p(a"b) € C (2.31)

satisfying the conditions
(1p,1p) = 1 (2.32)
(ab,c), = (b,a*c),, Va,b ceP (2.33)

where a* denotes the adjoint of a in P. In particular the operators X; are
symmetric as pre-Hilbert space operators. Thus the pair

is a commutative pre—Hilbert algebra.

Lemma 2.4 For a pre-scalar product ( - , - ) on P the following statements
are equivalent:
(i) There exists a state ¢ on P such that:

o(f'g9)=(f9) ;  fgeP (2.34)

(ii) The pre—scalar product ( -, - ) satisfies

(5 1p)y = 1 (2.35)
and, for each j € D, multiplication by the coordinate X; is a symmetric
linear operator on P with respect to ( -, - ), i.e.:

(Xf,9)=(f,Xg) (2.36)

Proor. (ii) = (i). Every scalar product on P is induced by the linear
functional:

p(@Q):=(1p,Q-1p) ; QE€EP (2.37)
Condition (2.36) implies that ¢ is a *functional on P, i.e. for any Q € P,
0(Q) = ¢(Q*), where x denotes the involution on P. Hence condition (2.37)
implies that ¢ is positive. Then, because of (2.35), ¢ is a state on P.
(ii) = (i). This is clear and has already been discussed before the statement
of the Theorem. i

12



3 The multi—-dimensional Favard problem
3.1 Fundamental lemmas

Definition 3.1 For n € N we say that a subspace P, C P, is monic
of degree n if it has a real linear basis B,, with the property that for each
b € B, the highest order term of b is a non-zero multiple of a single monomial
of degree n and each monomial of degree n appears exactly once in the basis
B,.

Such a basis is called a perturbation of the monomial basis of order
n in the coordinates (Xj),ep or simply a monic basis.

Remark. For a monic subspace one has:
(with the convention P_;; = {0}). Notice that monic bases arise naturally

in the Gram—-Schmidt orthogonalization process of monomials.

Let ¢ be a state on P and denote
<.’ .>::<.7 '>SD

the corresponding pre-scalar product. When no ambiguity is possible, the
elements & of P (resp. P, PY) satisfying

(£,€)=0

will be simply called zero morm wectors without explicitly mentioning the
pre-scalar product (or the associated state ¢). By the Schwartz inequality
the set of zero norm vectors in P (resp. Py, PY), denoted N, (resp. N,
N, ) is a *-subspace satisfying

PN,y C PN,y C PN, C N, (3.2)

In particular N, is a *—ideal of P. The monomial decomposition (2.14) is
compatible with the filtration (Pg,,) in the sense of (2.16), therefore

P:Pnﬁ(ZP,S) . VneN

For reasons that will be clear in the reconstruction theorem of section 7 we
want to keep the discussion at a pure vector space, rather than Hilbert space
level. In particular we don’t want to quotient out the zero norm vectors.
Therefore, rather than the usual Gram—Schmidt orthonormalization proce-
dure, we use its pre-Hilbert space variant, described in Appendix 9.

13



Lemma 3.2 Let ¢ be a state on P and denote ( -, - ) = (-, - ), the
associated pre—scalar product. Then there exists a gradation

P =P Pus (3.3)

neN

called the p—orthogonal gradation of P, with the following properties:

(i) (3.3) is orthogonal for the pre-scalar product (- , - );
(ii) (3.3) is compatible with the filtration (7,)) in the sense that

Py= P Pu, ; VkeN (3.4)

(iii) for each n € N the space P, is monic.
Conversely, let be given:

(j) a vector space direct sum decomposition of P

P:j}m (3.5)

neN

such that Py = C - 1p, and for each n € N, P, is monic of degree n,

(j3j) for all n € N a pre—scalar product ( -, - ), on P, with the property that
1p has norm 1 and the unique pre-scalar product ( - ,- ) on P defined
by the conditions:

(«s Mpa=(-, ) 5 VneN (3.6)

Pn L P ; Vm #n (3.7)

is such that the operators of multiplication by the coordinates X; (j €
D) are ( -, - )-symmetric linear operators on P.

Then there exists a state ¢ on P such that the decomposition (3.5) is
the orthogonal polynomial decomposition of P with respect to .

PrROOF. Let be given a state ¢ on P. In the above notations, for each
k € N define inductively the subspace P , and the two sequences of ( -, - )—
orthogonal projectors

Pk},(p : P—>P]€]7 Pk‘,(p . 7)_>Pk7gp 3 V/{JGN

compatible with the real structures of the corresponding spaces (i.e. Py ,(Pr) C
Pri)s Pro(Pr) € Pry, and in this case we speak of real projectors) as fol-
lows.

For k = 0, define Py, := Py and
PO,(p = PO]#P : Q eP — (,O(Q)lp = <17>,Q'177>1’p S ,P()} =: PO#P ; VQ ceP.

14



Clearly Fy, is a real projector. Having defined the real projectors

{PO,QO7P1,<,07”' 7PTL,<P} ; {PO],QD;PI],QWH' 7Pn],g0}

so that for each k € {0,1,...,n} the space Py, is monic and (3.4) is satisfied,
in the notation (2.6), define

Pritp = lin-span{M, 1 — Py o(Myi1) © Myi1 € Mpia} (3.8)

Then the space P,1,, is monic of order n + 1 since the generating set on
the right hand side of (3.8) is clearly a basis, it is real because such is the
projector P, , and it is a perturbation of the monomial basis of order n
because the Pn]W(MnJrl) are polynomials of degree n. In particular the sum

Pn+1,<p + pn] = Pn—l—l}
is direct, hence such is also the decomposition
P = Pn+1,@+Pn]+,P(n+1

(P(n+1 denotes the space of polynomials of degree > n + 1).

Define Ko (resp. Koo) the sub-space of P,y1, generated by the non-
(-, - )—zero norm (resp. ( -, - )—zero norm) vectors in the set on the right
hand side of (3.8). Since the elements of this set are linearly independent,
Ko1N Koo = {0} and by construction Ko 1+Koo = Ppi1,,- By the induction
assumption on the , the real structure on P induces a real structure on

,Pn+1730-
Applying Corollary 9.2 of Appendix 9 with K = P, Ky = Ppyi1,p, K1 =
Pn]—i—P(nH and Ko any vector space supplement of the ( -, - )-zero norm

subspace Ko of Pp11,,, we define the orthogonal projection
Py, : P — Patige

which by construction is onto P, , hence orthogonal to P, . Therefore
the operator
P?’L-i—l},gp = Pn]#; + Pn+1,4p

is the orthogonal projection onto P, ;). Finally, given ¢, the conditions of
Lemma 2.4 are satisfied by the associated pre—scalar product on P. This
completes the induction construction.

To prove the converse, notice that the fact that each P, is monic implies that
the decomposition (3.5) satisfies condition (3.4). In fact this is true for Py
by construction and, supposing it true for £ € N, it follows for k+ 1 from the
monicity condition. Thus, by induction, property (3.4) holds for each n € N.
Because of Lemma 2.4, condition (jj) implies that the pre-scalar product
(-, -)isinduced by a state ¢ in the sense of the identity (2.31). This implies
that the decomposition (3.5) is the orthogonal polynomial decomposition of
P with respect to the state . |

The following Lemma shows that the isomorphism, defined abstractly in
Lemma 2.3 can be explicitly constructed if the gradation on P is the one
constructed in Lemma 3.2.
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Lemma 3.3 Let be given a vector space direct sum decomposition of P
of the form (3.5) satisfying conditions (j) and (jj) of Lemma 3.2. Let B,
be a perturbation of the monomial basis in P, (see Definition 3.1) and for
each monomial M,, € Mp, denote p,(M,,) the corresponding element of B,,.
Then the map

T . ejn®ejn71<§) s @)6]‘1 € (Cd)®n > Dn (Xanjn—l cee Xj1> : 17’) S Pn
(3.9)
where n € N* (7 = idc) and ® denotes symmetric tensor product, extends
to a vector space isomorphism.

PROOF. A basis B,, as in the statement of the Lemma exists because P,, is
monic. Denoting 5 : {1,...,n} — {1,...,d} a generic function, the map

€, @€, ® Qe —pn (X, X5, X)) - 1p ePy (3.10)

is well defined on a linear basis of (C?)®" because X;, X, , -+ X}, is a mono-
mial of degree n. Since both sides in (3.10) are multi-linear, by the universal
property of the tensor product it extends to a linear map, denoted 7,, of
(CH®" into P,. This map is surjective because when j runs over all maps
{1,...,n} — {1,...,d}, pn (XanjW1 o -le) - 1p runs over a linear basis
of P,. Since the right hand side of (3.10) is invariant under permutations
of the indices j,, jn_1, " ,Jj1, 7n induces a linear map of the vector space
of equivalence classes of elements of (C%)®" with respect to the equivalence
relation induced by the linear action of the permutation group. Since this
quotient space is canonically isomorphic to the symmetric tensor product
(C4)®" | this induced map defines a linear extension of the map (3.9).

This extension is an isomorphism because we have already proved that sur-
jectivity and injectivity follow from the fact that the equivalence class under
permutations of any n-tuple (jn,Jn_1, -+ ,j1) defines a unique element of
the basis {p,(M,) - 1p; M, € P,} of P,. |

Remark. The construction of Lemma 3.2 depends on the choice of the
vector space supplement of the zero norm subspace of P, . However any
vector in another supplement will differ by a zero norm vector from a vector
in the previous choice. Therefore, at Hilbert space level, the two choices will
coincide.

3.2 Statement of the multi—-dimensional Favard problem

From Lemma 3.2 we know that the orthogonal polynomial decomposition
of P with respect to a state ¢ induces a decomposition of P of the form
(3.5). Given such a decomposition, for every n € N, we can use the vector
space isomorphisms 7, defined in Lemma 3.3 to transfer the pre-Hilbert
structure of P, on the symmetric tensor product space (C?)®". Imposing
the orthogonality of the P,’s one obtains a gradation preserving unitary
isomorphism between P, with the orthogonal polynomial gradation induced
by the state ¢, and a symmetric interacting Fock space structure over C?
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(see Appendix 10.5). The converse of this statement is at basis of the multi—
dimensional Favard problem:
Given a symmetric interacting Fock space structure over C? (see section 10.5

below):
P ()™, (-2 )z)

neN
(i) does there exist a state ¢ on P whose associated symmetric IFS is the
given one?

(ii) it is possible to parameterize all solutions of problem (i) and to charac-
terize them constructively?

The second part of the present paper is devoted to the solution of this prob-
lem. Before that, in the following section, we establish some notations and
necessary conditions.

4 The symmetric Jacobi relations

4.1 The orthogonal gradation and the three—diagonal recurrence
relations

In this section we fix a state ¢ on P and we follow the notations of Lemma
3.2 with the exception that we omit the index . Thus we write ( -, - ) for
the pre-scalar product { -, - )y, Py : P — Py (k € N) for the ( -, - )~
orthogonal projector in the pre-Hilbert space sense, constructed in the proof
of Lemma 3.2, Py for the space defined by (3.8) and

the corresponding projector. We know that
Poy(Pr) € Pr NPy = Prou ; VneN (4.2)

and that the sequence (Py))nen is an increasing filtration with union P (see
(2.12) and (2.13)). It follows that the sequence of projections (4.1) is a
partition of the identity in (P, (-, -)), i.e.

Pan:(Smanu Pn:Pq;ka ‘v’m,nEN (43)
> P, =limP,=1p (4.4)
neN "

Lemma 4.1 Suppose that, for some m € N*  the range of P, is contained
in the sub—space of zero-norm vectors. Then the same is true for any n > m,
ie.

P,(P)CN Vn>m (4.5)
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Proor. Under our assumptions for any monomial M, of degree m, one
has

M., — Pp,—1)(M,,) € N. This implies that M,, € P,,_1)+N. Since multipli-
cation by coordinates leaves N invariant, this implies that for each j € D,
X;M,, € Py + N. Therefore for any monomial M,,,; of degree m + 1,
M1 € Py + N In particular My, 1 — Pyj(Myi1) € N, Le. Pyt CN
and this is equivalent to the thesis. |

Theorem 4.2 With the notation
P—l] =0

for any j € D and any n € N, one has

PROOF. Because of (4.4), for any j € D,

Xj=1p-X;-1lp= > PnX,;P,

m,neN

Therefore for each n € N,

X;P, =) P.X;P,

meN

Since
XiPn C© Py

it follows that
X]Pn - Pn+1]X]Pn

Since (P,,) is increasing, if m > n + 1 then
Py Pris) = PPy = Poyyy
hence
PX;P, = Py PoiyyX; Py = (Ppy — Po_1)) Pas) X, P, = 0
If m < n — 1, then the first part of the proof implies that
P,XP,=(P,XP,) =0
Summing up: P, X;P, can be non-zero only if m € {n—1,n,n+1} and this

proves (4.6). i

Definition 4.3 The identity (4.6) is called the symmetric Jacobi relation.

18



4.2 The CAP operators and the quantum decomposition of the
coordinates

For each n € N and j € D, define the operators

(I;_m = Pn+1Xan P, — Pn_|_1 (47)
a%n = P, X,P, . P, — P, (4.8)
CL;'n = n—lXan P, — P (49)

n

Remark. Notice that for eachn € N, j € D and e € {+,0, —}, the operators
asy, map polynomials with real coefficients into polynomials with the same
property. In fact both multiplication by coordinates and the projections P,
satisfy this condition (see (4.2)).

Notice that, D being a finite set, the spaces P,, are finite dimensional. More-
over, in the present algebraic context, the sum

P=EPP. (4.10)

neN

is orthogonal and meant in the following weak sense, i.e. for each element
QQ € P there is a finite set I C N such that

Q=Y P i PuEPa (4.11)

nel

Theorem 4.4 For any j € D, the following operators are well defined on
P:

+ +
aj = Eaﬂ"

neN
0 ._ 0
a; = Zaﬂn
neN
a; = Zajln
neN
and one has
_ o+ 0 -

in the sense that both sides of (4.12) are well defined on P and the equality
holds. Moreover the decomposition on the right hand side of (4.12) is unique
in the sense that, if bj, bg, b; are linear operators on P satisfying (4.7), (4.8),
(4.9), then they coincide with aj, a‘;, a; respectively. Finally the operators
a;r, a?, a; map polynomials with real coefficients into polynomials with the
same property.
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ProoF. For all j € D, using the symmetric Jacobi relation (4.6), one has
(a;r—i—a?—i—a;) = Z(a;“ln—l—a?m—i—ain) = Z(PnJrlX]Pn—i_PnX]Pn_'—Pnle]Pn)
neN neN

Finally uniqueness follows from the identity bj + b‘; +b; = a;r + a? + a;
and the fact that, for € # € (e,¢ € {—1,0,+1}) the ranges of the operators
aj— b5 and aj — b;’ are orthogonal. therefore the operators a§ and b5 coincide
on all n—particle spaces, hence on P. The last statement follows from the
Remark after the definition of the operators aj‘n. |
Definition 4.5 The identity (4.12) is called the quantum decomposition
of X with respect to the state ¢.

Remark.
The quantum decomposition of X; with respect to ¢ allows to extend the
map X : RY — R% to amap X : C¢ — C? as follows: If v = (vy,...,v4) € C,
we denote

a;, = Zvjaj ., ee{+,0} , a,:= Zﬁjaj_ (4.13)

jeD jen
Then one defines, in the notation (2.21)
X, =al +a’+a, ; v e C? (4.14)

With this definition one has
(Xv)* = Xy
In particular, since the maps v € C? — af are real linear, the operators

F,:=a/+a, ; F,, = a} +a;, =i(a) —a,) ; veR? (4.15)
are symmetric (notice that this would not be true for Xj,). These operators
are called the field operators associated to ¢. When ¢ is the standard Gaus-
sian state and R? is replaced by an infinite dimensional real Hilbert space,

these are the Fock field operators in quantum field theory.

4.3 Properties of the quantum decomposition

Notice that, by construction, for any j € D and n € N, the maps

a;rln =P, X,P,
satisfy
0! (Pan) € P (4.16)
hence in particular
a;qn(Pn) C Pt (4.17)

and recall that, by construction, the non-zero elements of P, are polyno-
mials of degree n + 1.
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Lemma 4.6 For any j € D and n € N, one has
(a;_‘n)* = CL]._ln+1 ) (CL;—>* = CLj_

Proor. For an arbitrary j € D and n € N we have

(a;ﬁn)* = (P X;Pn)" = PoX;Por = aj,
Recall that, with the notation (4.9),
a;In =P, X;P, : P, — Pp_1.
Thus .
@) = (2 al) = @) =2
neN neN neN

and, with the change of variables n + 1 =: m € N* := N\ {0}, this becomes

(@) =) @, =) ay, =a;

meN* neN

because

Summing up

(a7)" = (Za?m)* =D (@) =D af =g

neN neN neN

Lemma 4.7 For any j € D, the operators

, ) + . - ) 0
X; : a; : a; : a;

preserve the space ./\fgo of zero norm vectors.

Proor. It is sufficient to show that, for each n € N if £ € P, is a zero
norm vector, then the same is true for the vectors

Xi& s A ag s a5 JED
That X ;¢ is a zero norm vector follows from
1/2 1/2
(X6, X6 = [(X36,6)] < [(XF€. X397 I, )" =0
From this and the quantum decomposition (4.12) it follows that the vector
XjPf = af, & + a5y, € +aj, &

has zero norm. Since the right hand side is a sum of three mutually orthog-
onal vectors, it follows that each of them is a zero norm vector. |
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Lemma 4.8 In the notations of Definition 7.1, for n € N, let be given:

(i) two monic vector subspaces Pp_1 C Pn_1], Pr C Py

(ii) two arbitrary linear maps

veC— Ag‘n € Lo(Pn,Py) (4.18)
veCh v A, € Lo(Pn, Pra) (4.19)

Then, defining for any v € C¢ the map

A =X = A, - A, (4.20)
P’FL
the set
Put1 = {A],Pn; veC) (4.21)

is a monic vector subspace of P,

PROOF. Since P, is monic, it has a linear basis B,, := (§,.1)ner, (Fy, a finite
set) which is a perturbation of a monomial basis. From the definition 4.20
of A;rln we know that, for each j € D, one has

Aﬁnfn,h = Xj&nh — A2|n5n,h — A&k

The assumptions on A%n and Aj_‘n imply that A2|n5n7h + Aj_‘nfn,h is a polyno-
mial of degree less or equal to n. Therefore, when &, j, varies in B,, and X
varies among all coordinate functions, A;“lngn,h defines a set of monic polyno-
mials whose leading terms contains the set of all monomials of degree n + 1
(with possible repetitions). Therefore from this set one can extract a per-
turbation of the monomial basis of order n + 1. Define P, 1 to be the linear

span of this set. Then, it is clear that the sum
Pn+1] = Pn} + Pn+1

is direct because the non-zero elements of the space P, 1 are polynomials of
degree n + 1. By construction the space P,1, given by (4.21), contains a
monic basis. Therefore P, is a monic vector subspace of P, ). |

4.4 Commutation relations
In this section we briefly recall some known facts about commutation rela-
tions canonically associated to orthogonal polynomials (see [5], [2]) which

will be used in the following section. We refer the reader to [2] for more
detailed analysis.
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Theorem 4.9 Let be given:
— a pre—Hilbert space H;
— an orthogonal gradation of H:

H:@Hn

neN

— a family of operators a;-t : H, — H,41, a? H,— H,, (j€{1,---,d})

CL? - (GO)* ) a; = (a+)* ) ] S {17 e 7d}

Define the operators Y; (j € {1,---,d}) on H by
Vii=af +al+a; 3 je{l,-- d} (4.22)

Then the decomposition (4.22) is unique and the operators Y; commute on

the algebraic linear span of the H, if and only if the operators a;r, a?, a;
satisfy the following commutation relations on the same domain: for all

J,ke{l,---,d} such that j < k

[af,a]=0 (4.23)
[af, a;] + [al, ap] + [a] ,af] =0 (4.24)
[af, ap] + [a],af] =0 (4.25)

Proof. Clearly the operators a;r, a? are well defined on the algebraic linear

span of the H,, and leave this domain invariant. Given (4.22) one has, for
each j, k€ {1,--- ,d}:

0=[Y;.Yi] = [(a] +a} +a7),(af +ap +a;)] = (4.26)

= [af, af ]+

—l—[aj, aj] + [ag, af ]+
+Haf s a ]+ a5, a] + (a7, af]
+laj, ] + [a7, ay)
+lay, ag]

The mutual orthogonality of the Hj’s and the properties of the aj imply
that the commutativity of the Yjs, is equivalent the fact the expressions on
different rows of the right hand side of (4.26) are separately equal to zero.
Since the 5-th row is the adjoint of the first one and the 4-th row is equivalent
to the adjoint of the second one, the vanishing of all the rows is equivalent
to (4.23), (4.24), (4.25) for all j, k € {1,--- ,d}. But this is equivalent to the
validity of these relations for all j, k € {1,--- ,d} such that j < k because all
the relations are identically satisfied for j = k£ and, exchanging the roles of j
and k, the left hand sides of (4.23), (4.24) are transformed into its opposite
and that of (4.25) remains unaltered.

Finally the uniqueness of the decomposition (4.22) is established as in the
proof of Theorem 4.4.
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5 Orthogonal polynomials and symmetric interacting
Fock spaces

The notion of symmetric interacting Fock space is discussed in Appendix
10.5 below and in this section we will use freely the definitions and notations
of this appendix.

Theorem 5.1 Let ¢ be a state on P and let P = €, . P» its orthogonal
polynomial gradation. Denote, for n € N:

— (-, ), the restriction on P, of the pre-scalar product ( - , - ) induced
by ¢ on P;

- X, = aj + a? +a; (j € D) the quantum decomposition of the coordinate
X with respect to ¢;

—at v =3 puie; = af =Y pval € Lo(P,{ -, - )) the creation
mabp.

Then the pair

((Pﬂ7< N >n)n€N;a+) (5.1)

is a symmetric interacting Fock space with the following properties:

(i) The restriction on Pg of the pre-scalar product ( -, - ) is real valued
and there exists a family of gradation preserving self-adjoint operators a? :
POy — PPy (j € D) such that

a5(Pr-®) CPr-® ; e€{+,0,-},jeD (5.2)

and the coordinate operators X; mutually commute;
(ii) the vacuum vector ® of the IFS (5.1) (identified to the vector &5 € P- P,
) is cyclic for the polynomial algebra generated by the family (5.2).

Conversely, given a symmetric interacting Fock space on C¢

((75m< o >1Fs,n),&+>

and a family of gradation preserving operators &? (j € D) such that the

operators .
Xj:=af+a)+ (@) ; jeD (5.3)

commute and, denoting P, (resp. Pg) the % algebra (resp. real s algebra)
generated by the X conditions (i) and (ii) above are satisfied.

Then there exists a unique state ¢ on P characterized by the property that
for all maps n : D — N, denoting ® the vacuum vector of 75, one has:

P(XM X)) = (O, XM XY . Wng,...ng €N (5.4)

Moreover the expectation values (5.4) are real valued.
In particular, there is a symmetric IFS isomorphism (see Definition (10.9))

U : ((Pn7< Tyt )n),a+) - <(P”’< A >IFS’")’&+>



such that
U(Pr) = Pr (5.5)

X; =UafU+U*ayU + (U*afU)* (5.6)

is the quantum decomposition of the X; with respect to .

Proof. To prove the first statement of the Theorem, notice that Py is 1—
dimensional with the Euclidean scalar product, that a* is adjointable be-
cause of Lemma (4.6) and that the minimality condition of Definition (10.1)
follows from Lemma (4.8). Thus ((Pn, (-, - )n),a™) is an IFS. That it is
a symmetric IFS follows from Definition (10.9) and the commutativity of
the creators, established in section (4.4). Property (i) follows from the quan-
tum decomposition of the coordinates. Property (ii) holds by definition of P.

A

Conversely, let <(77n, (-, )iFsn)s d+) be a interacting Fock space on C% and

suppose that conditions (i) and (ii) above are satisfied in the sense specified
in the statement of the theorem. Then, since the operators

A

X;=al +d)+(a])* ; jeD (5.7)

are self-adjoint, hence property (i) implies that the complex x—algebra P
generated by them is commutative.
Since P is isomorphic to the free abelian x—algebra with identity and d self—
adjoint generators, there exists a x—algebra homomorphism 7 : P — P
characterized by the property that

(X)) =X;=ar +a+ @) ; jeD
Denoting ¢p the restriction of the Fock state (® -, - ®) on P, define the

state ¢ on P by
Y =@ppom (5.8)

Then (5.4) holds by construction.
Since the monomials are linearly independent in P, for any map n : D — N,

the map
Xt X dy = Xt X0

can be extended to a linear map U : P-®y — P-® which is onto by condition
(ii). (5.4) implies that this extension preserves scalar products, therefore U
is a unitary isomorphism of pre—Hilbert spaces. Moreover U satisfies

X; =U*(af +a)+ (a]))U = U*aj U+ U*ajU + U*(a} *)U
=Ua/U+U"a)U + (U*afU)*  ; jeD (5.9)

which implies

'Pn} :U*'ﬁn]U ; n €N

Therefore, since U is unitary,
Po=PoyNPy=UPr yUNUPU=UPU ; neN
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Denote X; = a;“ —l—a?—i— (aj)* the quantum decomposition of the X associated
to the state ¢ defined by (5.8). Then (5.9) implies that

Xj=af +a)+ (o)) =U*afU+ U QU + (U*alU)*

and the operators a; (resp. al) and U*a; U (resp. U*aU) are of degree
+1 (resp. 0) with respect to the same orthogonal gradation. From the
uniqueness of the quantum decomposition (see Theorem 4.9) we conclude
that

+ st .0 A0 .
aj =U"a;U 5 a;=U"a;U ; jeD

Thus U is an isomorphism of IFS. Since the X; commute, we know from
Theorem (4.9) that the operators a;” mutually commute so that the TFS is
symmetric (see Definition 10.9).

Theorem (5.1) motivates the following definition.

Definition 5.2 Let <(75n,< . >1Fg,n),d+) be an interacting Fock space
on C¢. A family of gradation preserving self-adjoint operators ag P, — P,
(j € D) is said to define a 3—diagonal structure on ((7571, (-, - )IFsn); &*)

if the operators X, defined by (5.2), satisfy conditions (i) and (ii) of the
second part of Theorem (5.1).

Remark. From the Remark after Theorem 5.1 it follows that an interacting
Fock space with a 3-diagonal structure is necessarily symmetric. Therefore,
by Lemma 10.10, we can identify it, up to isomorphism, to its symmetric
tensor representation (see Lemma 10.10).

Remark. The assignment of a gradation preserving self-adjoint operator
aj : P — P (j € D) is equivalent to the assignment of a sequence of self-
adjoint operators

ag‘n : P, — Pn (n€N).

Definition 5.3 Let be given a finite dimensional vector space V', and a

sequence
Q% := (Q9), inductively defined as in Theorem 10.11.

Let D(V,Q) := (VO (-, - ),),€*) be the symmetric IFS on V associated
to the pair (V , (Q9)) according to Theorem 10.11 and let, for each n € N
and j € D,

a?‘n : (V®”,( cy ) = (VO (-2 ),) be a sequence of self-adjoint
operators.

The pair (QF (a?ln)) is said to induce a 3-diagonal structure on I'(V,Q),
if the family of gradation preserving self-adjoint operators a} : I'(V, Q) —
I'(V,Q) (j € D) is a 3-diagonal structure on I'(V, Q) in the sense of Definition

5.2.
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Theorem 5.4 In the notations of Theorem 5.1 and of Definition 5.3, any
state ¢ on P uniquely defines a pair (Q% | (a?ln)) that induces a 3-diagonal
structure on T'(V, Q).

Conversely, any pair (Q® , (a%n)) that induces a 3-diagonal structure on

I'(V, Q%) uniquely defines a state ¢ on P.

Proof. Both statements are immediate consequences of the corresponding
statements in Theorem 5.1.

Remark. Theorem 5.4 implies that the (standard) interacting Fock spaces

on C? of the form ~ X
(v, (0 05.) 0] (5.10)

with a 3-diagonal structure provide a universal model for the theory of or-
thogonal polynomials in d variables.

Remark. From section 4.4 we know that the operators (5.2) commute if
and only if the relations (4.23), (4.24), (4.25) hold. On the other hand from
Theorem 10.8 we know that IFS on C? are characterized by sequences of PD
kernels on C¢ and, from the identity (10.26) we know that these PD kernels
have the form a~ (u)at(v) (u,v € C?) Since products of this form appear in
the commutators in (4.23), (4.24), (4.25), it follows that these commutation
relations create constraints between the kernels defining the scalar products
in the IFS and the operators a(])-. In the following section we will investigate
these constraints.

6 Implications of the commutation relations

With the notations (4.7), (4.8), (4.9), the tri-diagonal relation (4.6) takes
the form

XiP, = af, +aj, +ag, VieD,VneN

iln
or equivalently, due to Lemma 4.6

a/j+|n = X;P, — Ggm - (a;rm_ﬂ* ; VieD,VneN (6.1)

This can be interpreted as an inductive relation that, given aﬁnfl (j € D),

the scalar product on P, and a?ln’ uniquely defines a;n. Notice that, if ag.)‘n
is chosen to be a pre-Hilbert space operator, in particular mapping zero
norm vectors into zero norm vectors, and if it maps real vectors in P, into

real vectors, then a;r‘n_l will have the same properties because X; has these
properties and (a;r‘nfl)* has these properties by the induction construction.
In this section we will establish the constraints, imposed by the commutation
relations, on the objects that define the induction relation, namely the aj‘n_l
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(7 € D), the scalar product on P,, and the a?‘n.
Remark. Recall that, if A is an adjointable operator on a pre—Hilbert space,
then its real and imaginary parts are defined by

1 1
A= Q(A + A") + §(A — A*) =: Re(A) 4 ilm(A) (6.2)
Similarly, for any PD kernel Q one has

Q(ejv ek‘)* = Q(ek’ ej)

therefore

s, ) = 5((Uessen)) + e, 0)’) + 3(Des,en) = es,en)) (63
= S (92, ex))+0er )45 (e )~ ers €5)) = e ex) + (e, e0)
with

QR(ej7 €k) = QR(ek, €j) = QR(eja ek)* ; _Ql(eja ek:) = Ql(eka €j) = Ql(eja ek)*

Thus any PD kernel €, is the sum of a symmetric kernel and a symplectic
kernel.

In this section we will use the notations (4.7), (4.8), (4.9) and in the following
(€2,,) will denote the sequence of positive definite (PD) kernels defined by
Qp=1€C and

Qnri(ey, ep) == (ajln)*a,j‘n ; VYneN, VjkeD (6.4)

Since the operators aan map real polynomials into real polynomials, it follows

that also the operators €2, have this property. By linearity this is equivalent
to say that the aan map maps real vectors in P, into real vectors.

Lemma 6.1 The commutation relations (4.24), i.e.

[0, a1 + laF, ax] + [aj, @] =0 (6.5)

are equivalent to . B
Ql<€j7 ek) = Ql(ek, €j) eR (66)
Im(Q 11 (ej, ex)) = Im(a;'n_l(aj'n_l)*) +Im(ag,al,) ;3 Yn>1 (6.7)

for all j,k € D such that j < k and all n € N.

Proof. For j, k and n as in the statement, the commutation relation (4.24)
1s

[}, a;]+[a), apl+[a; , a)f] = 0 & [afa), —a;, af |+[a)a)—alal]+[a; af —afa;] = 0 &
& (a)af — (af)'af = afa; —afa; + aga) — ddaj (6.8)



These are identically satisfied for j = k£ and, exchanging j and k, one finds
an equivalent relation. Therefore it is sufficient to consider the case j < k.
On Py, (6.8) is equivalent to:

F\* o+ N Y + - 0,0 0,0
(aj )"ag ®o — (a; ) a; o = aj a; Do — aj ay o + aga; Py — aja; o

& (af) af Py — (af ) a; @y =0

Recalling (6.4) the above identity becomes

Qi (e, er)Po — Qi (ex, ;)P

and, since Ql(ej, er) maps C - ®q into itself, the above identity is equivalent
(up to obvious identifications) to

Qi(ej,ex) = Qulex,e5) €C

and from condition (5.2) and the identity

Quri(egren)” = (&) af)in)" = (@) @ )n = Qusa(er, ;)
it follows that € (e;, ;) € R. This proves (6.6). Let n > 0. From
(ag)"a; = ((a])"ay)”
one deduces that for any &,,7n, € P,
(@) &n,mn)n = (&ns (@) @i ma)n < ()"0 ) = (((a])"a)jn)"

Therefore the identity (6.8), restricted to P, is equivalent to the fact that,
for each n € N and each j € D,
+

(ajﬁn)*akﬁn - <ak|n)*a;r\n = aan—la

e - 0 0 _ 0 0
i = G 1O Q@ — @y, (6.9)

or equivalently

Qn+1(€j, ek)—QnH(@j, €k)* = Qn—l—l(ej; €k)—Qn+1(€k, 6j) = 2i1m<Qn+1(€j7 6k)) =
(6.10)

= ( Z_a;)ln - (afai)\n + (aza?)ln - (agag)\n

Now notice that for any &,,7, € P,

+o— — o+ Y
Qg @5 M = Q@1 T = ak|n71(aj|nfl) T

le.
ooy ot Nt +
(ay; a; )n = ak\n71<aj|n71) = (&j|nfl(ak\nfl>*)*
Since the af preserve the gradation and are self-adjoint, (aya}), = a3),a3,,
therefore (6.10) becomes

2iIm(Q 1 (5, ex)) = (aga; )n — (a7 @ ) + (ax6])in — (ajay),  (6.11)
= a’;\n—1<a;_|n—1)* - a’;—\n—l(al—;n—l)* + a(k):\na?ln - (ajo\n)*a’(li\n
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= aan—l(a‘;ﬁn—l)* - (a];;n—1<a/;>|n—l)*)* + ag\na’?\n - (a’z‘na’?‘n)*

_ QZIm(ak\n 1(a+ )*) + 2iIm(a2|na2|n)

jln—1

and this is equivalent to (6.7).

Remark. Lemma 6.1 implies that the commutation relations (4.24), asso-
ciated to a state on P, inductively fix the symplectic parts of the kernels
Q,41. Since, adding a symplectic kernel to any PD kernel, one still obtains
a PD kernel, fixing the imaginary part of a PD kernel leaves its symmetric
part completely arbitrary up to the conditions of positive—definiteness and
of preservation of the real structure.

Lemma 6.2 The commutation relations (4.25), i.e
[af,ap] + [a),af] =0 (6.12)
are equivalent to

0 + _ 0 + _ 4+ 0 _ o+ 0
@10~ ka1 % = O Qi — O, Okl (6.13)

for all 5,k € D such that j < k and all n € N.

Proof. The commutation relations (6.12) are identically satisfied for j = k
and, exchanging j and k, one finds an equivalent relation. Therefore it is
sufficient to consider the case j < k. In this case, with arguments similar to
those used in the proof of Lemma (6.1), one shows that (6.12) is equivalent
to

+ _ o+

+ 0_
a]ak—aka + a! jan —apa; =0

& (afad)p — (@) + (@) — (@fa))p =0 ; VYneN
+ 0 __
= aj|nak|n - akln-i-laj\n + aj\n+1ak|n = i in = 0

0 + 0 + _ 4+ 0 _ 4+ 0
= Q1B ~ Ckin+1%n = Qg Liln — Q1 Dkjn
that is (6.13).

Remark. Since the inductive form of the creators is uniquely determined by
condition (6.1), the identity (6.13) can be interpreted as a necessary condition
to be satisfied by the a’ jln+1 Once given the a’ iln (j € D). Notice that the
inductive system of equations (6.13) always admits the zero solution given

by the sequence
. =0 VieD,VneN (6.14)

jln

Lemma 6.3 The commutation relations (4.23) (commutativity of creators)
are equivalent to the following identities

a2|n+1a;n—a9‘n+laan Xka]‘n X ak|n+211m(ak‘n 1(a;"n_l)*)vLQiIm(aZ‘na?‘n)
(6.15)
for all j,k € D such that j < k and all n € N.
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Proof. The commutativity of creators is identically satisfied for j = k
and, exchanging j and k, one finds the same relation up to a common sign.
Therefore it is sufficient to consider the case j < k.

Due to (6.1), the commutativity of creators is equivalent to

+o+ ot + +p _ o+t +o+ o+ + . :
ajap =apa; < aja Py, =aga; P, <~ a5 Qg = O 1@ VieD,VneN

Using the quantum decomposition of the X this becomes equivalent to

(Xj = aj = (a}))af}, = X1 — Qprr — (af),))a)),

o 0 N + 0 Fo (VT
— XJak|n aj|n+1ak\n (aj\n) ak|n - Xkaj|n ak|n+1aj|n <ak|n) aj\n

0 + 0 + _ + oy + oy o+ + oyt
= Q1) — Gl Gy, = Xiag, — Xjag, + (aj;,) (af,.)

iln) ein ™ \kin) Ljjn
0 + 0 + + ot ; C A
= G105, — G G = X005, — Xjay, + 2i1Im (2,41 (e, ex))
Using (6.7) this becomes
0 + 0 + oot 19 + + V1o 0 0
U191, — W gy = Xk Xjak|n+211m(ak‘n_1(a )*)+2iIm(ag,,a;),)

jln jln—1

which is equivalent to (6.15).

Lemma 6.4 The linear system in the unknowns (ag‘n), given by equations
(6.13), (6.15), i.c.

0 ot g0 gt gt g0 gt g0
ak‘naﬂ”—l aj‘nak\n—l - aj\n—lak\nfl ak|n_1aj|n,1 (616)
0 * —aY + = + _ Y., : + + * . 0 0
el in—1 Y n D1 = Xkaj‘n_1 Xjakln_1+221m(ak‘n_2(aj‘n_Q) )+221m(ak|n—laj|n—1)

(6.17)
(j,k € D, j < k) is equivalent to the single linear system given by (6.16).

Proof. Since the left hand sides of (6.16) and (6.17) are equal, the same
must be true for the right hand sides, therefore one must have

a;r‘n_lagm_l—a;'n_la?m_l = Xkaj‘n_l—Xjagln_1+2ilm(a;rln_2(a;n_z)*)—I—Qilm(agm_la?m_l)
(6.18)

Conversely, if (6.18) holds, then also the right hand sides of (6.16) and (6.17)

are equal, hence the system (6.16), (6.17) is equivalent to the single system

(6.16).

Now notice that right hand side of (6.18) is equal to

Xka;rm—l - Xja’;\n—l + 2i1m(az_|n—2(a;ﬁn—2)*) + 2i1m(a2\n71a?\nfl) =

Xk(len—l - a?ln—l - (a}k\nq)*) - Xj(Xklnfl B agln—l - (azlnﬂ)*)
+2ilm(af, ,(ad, ,)") + 2ilm(ag, a3, ;)
= X Xjin-1 = X1 = Xi(aj, 5)"
— X Xkjn—1+ Xjag\nq + Xj(aan_ﬁ*

31



+2itm(a, (), 5)") + 2itm (el 10, )

= X; (ak|n 2) Xk( ]\n 2) +Xja’2|n71_Xka2|n71+2ﬂm(a;r|n—2(a;r\n—2>*)+2i1m(a2\nfla2\n71)

With similar arguments, the left hand side of (6.18) is equal to

aj+|n—1a2|nfl - aan—ﬂ?\n—l
= (lenfl - a2|n—1 - (a;ﬁn72>*)a2|n—l - (Xklnfl - a2|n—1 - (aﬁn,Q)*)a?MA
j|n*1a2\n—1_a?\n—lazm—l_(a;_\nfz)*ag\n—l_Xk|n*1a?\n—1+a2\n—1a?|n—l+(aanfz)*a?m—l
j|n*1a2\n—1_Xk\nfla?\n—l+a2|n—1a2|n—l_a?|n—1a2|n—1+(a2—|n72)*agm—l_(a;n72)*a2|n—l
Therefore the identity (6.18) holds iff

0 0 0 0 0 0 + * 0 T * 0
Xj\nflakm—l_Xk\nflaﬂn—l+ak|n—1aj|n—1_aj|n—1ak|n—1+(ak|n72) Ajin—1 —(a j|n72) Akn—1

=X, (akm o) =X (a . o) —|—Xja2|n71—Xka%n,l—l—%lm(a;rln 2(a;r‘n 2)*)+22’Im(ag‘nfla2‘nfl)
< +2i1m(ak‘nila2|nil) + <a/€+|n—2)* ?|n 1 ( ;]n_Q)*a%n 1
= X; (akm o) — Xi(af aj, )" +2iIm(az‘n_2(a;‘n_2) ) + 2iIm(ay), a3, )
Thus, using the quantum decomposition, the identity (6.18) can be re—

written in the form
(@) @51 = (0} 0) s = X (@}, o) = Xi(aj), o) +2iIm(af, »(a), 5)")
jln*Q(aan 2)" = Xijn—a(aj) iin—2)" +221m(ak|n 2 j|n 2)")
= (00T ot (a5, 3) ) (@) 0) = (@), oot (0, _5) ") (]}, o) +2iIm(a, 5(a}, ,)")
= @, (], )" + Qna(a, o) + (0], o) (af}, 5)"

_ + 0 + + : + +
= aj\n—z(ak\n—z)*+“j\n—2(ak\n—z)* akz|n 2( jln—2 *_akln 2(a j|n—2)*+2llm(akz|n—2(aj\n—Z)*)
+ + + + at : + +

@l Q(Gk\n 2)*_a’kz|n 2(aj\n o) +ayln Z(Gk\n 2 *_akln—2( jln— 2)*+2llm(a’kz|n—2(aj\n—2>*)

)
)

= 2ilm(a}), ,(a), ,)" )‘f'%\n 2(ak|n 2) ak\n 2(a), )" +2Z1m(ak\n 2(a)},0)")
o

+
or equivalently:

(a’;:‘n—Q)* ?\n 1 ( ;‘Tn—2>*a’2‘nfl = a’?|n72<a’;:‘n—2>* - a’2|n72(a’;n—2)* (619)

Taking the adjoint of the identity

() ay — (af ) ay = a5(a))" — ag(a))"

one finds

0, + 0+ _ +.0_ _+0

Restricting to P,,_; one obtains
o 4+ 0 .+  _ + 0 o+ 0
@jinhln—1 — UnDjjn—1 = Cjn-1%n—1 — Ljjp—1%%k|n—1

which gives the adjoint of (6.19). Since this is equivalent to (6.16), we con-
clude that the identity (6.18) holds if and only if (6.16) holds. This proves
the statement.
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Lemma 6.5 The inductive system of equations (6.13), (6.15) in the un-
knowns a2|n, always admit the zero solution, given by the sequence

0 =0 ; VjeD,vVneN (6.20)

@jin

Proof. If a) = 0, (6.13) is identically satisfied. Therefore the result follows
from Lemma 6.4.

7 The reconstruction theorem
7.1 3—diagonal decompositions of P

The goal of the present section is to abstract, from a given orthogonal grada-
tion, a minimal set of characteristics that allow an inductive reconstruction
of this gradation.

For two pre-Hilbert spaces H and K, we denote L,(H,K) the s—algebra of
all adjointable linear operators from #H to K (see Appendix 9).

Recall that (e;);ep is the canonical basis of C? and that we use the notation
ajp = a;|k : jeD,ee{+,0,—}

Definition 7.1 For n € N*, a 3—diagonal decomposition of P, is defined
by:

(i) a vector space direct sum decomposition of P,

Py= > Pu i Vke{01...,n} (7.1)
he{0,k}
such that each Py is monic,

(ii) foreach k € {0,1,...,n}, apre-scalar product ( -, - ) on Py, such that,
denoting ( -, - ), the unique scalar product on P, characterized by the
conditions that the vector space decompositions (7.1) are orthogonal for
the restriction of ( -, - ), on each Py:

Pyu= @ P i Vke{ol,....n} (7.2)

and for all k € {0,1,...,n}

<"'>n}

L=l (73)

the restrictions of the operators X, on P,_j are symmetric:

<Xej§777>n} - <§7Xejn>n] ) 5777 € Pn—l] ) j Sy (74)
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(iii) two families of pre-Hilbert space linear maps (see Appendix 9 for the

notations)

0 € Lal(Po (- D) Pt () 5 R E{0,1,.. n—1)
(7.5)

a2j|k€£a((73ka<'a i)y P (5 - k) ; ke{0,1,...,n—1}
(7.6)

J € D, such that:

(iii.1) for all k € {1,...,n — 1} and j € D, a2j|k is self-adjoint in the pre-
Hilbert space sense;

(iii.2) the following identity is satisfied:
Xk = a:]_|k +ag, tazy + ke{0l,....n—1},j€D (7.7)
with the convention that a:jl_l =0, and

ae_j|k = (a:;_‘k_l)* . (Pk,<', >k)_> (Pk_1,<', '>k:—1) ) ke {0,1,...,71—1}
(7.8)
where (ajj| ._1)" denotes, when no confusion is possible, the pre-Hilbert space

adjoint of a;_'k_l.

iii.3) The operators a™,,, a° , satisfy the commutation relations (6.6), (6.7),
ejlk> Tejlk
(6.13), (6.15), (??7) .

Remark.

1) In the following, if no confusion can arise, we will simply say that

(e o, @)D @) oo

is a 3-diagonal decomposition of P,.

2) Note that a priori all the objects defining a 3-diagonal decomposition of P, may
depend on n € N.

Definition 7.2 (i) A 3-diagonal decomposition of P,

(im0 )

is called an extension of a 3—diagonal decomposition of P,

{(Pk(n) (e >n7k>::0 , <an |k(n)>:; 7 (ao. |k(”))::(1)}
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if, in obvious notations

Pk(n) = Pk(n—i—l) ; Vk & {0, ,n}
< " '>n+H P = <'> '>n]
a’. (n+1) = a’. w(n) ; Vke{0,---,n}
at lk(n—l—l):af (1) ; Vke{0,---,n—1}

(ii) A 3—diagonal decomposition of P is a sequence of 3—diagonal decompositions

k=0 k=0

Dui= { (P (b)) ) s nen

such that, for each n € N, D, is an extension of D,,. In this case one simply writes

{CARES RO

Remark. Any 3-diagonal decomposition of P, induces, by restriction, a 3-diagonal
decomposition of Py for any k < n.

The following Theorem motivates the introduction of the notion of 3-diagonal decom-
position given above.

Theorem 7.3 Every state ¢ on P uniquely defines a 3-diagonal decomposition of P.
Conversely, given a 3—-diagonal decomposition of P, there exists a unique state p on P
such that the 3—-diagonal decomposition of P, associated to ¢ according to the first part
of the theorem, is the given one.

Proor. If the pre-scalar product on P is induced by a state ¢ on P, then by
Lemma 2.4 the operators of multiplication by the coordinates are symmetric for this
pre-scalar product and the quantum decompositions of the random variables X; (i € D)
constructed in section 4 provide a 3—diagonal decomposition of P. The uniqueness of
the quantum decomposition implies the uniqueness of the corresponding 3—diagonal de-
composition of P.

Conversely, let be given a 3—diagonal decomposition of P and denote ( -, - ) the pre-
scalar product induced by it on P. Then, by condition (ii) of Definition 7.1 and condition
(ii) of Definition 7.2, for each n € N, the restriction of the operator X, (j € D) on P,_y

is symmetric with respect to the restriction of ( -, - ) on P,_y. Since J ey Py = P,
the operators X, are (-, - )-symmetric on P.

Lemma 2.4 then implies that the pre-scalar product on P is induced by some state ¢
on P and this concludes the proof. |
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7.2 Structure of 3—diagonal decompositions of P

Having established the equivalence between 3-diagonal decomposition of P and or-
thogonal gradations induced by states on P, our next goal is to produce a characteri-
zation of the 3-diagonal decomposition of P. As a first step towards this goal in this
section we discuss the following problem:
giwen a 3-diagonal decomposition of Py, classify all its possible extensions in the sense

of Definition 7.2.

Lemma 7.4 Let, for n € N*,

P o)l (@), @) 711

be a 3-diagonal decomposition of Py (see (7.9)). Any 3-diagonal extension of (7.11)
defines a pair

(Qn+1 s a,O. |n> (712)
with the following properties:
(i) a° |, is a linear map
a’ |, ve C* Ay € La(Pry (-5 - )n) (7.13)
such that:
— for all v € R, a2|n is a self-adjoint operator on the pre-Hilbert space (P, , (-, - )n);

(ii) For each n € N a L,((P,,{ -, -)n)—valued positive definite kernel on C¢, denoted
Q,,, mapping real vectors onto real vectors and such that Qy = 1, Q; is arbitrary and,
for n > 1 the pair 3

(()nen » @gpnjep)
is a solution of the joint system of inductive equations (6.6), (6.7), (6.13) and (6.15)
where the aj are defined by (6.1) and the (a},)* by the right hand side of (10.20).

Conversely any pair of the form (7.12), satisfying conditions (i) and (ii) above, defines
a 3—diagonal decomposition of P.

PRrROOF. Definition 7.1 implies that any 3-diagonal decompositions of P, ex-
tending the given one determines a pair (7.12) with a selfadjoint operator a° In and with

positive definite kernel (€2,(e;, ep,)) defined by

Quiilej en) =a, ar €Ly (P, (-, )n) : jheD, neN

ejln"ep|n

Lemma 6.1 implies that the €, satisfy conditions (6.6), (6.7); Lemma 6.2 implies that
the ag‘n .1 satisfy condition (6.13); Lemma 6.3 implies that the a?m .1 satisfy condition
(6.15). Therefore properties (i) and (ii) above are satisfied.
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Conversely, given n € N*, the 3-diagonal decomposition (7.11) of P, and a pair of
the form (7.12), satisfying conditions (i) and (ii) above, define for each j € D the linear
maps

a;m : Pn — Py (7.14)

by the condition
a,+ = X] — a/(e)j‘n - (a;:‘n_l)* (715)

eiln Pa

and let P,,.1 be the vector space constructed in Lemma 4.8 with the choices

0 0 — ey _ + *
Aej|n+1 T aej|n+1 and Aej|n+1 T aej\n+1 - (aejln)

That P, is a monic sub-space of P,y follows from Lemma 4.8. This proves that
condition (i) of Definition 7.1 is satisfied.

Let ( -, -)nt1 be the pre-scalar product on P, 1, induced by the positive definite

kernel (€2,,+1(ej, es)) through the identity:

Z <a:j|nfj7a:h|n77h> = Z (& Qiilej, en)mn o &,mn € Pa

J,h€D j,hED

and let £ € P, be a zero norm vector. Then for each 7 € D and £ € P,

Ha;|n§|li+l - <a’:;-|n§7 a;h|n§>n+1 = <€7 Qn-l-l(ejv eh)€>” =0

Thus the operators a:j

Let us prove that for each j € {1,---,d}, the restriction on P, of the multiplication
operator by X, is symmetric, i.e. that for each £, n € Py, one has

<Xej£777>n+1] = <£7Xej77>n+1} (716)

From (7.15) we know that

i ATe pre—Hilbert space operators.

afp, +ad, + ()" = Xep (7.17)

ejln

where the restriction is meant in the sense of right multiplication by the projection onto
P.., so that both sides are zero outside P,. This implies in particular that, for each
k<n

Xejlk : Pr = Prt1 ® P © P

If both &, 7 € P,_q), then the identity (7.16) is reduced to the identity

<X€j€7 n)n] = <€7 Xeﬂ7>n}

which holds because (7.4) is a 3-diagonal decomposition of P,;.
Therefore it is sufficient to consider the case in which £, € P, ® P,_1.
By symmetry the problem is reduced to the two cases:

nEPn_l ; gepn

ne P ; §€P,
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Casel :neP,1; EEP,.
Using the mutual orthogonality of the spaces Py for k < n + 1, one finds:

<Xej§777>n+1] = <€7Xej7]>n+1} g
< <(a:j\n T agjln t (a:jln—l)*)g’ Mn+1] = (€, (a;m—l + agj\nfl + (a:j|n—2)*)n>n+1]
= <a;;|n§’ 77>n+1] + <a2j|n§, 77>n+1] + <<CL;|”_1)*£’ 77>n+1] =
= (¢, a:j|nf177>n+1} + (¢, agj‘n_177>n+1} + (¢, (a:jmﬂ)*n)nﬂ}
At <(a:j|n_1)*§ﬂ7>n4 = (f,a:jm_lmn
that is identically satisfied because (7.4) is a 3-diagonal decomposition of P,;.
Case2:neP,; E€P,
<X€j€7 77>n+1] - <€, X6j77>n+1} p—-

& (] @+ (@5, )6 M = (€ (0, + i+ (@) o

ejln
= <a;;|n§777>n+1] + a1, Mngn) + <<ae+j|n_1)*fv77>n+1] =
- <£7 a:j‘nn>n+1} + <€a a’gj\nn>n+1} + <€a (a’:;\nfl)*n>n+1}

< <a(e)j\n£> 7)>n = < 7a2j|n7]>n

that is identically satisfied because, by assumption, ag]-m is self-adjoint for the ( -, - ),—

scalar product. Therefore the restriction on Py, of the multiplication operator by X,
is symmetric, i.e. condition (ii) of Definition (7.1) is satisfied.

The linear maps (a° in 1) are self-adjoint for the pre-scalar product ( -, -),41 be-
cause of assumption (i). This is equivalent to condition (iii.1) of Definition (7.1).

(7.15) implies that condition (iii.2) of Definition (7.1) is satisfied.

Finally condition (iii.3) of the same Definition is satisfied because of Condition (ii).
In conclusion: for any choice of the pair (7.12), satisfying conditions (i) and (ii)

above, the triple
n+1 n—1 n—1
{<Pk SRR >k>k;:0 ’ (aﬂk)k:o ’ (a9|k)k0}

is a 3-diagonal decomposition of P, 1] extending the given one (7.11). This concludes
the proof. |
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8 The d—dimensional Favard Lemma

We have seen that the d—dimensional analogue of the principal Jacobi sequence (wy,)
of a state on P is the sequence of positive definite kernels (€,,) and the d-dimensional
analogue of the secondary Jacobi sequence (a,) is the set of sequences of self-adjoint
operators (a?‘n) (j € D) (in this section we often use the notation a5, = ag |, for
e € {+,0,—}, j € D). In the 1-dimensional case, the (w,) have the only constraint
wp =0 = wy.x = 0, while the («,) are arbitrary real numbers. In the d-dimensional
case we have seen in section 6 that the commutation relations impose constraints both
on the (Q,) and on the (ag‘n) ( € D). Fortunately, when written in inductive form,
these constraints, turn out to be linear. In order to obtain the inductive formulation of
the d—dimensional extension Favard Lemma we introduce the following definition, that
expresses in a precise way the basic idea of these inductive relations, namely that: given
the a;n_l (j € D) and the scalar product on P,, one chooses the ag‘n, compatibly with
the linear constraints and this uniquely defines the a;n. The choice of the aj‘n uniquely

defines the vector space P,.; and, since the imaginary part of the kernel (£2,,1) is
uniquely determined by the constraints, its real part is only subjected to the constraints
of positive—definitness and of mapping real vectors of P,, into real vectors.

Definition 8.1 Given a linear basis (e;) of R?, a recursive 3—diagonal structure on
P with respect to the basis (e;) is defined by the following procedure.
(i) Define the vector sub—space with real structure

P() =C- (I)() = (R S ZR) : (I)O = PR,O+iPR,O

and the scalar product ( -, - )o on it uniquely determined by the condition ||®y] := 1.
(ii) For each j € D, choose arbitarily a self-adjoint operator

a;‘)\OZ(IPO’< ) '>0)_>(P07< R >0)
i.e. a real number aj, € R characterized by af,® =: @,Po.
(iii) For each j € D, define the linear operator a;ﬁo : Py — Py by

+ 0

and the vector spaces
Pra = R-lin-span of {a;“|077370 1 j € D} = R-lin-span of {X; —aJ,® : j € D} (8.1)
P; := C-lin—span of {aﬁOPRp :j €D} ="Ppr1+iPra (8.2)
(iv) Choose arbitrarily an L, ((Po,( -, - )o))-valued positive definite kernel Qpr, on
C? = R? @ iR? such that, for any u,v € R% Qg(u,v) maps real vectors of P, into
real vectors. Equivalently, choose arbitrarily a pre-scalar product on Py, real-valued on
Pra. Define ©y := Qp; and the pre-scalar product ( -, - ); on Py, by

(a®o, 4o o)1 := (Po, (e, ex)Bo)o

(iv) Having defined, for 2 < k < n, the pre-Hilbert space (P, ( -, - )x) with real
structure P, = Pryi + iPry, the linear operators aﬁnfl : Pn_1 — P,, and the self-

adjoint operators af, ; : (Prn-1,( * Ja-1) = (Pra-1,{ -, - Ja—1) (j € D), choose
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arbitrarily a self-adjoint solution @}, : (Pru, (-, = )n) = (Prn, (- * )n) (j € D) of
the linear system

0+ 0+  _ + 0 + 0
aM”aﬂn—l-_-aﬂ"aMn—l'_'aﬂn—lakmfﬂ,_’amn_laﬂnfl (8.3)
for all j,k € D such that j < k (such solutions exist by Lemma 6.5).
(v) Define the linear operator

+ 0

—(aj, )"+ Pa—=P
and the vector spaces
Prn+1 = R-lin-span of {aj'n’PR,n : j€ D} (8.4)

Ppi1 := C-lin—span of {a;r‘nPRm : J €D} =Prpt1 +iPrun1 (8.5)

(vi) Choose arbitrarily an £, ((Pn, (-, - ),))-valued positive definite kernel Qg 11 on

C? = RY@iR? such that, for any u,v € RY Qg,.11(u,v) maps Pg,, into itself and define

Qui1(ej, ex) by:

Quii(ejrex) = Qrnaa (e, ) +Im(af,  (af,_))7) + Im((ap),)af),) (8.6)
and the pre-scalar product ( -, - ),41 on P41 by:
<aﬁb€naaaonn>n+l:::<€n>§)1(6jvek)nn>0 ) Eny M € Pr

(vii) Having defined the pre-Hilbert space (P41, ( -, - )nt1) With real structure P,4; =
Prn+1 +1Pryt1, the aj‘n and the a?‘n (7 € D), one can iterate the construction of item
(iv) above.

Theorem 8.2 (d-dimensional Favard Lemma ) For any linear basis (e;) of R?, there is
a one-to—one correspondence between states on P and recursive 3—-diagonal structures
on P with respect to the basis (e;).

Remark Since, by adding an arbitrary symplectic kernel to a positive definite kernel,
the result is still a positive definite kernel, equation (8.6) does not introduce additional
constraints on the Qg ,41.

PrOOF. Necessity. Let ¢ be a state on P. From the results in section 6, it follows
that the 3-diagonal decomposition of P associated to the pair (P , ¢) according to
Theorem 7.3, defines a recursive 3—diagonal structure on P with respect to the basis

(€))-

Sufficiency. Given a recursive 3-diagonal structure on P with respect to the basis (e;),

denote
{(7%, (o) s (a.ﬂk) : (a%k)} (8.7)

keN
the 3-diagonal decomposition of P associtated to it, i.e.

+ + . 0 ._ 0 ) — (o
a,.—g a’, : a,.—E a. |, : a” = (a")

neN neN
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Then the commutation relations (6.13) are satisfied because of (8.3) and Lemma 6.2.
The commutation relations (6.15) are satisfied because of (6.17), Lemma (6.4) and
Lemma 6.3.

The commutation relations (6.7) are satisfied because of (8.6), Lemma 6.1 and the re-
mark following it. Since the 3-diagonal decomposition (8.7) is uniquely defined by the
recursive 3—diagonal structure, it follows that the same is true for the unique state on
P defined by it according to Theorem 7.3. This proves the statement. |

9 Appendix: Orthogonal projectors and adjoints on pre—Hilbert
spaces

Definition 9.1 We use the following terminology:

A pre—scalar product on a vector space V' is a non identically zero positive definite
Hermitean form on V.

A scalar product on a vector space V' is a non-degenerate pre—scalar product on V.
A pre-Hilbert space is a vector space equipped with a pre-scalar product.

A Hilbert space is a vector space equipped with a scalar product and complete with
respect to the topology induced by it.

Let (H,{ -, , -, )») and (K,{ -, , -, )x), be two pre-Hilbert spaces. In the following,
when no confusion is possible, we will omit the label from the two scalar products.
L.(H, ) denotes the space of all adjointable linear operators from H to K.

By definition, A € £,(#,K) if and only if:

— A is a linear operator operator everywhere defined on H;

— A maps zero norm vectors of H into zero norm vectors of KC;

— there exists a linear operator A* : L — H such that

(Ah k) = (h, A"k)yy  ©  YheM Vkek

In this case A* is called an adjoint of A and A is called self-adjoint if A = A* for some
choice of A*.

Remark. If A* and A" are two adjoints of A, then the range of the operator A™ — A*
is contained in the zero—norm sub—space because

(A* — Ak, h) = (k, Ah) — (k,Ah) =0 ; VYheH, K Vkek

Lemma 9.2 Let H be a pre—Hilbert space and let K be a finite dimensional sub—space
of H. Denote Ky the sub—space of the zero-norm vectors in K.

Then, for any choice of:

— a linear complement H; of g in H,

— a linear complement Ky of Ny in IC,

— a linear complement Ky ; of K N Ky in Ko,

there exists a self-adjoint projection P from H onto .

If H}, K, K} are other choices of the above mentioned complements then, denoting P-
the orthogonal projection onto IC, defined by the first part of the theorem, the range of
P — Py is contained in the zero norm sub-space of H.
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If K4 has an orthogonal basis B and H a linear basis C' such that the scalar products
of elements of B with elements of C' are real, then the projection P can be chosen so
that the real linear span of C' is mapped onto the real linear span of B.

ProoOF. The assumptions imply the decompositions
H=KNK) & Ko1 & Ha ; K=(K,NnK) & K (9.1)

that are orthogonal because Ky is orthogonal to all vectors. Let (k;);ep,, D1 a finite set,
be a linear basis of IC;. Since by assumption Ky N K; = {0}, the ortho—normalization
procedure can be applied to the set (k;);ep, leading to an ortho-normal basis (e;),ep,
of K. Any vector h € H can be written in a unique way as

h=hy+ k’o + k?071 with h; € Hy , k?() € (ICO N IC) , ]{?0,1 € ICO,l

The linear map defined by
Pe(h) == (ej,h)es+ ko= D (ej, hn)e; + ko (9.2)
Jj€D1 JjeD1
is clearly a pre—Hilbert space projection from H onto K and
(P(h), W'y = {ej.ha){e; + ko, by = > {ej,ha){ej, b') = (h, Pe(I))
j€D: je€Dy

Therefore Py is self-adjoint. By inspection from (9.2) it follows that Py does not depend
on the choice of the ortho—normal basis (e;) of K.

Let Hj, K, Ki, be as in the statement of theorem. Then any vector h € H has two
decompositions

h:h1+k0+k0,1:ha+k6+k6’1 ; hleH,kiEICll,ko,kéEKo,kojl,ké,IEKo,l

hence h; differs from A/ by a zero norm vector. A similar argument shows that, for each
ej in the basis (e;) of Ky, there exists ko ; € Ko N K and € € K} such that

— 4
ej = e; + ko

The ¢} are clearly orthonormal and they are a basis of K} because it has the same
(finite) dimension as ;. Moreover one has

Plc(h) + k‘[) = Z <€j, h)ej = Z <€; + k(]’j, h1>(€; + koyj)

jeDy Jje€D1

= Z (e;», h)(e;-, h')e; — Z <e;-, hYko; + ky = Pe(h) + (k:6 - Z (e;-, h>k07j)

jeD1 j€Dy Jj€Dy

which shows that the range of P — Py is contained in K.
The last statement of the theorem is clear. |

Definition 9.3 The projection Py,, defined in Corollary 9.2, will be called the orthog-
onal projection onto Ky associated to the decompositions (9.1).
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Lemma 9.4 Let (H, (-,-)%), (K, (-,-)x) be be pre-Hilbert spaces, suppose that H is
finite dimensional and let

A (Hv <'7 >’H) — (IC’ <" >’C)

be a linear operator. Denote H, (resp. Kpy) the zero norm sub-space of ‘H (resp. K).
Suppose that A has the property that AH,. Then for any vector space complement H;
of H, there exists an adjoint of A.

Proof. For any k£ € K, the map
heHw— <Ah, k‘>;c = <]€,Ah>;c

is a linear functional on H, therefore it defines an element of H*, the algebraic dual of
‘H, denoted Ak and characterized by the property

Ak(h) = (k, Ah)x (9.3)
By assumption
(Ak)(Ho) € Ko

therefore Ak induces a linear functional on #\Ho.

Let #H; be a vector space complement of H, so that H = H,+Ho. Then H, is isomorphic
to H\H, as a linear space and, through this isomorphism, it becomes an Hilbert space,
because H is finite dimensional. Therefore any linear functional f; on H; is determined
by an element of h; € H; through the identity

filhe) = (hi, ho)zy 5 ha €Hy
For any k € K, define A*k the element of H; corresponding to Ak in H;. Then
(A*k, ) = Ak(h) = (k, Ah)x (9.4)

Thus the linear operator k € K — A*k € H; is an adjoint of A. This proves the
statement.

Definition 9.5 In the notations and assumptions of Lemma 9.4, the pre-Hilbert space
linear operator A* defined in Lemma 9.4 is called the adjoint of A with respect to
decomposition H = Hi+Ho.

10 Appendix: Interacting Fock spaces

All constructions used in the following, like direct sums and tensor products, are
algebraic. For any pair of pre-Hilbert spaces (H, (-, - ), (K,{( -, - )k),
Lo((H, (-, )u), (K, (-, )k)), or simply when no confusion is possible £L,(H, K),
denotes the space of all adjointable pre-Hilbert space maps A : H — K, such that
there exists a linear map A* : K — H satisfying

([ A))k = (A" f.9)u ; Vge H, VfekK

If H=K L(K,( -, - )k) has a natural structure of x—algebra and we simply write
L.(K).
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Definition 10.1 Let V be a vector space. An interacting Fock space on V is a pair:

{<Hn>< SR >n)n€N)a@+} (10.1)

such that:
- (Hn, (-, - >n)n€N is a sequence of pre-Hilbert spaces with

Hy=:C-®, ; ||(I)0|| =1

®, is called the vacuum or Fock vector;
—denoting ( -, - ) the unique pre-Hilbert space scalar product on the vector space direct
sum of the family (H”)neN which makes this direct sum

H:=@(H.. (-, ) (10.2)

an orthogonal sum, the linear operator
a2 V= La((Hn, (5 Jn)nen)
satisfies the following conditions:
H,i1 =lin-span {a*(V)H,} ; VneN (10.3)
For each v € V, one fixes a choice of adjoint a™(v), denoted a~ (v) (or simply a,) so that
a(v)®y = 0 Fock prescription ; YoeV (10.4)

The operators a™(v) (f € V) are called creators and their adjoints a(v) — annihilators.
The spaces (Hn) are called the n—particle spaces, if n = 0 one speaks of the vacuum

neN
space. If
{(Hl,n>< R >1,n)n€N)>a>{}
is another IFS on a vector space Vi, a morphism from {(H,,{ -, - )u)nen),a™} to
{(Hin, (', * )1in)nen),ai} is a linear map U; : V — V] and a linear isometry
U: @(Hn7< ty t >n) — @(Hl,m< Ty T >1,n)
neN neN

such that U is gradation preserving and
U'ayU=aly, YoeV

The pair (U, U) is an isomorphism if U; is invertible and U is onto up to vectors of
norm zero.

Remark. For any f € V| since the annihilator a(f) is defined as the adjoint of
the creator a*(f), its action on Py is not defined. However, since the gradation
(10.2) is 1-sided, the only possible way to define it compatibly with the condition
that a(f) = (a™(f))*, is to define

H_, :={0} (10.5)

or equivalently to introduce the Fock prescription (10.4).
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Remark. Recall that, by definition of pre-Hilbert space linear map, each a™(f)
(f € V) maps zero—norm vectors into zero-norm vectors. The existence of a pre-Hilbert
space adjoint of a™(v) with respect to the pre—scalar product (10.16), which by definition
must be defined on the whole space H®"+1)  is equivalent to the condition that for any
Enir € H®HD) the map

M € (H®n7< Tyt >n) = <€n+1>aj77n>n+1

can be extended to a continuous linear functional on the domain of a*(v), which by
definition is the whole algebraic tensor product H®". In the case of Hilbert spaces this
happens if and only if there are constants cg, , , such that

[(nt1, ¥ @ N )ng] < Cépy1v Hnn”n (10.6)

but in the infinite dimensional case the condition that the whole algebraic tensor prod-
uct H®™ is in the domain of the adjoint, is not automatically guaranteed.

10.1 Example: The full Fock space

The full Fock space F (V') on a pre-Hilbert space (V, (-, - )y/) is obtained by setting
H, = V®" equipped with natural inner product given by the n—fold tensor product:

<fn PSRNy flagn Q- gl>®n = <fnagn>V<fn—17gn—1>V U <f1agl>V (107)

frs---s f1,9n, -, g1 € V. Creators on the full Fock space are denoted by ¢*(f) (f € V)
and their action on each H, is defined by setting

Cfn®. . 0fi=fRHh®...0N (10.8)
Ci®o = (f)®o = f
The adjoint of £(f), with respect to the pre—scalar product (10.7), is:
(Nfa@ @ fi={ffifa®. .. .®h
U(f)Po=0
10.2 The tensor representation of an IFS

Lemma 10.2 Every IFS

{(Hn7< RN >n>n€N);a+} (109)
on a vector space V' is isomorphic, in the sense of Definition 10.1, to an IFS of the form

{(ver, (-, en) , U} (10.10)
where the pre-scalar products ( - , - )., are given by

(U @ -+ @ UL,V @ QU )@ := (aT (up) - at (u1)Po,a™ (v,) - -a™ (v1)Po)rn (10.11)
(Un, Vpy - - -, u1,v1 € V) and the operator £* is defined, in the notation (10.8), by

T lat ()T = *(v) Yo eV (10.12)
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Proof. By the universal property of the tensor product, for each n € N, the map
v h, €V®H, —a"(v)h, € Hyy (10.13)

has a unique linear extension denoted T}, ,41 : V ® H,, = Hp4;.
One easily verifies that the left hand side of (10.3) is a vector space.
Iterating the maps (10.13), one sees that the linear extensions of the maps

Th v, @@ €V = at(v,)--at(v))P € H, (10.14)

(n € N) are well defined and define a graded vector space homomorphism
T:=@T, : Tens(V) =PV - P H. (10.15)
n neN neN

which, by construction, satisfies (10.12).
Defining the pre-scalar products ( -, - )g, by (10.11), the maps T,, become pre-Hilbert
space unitary isomorphisms, hence 7" an IFS isomorphism. This defines the I[FS (10.32).

Definition 10.3 The isomorphic realization (10.32), of the IFS on V' given by (10.1),
is called the tensor representation of the IFS (10.1).

10.3 Standard Interacting Fock spaces

Definition 10.4 AnIFS{(H,,({ -,  )n)nen),at} on a pre—Hilbert space (H, (-, - )g)
is called standard if, in its tensor representation (10.32) (with V' = H), the pre-scalar
products have the form

(v Den=1(",Q - Juen (10.16)
where, for f;, g, € H (j=1,...,n)

(n® @ f,00® - @ g1)men = (fru, Gn) i foe1: Gn—1)m - (f1. 01) 1 (10.17)

is the natural scalar product on H®" and
Q, : H®" — H®"
is a positive linear operator.

Remark. If H is finite dimensional, then every IFS on H is standard.

10.4 Interacting Fock space and positive definite x—algebra—valued kernels

The existence of the creation and annihilation operators poses some restrictions on
the sequence of scalar products defining an IF'S. To describe this restrictions we introduce
the following definition.

Definition 10.5 Let S be a set and B a *—algebra. A map 2 : 5 x S — B is called
a B—valued positive definite kernel on S if, for any finite sub-set F' C S and any
map b: F — B, one has

> Qb > 0

s,tel
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(2 is called linear if S is a vector space and the map (s,t) € S xS — ;€ L(B) is
sesqui-linear. If

B = Ea((H7< NI >))

is the *—algebra of adjointable operators on a pre-Hilbert space (H,{ -, - )) we simply
speak of a positive definite linear kernel on S based on (H,( -, -))

Remark. Any B—valued positive definite kernel on S defines a linear kernel on the free
vector space Vg generated by S. Conversely, if V' is a vector space a B—valued positive
definite linear kernel on V' is uniquely determined by its values on a Hamel basis of V.

Remark. From now on we restrict our attention to the case of interest for the present
paper, namely that in which all IFS are based on finite dimensional vector spaces.
For a discussion of the general case we refer to the paper [7] where the notion of positive
definite kernel with values in a x—algebra was introduced.

Lemma 10.6 Let be given:

— a finite dimensional pre-Hilbert space (I, (-, )x);
— two finite dimensional vector spaces W, V;

—an L,(K, (-, -)x)-valued PD Kernel Q on V;

—a linear map a™ : V — L,(K, (-, -)x)?, W such that

lin-span(a,K) = W
Then there exists a unique pre—scalar product (-, -}y on W such that
(aF& afn)w = (€, Qu,v)n)k : Vu,v e V,E,n e (10.18)

Moreover the adjoint of a;, denoted (a;)* : (W, (-, )w) — (K, (-, -)x) satisfies

Qu,v) = (af ) *ar (10.19)

u

In particular, the action of (a})* on W is given, up to addition of vectors of zero norm,
by the identity

(@) =Y Qui(ue))g; 1 =) aly (10.20)
jeD jeD

Proof. Let Ky C K and H; C W be sub—spaces as in Lemma 9.2 with H replaced by
W. Let e = (ej)jep be a linear basis of V' and (Px x)rep, an orthonormal basis of K.
The set

{CL:]_P]CJC 1€ D ke DK}

is a system of generators of W. Therefore there exist sets

Dy C D ; Dok € Dg

such that the set
{a:j@k . j S DO s ke DO,/C} (1021)
is a linerar basis of W. Define Vj, 7' € Dy , Vk, k' € Dy ¢

<CL:;(I)]€,CL;7(I)]€/>W = <(I)k>Q(ej;6j’)(I)k’>K (1022)
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Then there exists a unique pre-scalar product (-, )y, on W such that its restriction on
the linear basis (10.21) is given by (10.22). By sesqui-linearity (-, -)y satisfies (10.18).
We know from Lemma (9.4) that the map a; is adjointable and is a pre-Hilbert space
operator. Moreover any adjoint of a; satisfies

(@) ®=> (aD)al(&) 5 =) al(§)
jEF jeF
By definition of Q this implies that, for any ¥, ® € K and any u,v € V, one has
(U, Qu,0)®)w = (a] ¥, a7 @) = (T, (a)) af ©)w

This implies that the identity (10.19) is satisfied up to addition of a zero norm vector.
But we know that any vector ® € a{;K has the form & = jeD ajjﬁj for some vectors
&¢; € K. Therefore up to addition of a zero norm vector

(@)@ =Y (af)al& = Que;)é
jeD jeD

and this proves (10.20).

Remark. Every IFS on a vector space V'
{(Hp, (-1 - n)nen),a™} (10.23)
defines a sequence (€2,,) with the follwing properties:
Q=1 (10.24)
is the constant kernel equal to 1 on the Hilbert space
(Ho, (-, - )o) = (C,(z,w)p := zw (z,w € C)) (10.25)
For n € N, Q41 is the Lo((Hyn, (-, - ),))-valued linear kernel on V defined by

Qni1(u,v) = a(u)a* (v)| € Lo((Huy (-, - )n)) ;3 u,veV (10.26)

Hy,

Because of (10.3), the positive definite kernel €,,,; uniquely determines the pre-scalar
product ( -, - ),41 through the identity

(@ (Wha, a* (OB )ne1 = (i alw)at ()Y = (B, Qusa (w, 0)R ) (10.27)
(u,v €V, hy,hl, € H,).

Remark. The converse of this statement is most conveniently formulated using the
tensor representation of the IF'S (10.23) and its proof is based on the following result.

Lemma 10.7 Let V be a finite dimensional vector space.
(i) Any pair of pre-scalar products { -, - Jyemin, ( -, - )yen, on VOO jen
respectively, defines, through the prescription

(U ® v @ B yemen = (B, Q2 (w, v) B, ) yen (10.28)
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(w,v €V, hp,hl, € V) an L,((VE", (-, - )yen))-valued PD kernel Q2. on V such
that )

02,1 (1,0) = b ()65 (0) (10.20)
where ¢*(u) is the restriction on H,, of the operator defined by (10.8) and /,,.;(u) denotes
the adjoint of the pre—Hilbert space linear map

Glw) = @) 0 (VE (- Jven = (VEOHD (o s (10.30)

(ii) Conversely, any pair (5, (-, - )yven), where (-, - )yen is a pre-scalar product on
Ve and QF,  isa Lo((Hp, (-, - )n))—valued PD kernel on V' defines, by the prescription
(10.28), a pre-scalar product ( -, - )yemsy on VOO satisfying (10.29).

Proof. (i). Given ( -, - )yewm+n, for each u,v € V the map
(hn, h;) € v®n X v®n — (u &® hn, v h,/n>V®(n+l) (1031)

is sesqui-linear. Since V®" is finite dimensional, the map (10.31) defines, for each
u,v € V a linear map

Q% (w,v) : H, — H,
that, by construction, satisfies (10.28) and is adjointable because of finite dimensionality.
Again by finite dimensionality the map (10.30) is adjointable and satisfies (10.29).

(ii). Conversely, given Q2 ,, define { -, - )yem, by the right hand side of (10.28).
By definition of L,((Hp, (-, - )n))—valued PD kern Q2. on V, this gives a pre-scalar
product on V' ® H,. The same argument as in the proof of (i) shows that the map
(10.30) is adjointable and satisfies (10.28) and therefore (10.29). This proves (ii).

Theorem 10.8 Let (H,,( -, - ),) be an IFS on a finite dimensional vector space V
and let

{(Ve, (- Dan) » O} (10.32)
be its tensor representation defined by Lemma 10.9. Then the sequence of pre-scalar
products ({ -, -+ )g.n) is uniquely defined by a sequence (Q2%) with the follwing properties:

Q%=1 (10.33)
is the constant kernel on V', identically equal to 1, based on the Hilbert space
(Ho, (-, - )o) = (C,(z,w)p := zw (z,w € C)) (10.34)
and QF, | is the L,((VE™", (-, - )g,)) valued PD kernel on V defined by (10.29).

Conversely, let the sequence (Q2) be inductively defined as follows: QF and (Hy, (-, - )o)
are defined respectively by (10.33) and (10.34).
Having defined, for 0 < m < n, the pre-scalar product ( -, - )gm, on V&, Q%H is an
arbitrary L,(V®" (-, - )gn)-valued kernel on V.
Then, with ¢* defined by (10.8), (V®™, (-, - Ygn)nen, £*) is an IFS on V.

Proof. Applying the Remark after Definition 10.27 to the tensor representation of
(Hp,{ -, - )n), one obtains the required sequence (Q2%).

Conversely, if the sequence (Q;‘?) is defined as in the second part of the theorem then,

according to Lemma 10.7, the pair (Q%,,, (-, - )g,) defines, by the prescription (10.28),
a pre-scalar product ( -, - )yemsny on VOO satisfying (10.29).
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10.5 Symmetric interacting Fock spaces

Definition 10.9 An IFS on a vector space V is called symmetric, if the creators
commute.

The following Lemma shows that, in the tensor representation of a symmetric IFS, the
tensor algebra can be replaced by the symmetric tensor algebra.

Lemma 10.10 Every symmetric IFS

{(}Jn7<' ) '>n)n€N)aa+}> (10.35)

on a vector space V is isomorphic, in the sense of Definition 10.1 to an IFS of the form

{(V®", (-, ->®,n) , é*} (10.36)

where:
— for all n € N, V®" denotes the n—th symmetric algebraic tensor power of V' and by
definition

VR .=C.® (D, B)=1 (10.37)

— the isomorphism is given by the unique linear extension of the map
T(un®...0u) = a"(uy)---a*(u))®  ; neN, u eV (10.38)
— the pre—scalar products ( -, - )@m are given, for any n € N and uy, vy, ..., u,,v, € V,

by
(Un® ... UL, VD ... V) gm = (aF(un) - a(uy)®,a (vy) - a(v)®),  (10.39)

— the operator ¢* defined by

~

() (Un® . .. Quy) = v@UL® . .. Duy ; Yo, Upy .. ug €V (10.40)

up to addition of zero-norm vectors satisfies

T 't ()T = (v) Yo eV (10.41)

Proof. The mutual commutativity of the creators implies that, in the notations of
Lemma 10.9, the maps 7}, (n € N) satisfy

To(Un @ - @v1) = To(U® ... 801) = Tp(v,®...Qv;) ; neN (10.42)

This shows that the graded vector space homomorphism T, defined by (10.15) can be
restricted to the symmetric tensor algebra Tens(V') thus defining the graded vector space
homomorphism

T:=@T, : Tens(V) =PV P Ha (10.43)

neN neN

where T}, is given by (10.38). In this restriction the pre-scalar products defined by
(10.11) become (10.39) and the condition that the spaces V" are mutually orthogonal
uniquely defines the pre-scalar product on Tens(V'). With this scalar product T' becomes

20



a unitary gradation preserving isomorphism. Therefore, with £; given by (10.40), the
identity (10.39) can be rewritten in the form

~

<un® e ®U1752nvn—1® cee @1}1)@7" = <a+(un) e -a"'(ul)q), a+<vn)a+(vn—1) T a+(1}1)<1)>n

= (T(upn® ... ®up), T(T a™ (0)T) 001D . .. DV1)y
= (Up® ... Quy, (T aT ()T a1 ® . ... @1)1)@7”

Therefore

~

O 1 ® .. @up — (Tat (v,) T T, 1 ® ... @y

is a zero—norm vector and this proves (10.41).

The unitarity of 7" and (10.41) imply the adjointability of the maps ¢*(v) (v € V)
because the maps a™(v) admit pre-Hilbert space adjoints by definition. Therefore, with
this definition 7" becomes an isomorphism of IFS.

Theorem 10.11 Every symmetric IFS (H,,( -, - ),) on a finite dimensional vector
space V uniquely defines a sequence (22) with the following properties:

Q=1 (10.44)
is the constant kernel on V', identically equal to 1, on the Hilbert space
(Ho, (-, =)o) == (C,(z,w)p := zw (z,w € C)) (10.45)

and QS?H is the Lo (V& (-, - )an))valued PD kernel on V' defined by (10.29)

<u®hm U®h;>v®(n+1) = <hn7 Q§+1(u7 U)h;“)\/@n (1046>
u,v €V | hy,hl € y®n , where ( -, - )5 is the pre-scalar product induced on y/@n
n XN
by the symmetric tensor representation of (H,, (-, - )n)-

Conversely, let the sequence (Q2) be inductively defined as follows: Q? and (Hg, (-, * )o)
are defined respectively by (10.44) and (10.45). Having defined, for 0 < m < n, the pre—

scalar product ( -, - )g,, on ven, Q% , is an arbitrary L(VE (.. )&.m)Vvalued
kernel on V. Then (V& (., - )o.n): L*), where (* is defined by

G @ Bf1 = fOf®...®f (10.47)
is a symmetric I[FS on V.
Proof. The proof is based on the remark that Lemma 10.7 and Theorem (10.8) continue

to hold for symmetric tensor products and their proofs are just verbal adjustments of
those in the non symmetric case.
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