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ABSTRACT. The global multiplicity of bounded linear operators in Banach spa-
ces has been studied for a number of classes of operators. We introduce a
definition of multiplicity of a general unbounded operator, and compare it with
a known version (essentially reducing it to bounded cases) for certain sym-
metric operators. We study the connection of this concept with generalized
(regular or irregular, block) Jacobi matrices. We establish the multiplicities of
pure maximal symmetric operators, and show how this reveals the structure
of the elementary symmetric operators and their simplest matrix representa-
tions: a problem unsolved in a classical paper by von Neumann.
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1. INTRODUCTION

The global multiplicity (or, equivalently, multicyclicity) of bounded linear
operators in Banach spaces has been studied by a large number of writers. An ex-
cellent introduction to the subject and some of the basic results are contained in
the paper and book by N.K. Nikolski [20], [21] together with a review of the ref-
erences until that time. In [21] a method is suggested to connect the (undefined)
multiplicity of some unbounded operators (semigroup generators) to the multiplic-
ity of corresponding bounded operators (resolvents, Cayley transforms). In this
paper we shall introduce a definition of multiplicity of a general unbounded opera-
tor, compare it with the known version above, and show its usefulness in concrete
problems: in connection with generalized Jacobi matrices and with symmetric
operators.
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It is well known that in the structure problem of maximal symmetric oper-
ators in a (separable) Hilbert space a basic role is played by the elementary sym-
metric operators, which were introduced by J. von Neumann [18] in a number of
unitarily equivalent forms. The (perhaps) simplest way to do this is to fix an
orthonormal basis {e; : k € N}, and define the Cayley transform V of the ele-
mentary symmetric operator S by

Vey :=ex11 (k S N)

V is then an (everywhere defined, bounded) isometry with deficiency indices
(0,1), which are the same for its (inverse) Cayley transform S. It is also clear that
V has global multiplicity 1 (e; is a cyclic vector for V), but the similar question
for S seems to be not so simple. Apparently, J. von Neumann himself sought a
simple matrix representation in [18], [19], but he did not consider the problem of
defining the multiplicity of S. Though his matrices are constructed ingeniously,
even the second one is far from having the simplest structure (cf. pp. 126-128 of
[18]). We shall show how successfully the introduced concept of multiplicity of
an unbounded operator can be used for a solution to this problem.

Infinite Jacobi matrices and their generalized variants have been playing a
useful role for a long time in handling various questions in analysis and operator
theory. Our basic references will be the papers by Hamburger [9], M.G. Krein [14]
and the monographs by Stone [23], Akhieser and Glasman [2] and by Akhieser
[1]. We shall give an answer to a question posed in the last reference. In addition,
we shall clear the relation between the generalized types J[p] and ], of Jacobi
matrices as well as between regular and irregular variants.

It is well known that general linear operators, closed linear operators or
even closed symmetric linear operators may have surprising pathological prop-
erties. E.g., Berberian gave an example (see, e.g., p. 53 of [7]) of a linear operator
T such that its domain D(T) is all of the Hilbert space X = [, and the domain
D(T*) of the adjoint operator is the set {0}. A densely defined closed linear op-
erator may have ([16], p. 226) a quotient operator (with respect to an invariant
closed subspace) that is not closable. Or: a closed densely defined symmetric
operator T can have a square such that D(T?) = {0} [17]. On the other hand,
Schmiidgen [22] proved that if at least one of the deficiency numbers of a densely
defined closed symmetric operator T is finite, then the linear manifold D(T*)
(see below) is dense in the Hilbert space X.

Similar phenomena may be a warning that we must exercise some care
when extending the definition and basic properties of the global multiplicity (or
multicyclicity) function to the case of not necessarily bounded linear operators
in linear normed (Banach, Hilbert) spaces. The basic reference for the proper-
ties of linear operators under such general conditions will be the monograph by
S. Goldberg [7].
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2. TERMINOLOGY AND NOTATION

Let T be a linear operator with domain D(T) and range rg(T) in a complex
linear space X. For any subset M C X let L(M) denote the linear hull of M, and let

TM :={Tm: me MND(T)} = T(MN D(T)).

We say that M is T-invariant if TM C M. If E is a T-invariant subspace of X, we
define (as usual, cf. [27]) the quotient space X/E consisting of all cosets ¥ of the
form x + E (x € X), and the quotient operator T / E by

D(T/E):={x:3x € xND(T)}, (T/E)X:=Tx+E.

It is easy to see that these definitions are independent of the choice of x in X N
D(T). Let N denote the set of all positive, Ny the set of all nonnegative integers,
and let
D(T*):= () D(T").
neN

If the space X is normed and separable, we shall denote by sp[S] the closed linear
hull of the set S C X. In the family of all linear subspaces C in D(T*) we define
the family of T-cyclic subspaces by

Cyc(T) := {C C D(T®) : sp[T"C : n € Ny| = X}.
The (linear) dimension of a space will be understood to be a nonnegative inte-
ger or +oo, and the global multiplicity (or, equivalently, multicyclicity) of T will be
defined by
#(T) := min{dim C : C € Cyc(T)} € NU {0},
if the family Cyc(T) is nonvoid or, equivalently, the subspace D(T*) is dense in
the space X. In the opposite case we define

u(T) := oo.
Note that in the case studied by Schmiidgen [22] and quoted in the Introduction
above, further in the case of the generator operator T of a strongly continuous
semigroup of class (Cp), as well as for many other operators, the subspace D(T*)
is dense in the space X. Further, if T is a linear operator with any linear extension
T, then Cyc(T) C Cyc(T), hence u(T) < u(T).
For any bounded linear operator W in a Banach space X our definition agrees
with the classical one:

(W) := min{dim C : sp[W"C : n € No| = X}.

We recall now that for certain unbounded operators concepts close to the
global multiplicity of T were studied, e.g., in [21]. We shall show that, in general,
the two approaches do not yield the same cardinal number.

Let {T(t) : t > 0} be a strongly continuous semigroup in the Banach space
X with growth bound

a(T) := lim t~log |T(t)|

t—ro0



214 BELA NAGY

(here | - | denotes the operator norm), and generator operator A. It is well known
that supRec(A) < a(T) (here o denotes the spectrum of the operator). For the
following definitions of multiplicities we cite pp. 240-241 of [21]:

u[T(+)] := min{dim C : sp[T(t)C: t > 0] = X}.

Further, if «(T) < 1, then the following Cayley transform C~ (A) of A is bounded:
C(A)=(I+A)I-A)t=20-A)""1-1

It is shown in [21] that under the stated conditions

uIT()] = plC (A)] = ulR(z, A)]

for every z > a(T) (here R(z, A) := (z — A)71).

Recall that if the basic space X is Hilbert, then similar questions concerning
semigroups of contractions, their generators, co-generators and unitary dilations
were studied by Sz.-Nagy and Foias [25], [26] and by Sz.-Nagy [24]. It follows
from their work, but also in a direct way that if S is the elementary symmetric
operator from the Introduction with deficiency indices (0, 1) (with the isometry V
as its Cayley transform) then, since S is maximal symmetric (cf. also Theorem 6.5
of [4]), the operator iS is the generator of a strongly continuous semigroup T of
isometries. Hence a(T) = 0, and we clearly have

u[T()] = pu(V) = u[R(z,iS)] = 1.

To the contrary, we shall prove that

pu(iS) = u(S) =2 # ulR(zi5)].

It is well known that for a densely defined closed symmetric operator S in
a separable Hilbert space X and for a given orthonormal basis E C D(S) C X
the infinite (Hermitian symmetric) matrix A of the operator in the given basis
is defined as a;; := (Seg, e;) (i,k € N). In the converse direction: given the pair
(A, E), the closure S of the elementary linear operator (the latter is defined on the
linear hull of the basis vectors) is a densely defined closed symmetric operator,
which may have closed symmetric extensions S. We shall accept the following:

DEFINITION 2.1. Under the conditions above we shall call Sy the operator
determined by the matrix A, and call any such S an operator generated by the ma-
trix A.

Let p € N. In order to fix terminology, we shall say (cf. [14]) that the infinite
Hermitian symmetric matrix (over C) A = (ampn) (m,n € N) is a regular J[p] (block
or, equivalently, generalized Jacobi) matrix if and only if A is partitioned as A =
(Ai) (i,k € N), where the A blocks are p x p matrices over C such that Aj =0
for |i — k| > 1, and all the matrices Ay ;1 are nonsingular. In particular, we shall
say that A is a regular [, matrix (cf., e.g., [3]) if and only if, in addition, all the
blocks Ay 11 are lower triangular (hence Ay, upper triangular). We do not
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qualify, or WE say explicitly that A is irreqular, if the regularity conditions above
do not necessarily hold for every k.

For a matrix A as above, we define the value Tf of a linear operator T in
I2(N) as the matrix product Af for any vector f € I?(N) of finite type (i.e. with
only a finite number of nonzero components with respect to the canonical basis in
12(N)). It is well known that T has a (linear, densely defined, symmetric) closure
Ty, which we shall call the operator determined by the Jacobi block matrix A € ][p].
(See also Theorem 6.20 of [28].) The nonnegative integers

d(z) := dimker(T, —zI)

are identical for z in the open upper (and also in the lower) half-planes: we shall
call them, correspondingly, the deficiency numbers di and d5, call the ordered pair
(d1,d3) the deficiency index (or sometimes indices) of the operator T}, and write
def[T,] = (dy,d2). It is known that if the matrix A € J[p] is regular, then

0<d, do<p, di=p=dy=p,

(see, Krein [14] and Kogan [10]). In the converse direction: Dyukarev [5] has
recently proved that for any pair of deficiency numbers satisfying

0<d1/d2<p*1

there is a regular generalized Jacobi matrix of the class J[p] such that the deter-
mined operator has these deficiency numbers.

3. BASIC PROPERTIES OF THE MULTIPLICITY FUNCTION

We shall need the following lemmas, which are "unbounded extensions" of
some basic results in p. 242 of [21].

LEMMA 3.1. Let T be a linear operator in the normed linear space X, and let the
(not necessarily closed) subspace E be T-invariant. Then

u(T/E) < u(T).
Proof. It is immediate to check that

D[(T/E)¥] = () DI(T/E)"] 2 D(T*)/E.
neN
Hence if D(T*) is dense in X, then D[(T/E)%] is dense in X/E. This proves
the stated inequality if one of these density conditions fails. Otherwise let g :
X — X/E denote the canonical quotient mapping. If a subspace C C D(T®) is
cyclic for T, then the subspace gC C D[(T/E)®] C X/E is cyclic for T/E, and
dim gC < dim C. This proves the inequality in this case.
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LEMMA 3.2. Let X be a normed linear space, and the linear operator T be densely
defined in X. Then the dual operator T* exists, and

#(T) > supdim[ker(T* — AI)].
AeC

Proof. We may assume that (T) < oo. Let E := TX (the bar denotes clo-
sure). By the preceding lemma, then y(T/E) < u(T) < oo. For every X in the
quotient subspace D(T) = D(T) + E we have (T/E)X = 0. Hence D(T) C
D[(T/E)*], and we obtain that the number y(T/E) is equal to the dimension of
some dense subspace (in D[(T/E)®]) of X/E,i.e., to dim(X/E). By Theorem 1.6.4
of [7], there is a linear isometry from (X /TX)* onto [TX|*, where H' denotes the
annihilator (in the dual space) of the set H. Hence

dim(X/TX) = dim[(X/TX)*] = dim[(TX)"].

By Theorem I1.3.7 of [7], the last annihilator is the kernel of the dual operator T*,
so the preceding lemma implies

u(T) > u(T/E) = dim(X/E) = dim[ker(T")].
For every A € C we clearly have

u(T = AL) = pu(T).
Hence we obtain the statement of the lemma. 1

LEMMA 3.3. Let the Banach space X be the direct sum of the closed subspaces Xy
and Xy, and the linear operator T be the direct sum of the corresponding operators Ty and
T,. (Equivalently: let Xy reduce T, or: let BT C TPy (k = 1,2) for the corresponding
projections.) Then

max{p(Th), p(T2)] < p(T) < p(T1) + p(T2)-

Proof. D(T*) is dense in X if and only if both subspaces D(T;’) are dense
in X; (k = 1,2). This proves both inequalities if one of the density conditions
fails.

Otherwise recall that under the given conditions the quotient T/ X is sim-
ilar to the restriction T|Xj: the linear isomorphism of X/Xj onto X, defined by
x + X1 — Pyx maps D(T/X7) onto X, N D(T), and intertwines the operators.
This implies the left-hand side inequality.

Let C; € Cyc(T;) be such that dim(C;) = u(T;) (j = 1,2). Then C :=
C1 @ G isin D(T™), and dim(C) =dim(Cy)+dim(Cz). Further, TC D TfC; (j =
1,2; k € Np). Hence sp[T*C : k € Nyg] D X; @ X, = X, and the right-hand side
inequality follows. 1



MULTIPLICITIES, JACOBI, SYMMETRIC 217
4. CLOSED SYMMETRIC OPERATORS AND JACOBI MATRICES

From now on let the basic space X be a separable Hilbert space, and assume
that each considered symmetric operator S is closed and D(S%) is dense in X.

REMARK 4.1. It is well known that each closed symmetric operator S is the or-
thogonal direct sum of a maximal selfadjoint part Q and of a pure (equivalently,
simple or prime or completely non-selfadjoint) closed symmetric part R, i.e. of a re-
striction R having no selfadjoint part (see, e.g., Section 103 of [2] or pp. 8-9 of [15]).
The latter source proves also that the direct summand subspace Xg in which the
operator Q acts is

Xo= [) (S—2)D(9)].
Imz#0
We shall call the (uniquely determined) orthogonal direct sum S = Q @© R the
canonical decomposition of the closed symmetric operator S.

The basic idea of the following considerations is contained in Problem 167
of [8].

THEOREM 4.2. Assume that the multiplicity u(S) of the closed symmetric opera-
tor S is m € N. Then there is an orthonormal basis sequence E C D(S*) with respect
to which the matrix A of the operator S is a generalized Jacobi matrix of class ], with the
property that if in any row r > m + 1 we have a,y = a,p = -+ = ap, = 0, then for
every j € N we also have

ar+j,l = ar+j,2 == ar+j,u+j =0,
(i.e. the “whole subdiagonals vanish”). Consequently, there is an u(r) € Ny among the
column indices for which
M1 = = () = 0, Ay u(r)+1 # 0.
Further, for every r > m + 1 we have u(r) < r — 1.

Proof. Let M € Cyc(S),dim(M) = m, and let {e1,...,e,} C D(S®) be an
orthonormal basis sequence of M. We shall extend this sequence inductively to
an orthonormal basis sequence E C D(5%) C X having the stated properties. In
each inductive step we shall extend the preceding (finite) sequence by either 0
or 1 new vector according to the following rule. Let d(k) denote the cardinality

of the finite orthonormal vector sequence {ey, ez, ..., ¢4} C D(S%) constructed
after step k. By our assumption,

m=d(0) <d(1)<d2)<---<dk), 0<dk)—dk—1)<1 (keN).
Introduce the notation
M(d(k)) := splex, ..., eqn),

so that M(d(0)) = M C D(5%). In the inductive step k € N we distinguish two
cases:
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Case 1. If Se, € M(d(k —1)). Then we define d(k) := d(k — 1). Hence we
add no new vectors to the sequence {ey, ez, ..., €;x_1)}-

Case 2. 1f Sey ¢ M(d(k —1)). Then we define d(k) := d(k — 1) + 1, and
define one new vector with the help of the orthogonal projection Pyy(4(t—1)) onto
the subspace M(d(k—1)) C X:

ear) = faw)/ Ifawyll,  where fugy := [I — Pygagr—1)))Sex-

Note that if M(d(k—1)) C D(S%), then the preceding line guarantees that M (d(k))
C D(S%). Further, we always have Se, € M(d(k)).

We show now that in each step k the vector ¢ is already defined, i.e., the
inequality

k<dlk—-1) (keN)

holds. This will be proved by induction. For k =1 we clearly have k =1 <m =
d(0)=d(k—1). Assume now for k>1 that 1 <k <d(k—1), which is equivalent to

ex € M(d(k — 1)) = Sp[€1,62, .. .,ed(kfl)].
Consider the vector Sey, and assume first that we have Case 2 from above: Se; ¢
M(d(k—1)),henced(k) = d(k—1) + 1. It follows thatk < d(k), thusk+1 < d(k),
and this case is settled. Assume now that we have Case 1 from above: Se; €
M(d(k—1)) = M(d(k)). If the assumed inequality was sharp: k < d(k — 1), then
evidently k + 1 < d(k), and we are done. Assume now the less trivial other case:
k =d(k—1) = d(k). We clearly have that
1<j<k implies d(0) <d(1)<d(j)<d(k).
Hence
spler,---,ej, ..., ex] = M(d(k)).
Since we have Se; € M(d(j)) C M(d(k)), we obtain SM(d(k)) C M(d(k)). For
every n € Ny we have then
S"M = S"M(d(0)) c S"M(d(k)) c M(d(k)),

which contradicts the assumption M € Cyc(S). Hence this case cannot occur,
and the induction proof is complete.

Now letr > m + 1, and consider the step k = k(r) in which the vector ¢, has
been constructed. Then we have d(k — 1) = r — 1 and d(k) = r. For the matrix A
(in the constructed basis) it means

Ayl = a2 = = = pg-1 = 0 and a; #0.

The construction clearly shows that for any pair (k,r) satisfyingk > 1, r > m +1
the relation d(k — 1) < r — 1is equivalent to

Ay = =+ =da, 1 =0.
Foranyj>1wehaved(r+j—1) —d(r — 1) < j. It follows that

app =app = =apy =0— Ap4j1 = Gr4j2 = = = Arpjutj = 0.
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This is exactly the stated "vanishing of the whole subdiagonal". Further, since
M € Cyc(S), the process produces an orthonormal basis in D(S*) for X.

The possibility u(r) = 0 means that a,; # 0. If for some r > m + 1 the
number u(r) € N did not exist, it would mean that the rth row of the matrix A,
hence, by symmetry, the rth column would contain only entries 0. The formally
less strict statement u(r) > r would lead (in view of the vanishing subdiago-
nals) to the same conclusion. In both cases we would be in contradiction to the
assumption M € Cyc(S).

If for some ¥ > m + 1 we have u(r) = r — 1, then A is the direct sum of the
matrices of a selfadjoint operator in the (r — 1)-dimensional space generated by
the basis vectors 1, ey, . . ., e,_1 plus of a symmetric operator in the subspace gen-
erated by the basis vectors ¢y, e, 1, ..., having a diagonal matrix (a direct sum-
mand in A). Further, we would have S*M splei, ..., e,—1] for every k € Ny,
which contradicts the assumption M € Cyc(S).

In any case, the infinite matrix A of the operator S in the orthonormal basis E
constructed according to the indicated process is such as stated in the theorem. 1

REMARK 4.3. The closed symmetric operator Sy determined by the matrix A
and the orthonormal basis E in the sense of von Neumann [18], [19] (see also [2]),
is not necessarily equal to S. Rather we have Sg C S, the latter is a finite dimen-
sional extension of Sy, and S is generated by the pair (A, E) in the terminology of
the definition in Section 2.

DEFINITION 4.4. A generalized Jacobi matrix J;; of the type above will be
called a (in general: irregular) Jacobi matrix with canonical diagonals.

COROLLARY 4.5. Assume the situation and notation described in the preceding
theorem. In the special case, if the sequence of vectors

{e1,...,em,Sei,...,Sem, S%1,..., 8%, ...} C D(5%)

is linearly independent, then the generalized Jacobi matrix [, with canonical diagonals
constructed in the proof of the theorem will be regular, i.e. every entry a,; (j € N)
will be nonzero.

The proof follows from the construction process.

THEOREM 4.6. Under the conditions and with the notation of Theorem 4.2 there
is a positive integer d < m such that the dth diagonal of the matrix A (of the operator S)
below the main diagonal has from a certain row on only nonzero entries, and no integer
greater than d has this property. It follows that the matrix A is the sum of a reqular
generalized Jacobi matrix A(d) € J; plus of a direct sum of a Hermitian symmetric
matrix M in a finite dimensional space and of an infinite zero matrix 0:

A= A(d)+[Ma0).
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Hence the deficiency indices of the corresponding determined symmetric operators:
So = So(d) +[S(M) © 0]

satisfy def(Sg) = def[So(d)], and both deficiency numbers are not greater than d. The
(original) closed symmetric operator S is an extension of Sy, hence its deficiency numbers
are not greater than d.

Proof. The sequence {u(r) : r > m+ 1} C Ny from Theorem 4.2 clearly has
the following properties: it is strictly increasing, u(m +1) > 0, u(r) < r — 1 for
each r > m + 1. Hence the sequence can have "jumps" greater than 1 at most a
finite number of times. Assume that the last such jump occurs for r = 1y + 1, so
thatr = u(r) +d + 1 for each v > rg. Then

Arpg = Ary(ry41 7 0 ifr>10,

i.e. the dth diagonal below the main one in A contains only nonzero entries below
row rp. Define now the matrix A(d) to have the same entries as A in the main and
in the by-diagonals 1,2, ..., d below and above the main diagonal, except the new
definitions:

App_g =g, =1 ifd <r <y,
and to have entries 0 everywhere else. Note that A(d) is then a reqular J; matrix.
Define further

B:=A— A(d).

Then B has nonzero entries at most in rows and columns 1, 2, . . ., rp, and is clearly
Hermitian symmetric. Defining M to be the leading principal minor of order
ro of B, we obtain the stated decomposition of the matrix A. The symmetric
operator determined by M @ 0 is defined on the whole space, hence is selfad-
joint. This implies the stated decomposition of the determined symmetric op-
erator Sp. Since S(M) @ 0 is a bounded selfadjoint operator, ([2], 100°) shows
that def(Sp) = def[So(d)]. Since Sy(d) is determined by a regular J; matrix, the
penultimate statement follows from [14]. The last sentence is then evident. &

Now we want to clarify the relationship between the operators determined
by certain block Jacobi matrices of the type J[p] and ],. Introduce the following

NOTATION 4.7. Let E, F be basis sequences in the finite dimensional sub-
spaces sp|E], sp[F] in the Hilbert space X, and let T : sp[E] — sp[F| be a bounded
linear operator. We shall denote the matrix of T with respect to the bases E, F by
[T; E, F]. Entrywise we have then

[T; E, Flix := (Tex, fi).

THEOREM 4.8. Let p € N. Assume that the closed symmetric operator S is de-
termined by the infinite block Jacobi matrix K € [[p] with respect to the orthonormal
basis {eq,ey,...}. Then there is an orthonormal basis { f1, fa, ... } such that S is deter-
mined by a generalized infinite Jacobi matrix | € ], with respect to this new basis. It
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means that | has nonzero entries at most in the main diagonal and in the by-diagonals
1,2,...,p above and below the main diagonal. If every by-diagonal block in the matrix
K has nonzero determinant, then we can achieve that both pth by-diagonals in | contain
only nonzero complex entries.

Proof. Let f1 := ey, fo := e3,...,fp := ep, and consider the block B = By;

(the block entry (2,1) in the matrix K). Consider the following orthonormal se-
quences in the Hilbert space X:

Ei:={e,...,ep}, Ex:= {ePH,...,ezp}, G:={g1,---.8}

where the sequence G is an orthonormal basis in the subspace spanned by E;, and
let P, denote the orthogonal projection of X onto the subspace spanned by Ej. We
shall determine G so that the matrix [Sy1; E1, G] of the operator Sy; := P,(S|P1X)
(mapping the subspace generated by E; to the subspace generated by G) be upper
triangular (with respect to the indicated orthonormal basis sequences). It is clear
that, with the notation introduced above,

[S21; E1, G| = [I; E3, G][S21; Eq, E2] = [I; E2, G]B,

where I denotes the identity operator in the subspace generated by E (or, equiv-
alently, by G).

By IX.7 of [6], there is a p X p unitary matrix V such that the matrix C := VB
is upper triangular. V (and then C) are determined up to a multiplying diago-
nal matrix with diagonal entries of moduli 1 if det(B) # 0, and then |det(C)| =
|det(B)| # 0, hence the diagonal entries of C are nonzero. In any case, fix such a
V, (hence the corresponding C), and determine G so that [[; Ep, G| = V. Equiva-
lently, we require that

V' =V =[LGE)] =318 .8

where the last p X p matrix consists of the components of the column vectors
81,82, ---,8p of the basis G (with respect to the basis E;). With this basis G the
matrix

[S21;E1,G] = [I; E2,G]B = [81,82,---,8p]"B

is then upper triangular, and if det(B) # 0, then the diagonal entries of the left-
hand side matrix are nonzero. Define now

fp+k = 8k (k =12,.. ,p)
In the next step of the process we consider the matrix of the operator
S3p : {sp[F2] = sp[G] = sp[Ez]|} — sp[E3], S3p := P3(S|P2X)
where the orthonormal sequences F, and Ej are defined by

FZ = {fp-i-l/"'/pr}/ E3 = {62p+1/"'/e3p}/
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and proceed exactly as before to achieve that the matrix [Ssp; F2, G;] be upper tri-
angular with respect to a suitable orthonormal basis G,. Continuing the process
inductively, we obtain a sequence of orthonormal bases (for the subspaces)

F:= {PLFZ/'--} = {fl/--~,fp,fp+1,...,f2p,...}.

We take the sequence F as the new basis in the statement of the theorem. It is
easy to check that both orthonormal bases: F and the original {e, . .., €ps€pilse--s
exp, ...} are bases of the matrix representation for the same closed operator S in the
sense of 53° in [2]: the vectors of both bases are in D(5%), and S is the closure
of the linear operator defined on finite linear combinations of the basis vectors
(whichever basis we may take). The proof is complete. I

COROLLARY 4.9. Let p € N. If the reqular block infinite Jacobi matrix of class
Jp] (with respect to some orthonormal basis E) determines the closed symmetric operator
S, then there is a regular generalized Jacobi matrix of class [, (with respect to another
orthonormal basis F) determining S, and we have

n(S) < p-
The subspace C := sp([fy, ..., fp] is clearly in Cyc(S).

QUESTION 4.10. Can u(S) < p happen? Let S := S; & S, be the direct
sum of the selfadjoint operators S; of multiplication by the variable t € [j —1,]]
in the Hilbert spaces H; := L%([j — 1,j]), (j = 1,2). There are orthonormal basis
sequences ¢!, ¢ in the spaces such that S j is determined by a regular Jacobi matrix
(with respect to the basis e/, cf. Theorem 7.13 of [23]). Then S is determined by
a regular generalized Jacobi matrix of class J, with respect to the amalgamated
basis {e%,e%,e%,e%, ...} C Hy ® Hy (cf. 86° of [2]). However, the multiplicity of S
is clearly 1.

REMARK 4.11. Let p € N. The question naturally arises, whether each irreg-
ular generalized Jacobi matrix of class ], (or, equivalently, whether each irregular
block Jacobi matrix of class J[p]) has the property that the multiplicity of the de-
termined symmetric operator S is finite (possibly #(S) < p). The answer is, as
the following simple argument shows, no.

For every C € Cyc(S) in the Hilbert space X we have

X =sp[S"C :n € Ng] C sp[CUrg(S)].

Consider a generalized Jacobi matrix of class ], that has an infinity of zero col-
umns (and, by symmetry, an infinity of the corresponding zero rows). The cor-
responding elementary linear operator T (defined on vectors of finite type) has
its range in the orthogonal complement of the subspace generated by the basis
vectors corresponding to zero columns (or, equivalently, rows). S is the closure of
T, hence the range of S is in the closure of rg(T), consequently in the orthogonal
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complement above. It follows that no finite dimensional subspace C can satisfy
the necessary condition above of belonging to the family Cyc(S).

5. ON A QUESTION OF HAMBURGER AND AKHIESER

We start from an infinite Hermitian symmetric Jacobi matrix | of the class J;
defined by
ay b1 0 0 0
L bl as b2 0 0
] T 0 bz as b3 0 ...’

where aj is real, bj >0 ( i=12,... ), and denote the corresponding orthonormal
basis in the Hilbert space H by {e]- 1j=1,2,...},cf, eg., p. 10 of [1].
The operator T = T(]) is defined on the basis vectors by
Tey := by_165_1 + arex + brexi (k =1,2,...; by := 0).

If g = Y xye is a finite linear combination, then extend the definition of T by
linearity. We obtain for any pair of vectors f, g of such a finite type

(Tf.8) = (£, Tg)-
Since the set F of such vectors is dense in H, the operator T with domain D(T) :=
F is symmetric. Hence T is closable, and we denote its closure T by S. It is known

[ee] —
that any vector i = ) xy¢x is in the domain of the adjoint operator S* = T" if

k=1
and only if
(o] [ee]
Yo lxl? < oo, |be—1Xp—1 + A + b1 > < o0,
k=1 k=1
and then
[ee)
S*h =Y [bg_1xk—1 + axxg + beXpyq]ex.
k=1

Further, the deficiency index def(S) of the (closed symmetric) operator S is either
(0,0) or (1,1). The former is the case exactly when the matrix | has the type D (the
limit point case), the latter is exactly when | has the type C (the limit circle case,
see, e.g., Chapter 1,3 of [1]). Clearly, S is the operator determined by the infinite Jacobi
matrix | and the orthonormal basis {ey }.

The vector e is in D(S%), and the linear hull L(Skel :k=0,1,2,...)isequal
to L(ex : k =1,2,...), hence is dense in H. It follows that #(S) = 1. For the case
def(S) = (0,0) M.H. Stone ([23], Theorem 7.13) proved the following converse:

THEOREM 5.1 (Stone). If a (in general, unbounded) selfadjoint operator S in a
separable Hilbert space H has simple spectrum, then it is determined by some infinite
Jacobi matrix | (with respect to some orthonormal basis) of type D.
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A proof can also be found in Chapter IV,2 of [1]. Recall that a selfadjoint
operator S has simple spectrum if and only if u(S) = 1, i.e., there is a vector v € H
such that v is in D(5%), and sp[S¥v : k = 0,1,2,...] = H. In this case it is
customary to say that the operator S is cyclic with cyclic vector v.

H.L. Hamburger in [9] raised and answered the following question: when
is a closed symmetric prime (or, equivalently, pure) operator of deficiency index
(1,1) determined by an infinite Jacobi matrix | (necessarily of type C)? (Note that
Theorem 4.2.4 of [1] shows that if a closed symmetric operator S is determined
by a Jacobi matrix of class J; of type C, then S is pure.) Hamburger’s answer
in [9] contains another known necessary condition, and is in (duly complicated)
analytic terms. It may be interesting that an answer in general Hilbert space terms
can be given (without explicitly assuming primeness), and can be formulated in
a similar way to Stone’s above result.

THEOREM 5.2. If a closed symmetric operator S (in a separable Hilbert space H)
has def(S) = (1,1) and u(S) = 1, then it is determined by some regular Jacobi matrix
] (with respect to some orthonormal basis) of type C and such that a; is real, b; > 0 (j =
1,2,...).

Proof. Let v be a cyclic vector for S, i.e. L(Skv :k=0,1,2,...) be dense in
H. Apply the orthonormalizing process to the sequence {S*v : k = 0,1,2,...},
obtaining the sequence {e; := v/|v|, e, : k = 2,3,...}. Since v is a cyclic vector,
this latter sequence is an orthonormal basis for H, and is contained in D(5%).
Consider the subspaces

Ex:=L(eye,...,en) = L(Sf0:k=0,1,2,...,N—1), (N eN).

We have SEy C En.q, but SNo ¢ L(Skv :k=0,1,2,...,N—1) = Ey for every
N =1,2,... (otherwise the Hilbert space H would be finite dimensional). Hence
we have the strict inclusions

(5.1) SEny CEny1 (N=1,2,...).
Since S is symmetric, this implies for j > k+1

ax; = (Sej, ex) = (ej, Sex) = 0.
Using (5.1) again, for j < k — 1 we obtain

ay; = (Sej,ex) = 0.
Hence forevery k =1,2,...
Sey = ag_1 €1+ agkex + Agkrieks1 (€0 :=0).

Further, we have
a1k = (Sex,ex—1) = (ex, Sex—1) = (Sex—1,ex) = A1 # 0, agx = (Ser, ex) € R.
Introducing the shortened (usual) notation

aj = llk’k, bk = ak,kﬂ (k = 1,2,. .. ),
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we obtain the entries of an infinite Jacobi matrix A. Through the method outlined
by Hamburger ([9], p. 502), we can slightly change the orthonormal basis, and
obtain (with respect to this) the entries of the infinite Jacobi matrix J, where each
bj is positive.

Consider now the symmetric linear operator T = T(]) defined at the begin-
ning of this section with domain D(T) = F, the linear manifold of all finite linear
combinations of the basis vectors ej. Since

Tey = bx_16x_1 + arex + breg 1 = Seg (k =1,2,...; by := 0),

T is equal to S restricted to F, hence the closure T has the closed symmetric ex-
tension S. Since T is the closed symmetric operator determined by the matrix J, it
has the deficiency index either def(T) = (0,0) or else def(T) = (1,1), according
as the matrix | is of type D or else of type C (cf. Chapter IV,1-2 of [1]). In the
first case T is selfadjoint having the closed symmetric extension S of deficiency
index (1,1), which is impossible. In the second case T has the deficiency index
(1,1), and has the closed symmetric extension S of deficiency index (1,1). Hence
S = T is the closed symmetric operator determined by the infinite Jacobi matrix
J, which is in this case necessarily of type C. 1

6. THE MULTIPLICITIES OF PURE MAXIMAL SYMMETRIC OPERATORS

In this section we shall denote by S(m, n) a densely defined closed symmet-
ric operator with deficiency index (m,n) € N x N.

THEOREM 6.1. If the deficiency index of the closed symmetric operator S=S(m, n)
is (m,n), then u(S) > max(m,n). There exists a closed symmetric operator S(m,n)
such that

u[S(m,n)] < max(m,n)+ 1.

If a closed symmetric operator is pure, then we denote it by Sy, and we have
u[Sp(0,n)] =n+1, u[Sp(m,0)] =m+1, hence
1#[Sp(m,0) ® Sp(0,n)] < m+n+2.

Proof. Assume that the deficiency index of the symmetric operator S is

(m,n), and let M = M(m,n) := max(m, n). By Lemma 3.2, we have then

1(S) = supdim[ker(S* — AI)] = M(m,n).
AeC
By Dyukarev’s result ([5], Theorem 1), there exists an infinite regular Hermitian
symmetric block Jacobi matrix of class J[M + 1] such that the determined (closed
symmetric linear) operator Ty, has the deficiency index (m,n). By Lemma 3.2
and by Corollary 4.8, we have then

M(m, ) < p(Tisr) < M(m,m) +1,
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which proves the second sentence in the theorem. Note that the symmetric oper-
ator T)s41 is not necessarily pure.

Consider now the case when m = 0,n > 1, and the pure symmetric op-
erator Sp = Sp(O,n) has the indicated deficiency index. Then a corresponding
closed symmetric operator (via Dyukarev’s cited result again) T;, 1 has the same
deficiency index (0, 7), and has the canonical decomposition

Tn+1 - Q @ Rp (0/ n)r

where Q is selfadjoint, and Ry (0, 7) is a pure closed symmetric operator with the
given deficiency index. Hence we obtain

n < p[Rp(0,n)] < p[Tp] <m+1.

Consider the possibility #[Rp(0,1)] = n. Then, by Theorem 4.2, there is an or-
thonormal basis with respect to which the matrix A of the operator R, (0,7) is a
generalized Jacobi matrix of type J,. By Theorem 4.6 (applying also the notation
there), there is a positive integer d < n such that the matrix A is the sum of a
reqular generalized Jacobi matrix A(d) € J; plus of a direct sum:

A=A(d)+[Ma0].

The deficiency numbers of the symmetric operator Sy(d) determined by A(d) are,
by [14], not greater than d. The deficiency numbers of the symmetric operator S
determined by A itself satisfy def[So] = def[Sy(d)], hence they are not greater
than d. The operator Ry, (0,7) is generated by A, hence is an extension of the op-
erator So (which is determined by A). It follows that both deficiency numbers of
Rp (0, 1) are not greater than d. This implies n < d, hence d = n.

We have then the following inequalities for the deficiency indices (under-
stood componentwise):

(0,n) = def[Rp(0,1)] < def[Sp] = def[Sy(d)] < (d,d) = (n,n).

The operator So(d) = Sp(n) is determined by the regular generalized Jacobi ma-
trix A(n) € J,. By the already cited result of Kogan [10], one of its deficiency
numbers can be equal to 7 if and only if both are. Hence

def[So] = def[So(n)] = (n,n).

However, the symmetric operator Ry, (0, ) is an extension of the symmetric oper-
ator Sp, hence for their deficiency indices we should have

(0,n) = (n—k,n—k) forsomek € Ny,

a contradiction. By a result of von Neumann, S,(0,7) and Ry, (0,7) are unitarily
equivalent (see, e.g., 104° of [2]). Hence we have obtained

y[Sp(O,n)] = y[Rp(O,n)] =n+1.
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In a completely similar way we obtain that the multiplicity of the pure symmet-
ric operator with deficiency index (m,0), where m > 1, is m + 1. Hence, if the
symmetric operator S = S(m, n) is the orthogonal sum

S(m,n) = Sp(m,0) © Sp(0,n),
then we have
ulSmn)] <m+n+2. 1

COROLLARY 6.2. Each closed symmetric operator S satisfying def(S) = (1,1)
and u(S) = 1 is not the direct sum of elementary symmetric operators:

S # 5p(1,0) & Sp(0,1).
Further, the n-fold orthogonal sum S := S @ - - - @ S satisfies
W] = n
Hence, for every n € N there is S(n,n) such that u[S(n,n)] = n.

Proof. Assuming that S is the (negated) direct sum above, we should have
1=u(S) > ulSp(1,0)] =2,

a contradiction. Further, the deficiency index of S(") is clearly (1,1). Hence, by
Lemma 3.3,

n =max(n,n) < y[S(”)} <nu(S)=n.

Now we shall determine the matrix of the simplest structure of the elemen-
tary symmetric operator S = S,(0,1) (which is necessarily pure, cf. 104°, Theo-
rem 1 of [2]) defined by von Neumann in [18]. We shall cite his representations in
the form of the

THEOREM 6.3 (von Neumann, [18], p. 130). The closed symmetric operator S is
unitarily equivalent to each one of the following operators T:
1° D(T):={x={x;} EZZ(N) : |X1|2+|X1+XQ|2+‘X1+9C2—|—X3‘2+ <. <oo},
Tx :=i{xq,2x1 + x2,2x1 + 22 + x3,... }.
e}
(Interestingly, for any x € D(T) we have Y, x; = 0.)
k=1
2°  Letk € Z. In L?(0,1) let X = H; denote one of the closed linear subspaces
generated by all the functions {x,(t) := "™ : n € Z, n > k}. Let

D(T) = {f € X: —cot(rtt)f(t) € X}, (Tf)(t) := —cot(rtt)f(t).

3 D(T):={f e HA(D): iit2f(x) e KAD)}, (Tf)(2) := iii—if(z).

Here H?(ID) denotes the indicated Hardy space of the disc.
4° D(T):={feL?(0,00) : f islocally absolutely continuous, f'€L?(0,c0),
£(0)=0}, Tf i=if"
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THEOREM 6.4. The multiplicity of the closed symmetric operator S is u(S) = 2.
In the representation 4° the functions f, ¢ € D(T®) defined by

F(t)i=e ™, g(t) == tf(t) = te '~

1
f

satisfy
sp[{TFf: ke No} U{Trg: k € Ng}] = X = L%(0, ).

Proof. We have obtained above u(S) = u[Sp(0,1)] = 2.
Consider now for S the representation 4°, and the functions f, g defined
above. For their successive derivatives it can be proved by induction that

f(k)(i’) _ P2k(t)f(t) g(k)(t> _ QZk(t)f(t) (k e N),

12k ’ 12k—1
where P, Q are polynomials of the indicated degree and such that
Pye(0) = Qu(0) = 1,

i.e. their lowest degree terms are 1. It follows that f, ¢ € D(T).
Assume now that there is h € LZ(O, o) such that for every n = 0,1,2,...
we have

/f Hdt =0 = /g<">(t)h(t)dt.
0 0
With the shortening [f, 1] f £ t)dt we shall write the equation above as

[f,n]=0=[gn (n=012...).
We state that this implies
6.1) / HFOBAt=0 (j=1,0,-1,-2,-3,...).
0

Indeed, [g,0] = 0is (6.1) for j = 1, and [f,0] = 0is (6.1) for j = 0. Knowing these,
[¢,1] = 0 implies (6.1) for j = —1, and then [f,1] = 0 implies (6.1) for j = —2.
Continuing in this way, we obtain successively (6.1) for j = -3, —4, —5,....

Applying now the substitution t = x 1, (6.1) implies
6.2) /xke*“%h(l/x)dx —0 (k=-3,-2,-1,0,1,2,...).

0

For any b satisfying 0 < b < 1 we have

/ebxf(x)|h(1/x)|dx - / Ih(t)|e®~Die~t2dt < oo,
0

0
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since the integrand on the right-hand side is the product of two functions from
L?(0, 00). This fact together with (6.2) implies

/xky(x)dx —0 (k=-3-2-1,012...),
0

where the function

y(x) = fF0)h(1/x)
has been seen to have the property that for 0 < b < 1 the function x — e?*y(x) €
L'(0, ). A more or less standard reasoning concerning Fourier transforms in the

complex domain (i.e. the Paley-Wiener circle of ideas) shows that then (cf., e.g.,
8.4.2,8.4.30f [11]) y = 0 a.e. Hence h = 0 € L?(0, %), which proves our claim. 1

We prove now the following:

THEOREM 6.5. Apply the notation of the preceding proof, and consider the func-
tions f, g € X := L?(0,0) from there. Then the following sequence of functions

(6.3) {g,f, T, Tf, T?g, T*f,...}

forms a linearly independent set. Hence the orthonormalized sequence of the above se-
quence is a basis with respect to which the matrix of the operator T is a reqular |, matrix:
it has nonzero entries only in the main and in the two neighboring diagonals in both
directions, and the two indicated extreme diagonals contain exclusively nonzero entries.

Proof. In this proof we shall call an expression of the type

N
Z Elki'k (N eN, g €C)
k=—N
a two-sided polynomial or simply a polynomial in t over C. We define the positive
degree of a polynomial as the largest k > 0 such that a; # 0, and the negative degree
as the smallest —j < 0 such that a_; £ 0.

We have seen in the preceding proof that each derivative of g, f is a prod-
uct of f and of a (two-sided) polynomial of ¢. It is immediate that a set of such
functions is linearly independent in X if and only if the corresponding set of poly-
nomials (after division by f) is linearly independent in C(0, o). Denote the corre-
sponding sequence of polynomials (in the order of (6.3)) by {p1, p2,p3,... }. We
obtain that

pr(t) =t pa(t) =1, p3(t) = =t +1+t71, py(t) = -1 +12

In general, the negative degree of pyi11 is —2k + 1 for k € N, and its positive
degree is always 1. The negative degree of py; is —2k + 2 for k € N, and its
positive degree is always 0. It follows that any "starting section” {p1,p2, ..., Pn}
of the sequence of these polynomials is a linearly independent set, which proves
that the whole set (6.3) is.
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Further, it is clear that

T({p1,P2,---,Pn}) Csplp1, p2,---, Pur2] (n €N).

Since the orthonormalization process does not change the linear span of the start-
ing sections, an application of the Corollary 4.5 proves now the last sentence of
the theorem. 1

7. THE COMPLETELY INDETERMINATE CASE REVISITED

It is a more or less generally accepted expression that for a (possibly block,
Hermitian symmetric infinite) Jacobi matrix A € J[p] or, equivalently, for the
determined minimal closed operator S in the Hilbert space l% (sequences of vec-
tors from CP with square-summable sequences of norms) we have the completely
indeterminate case if and only if the deficiency index of the operator S is (p, p).
Kostyuchenko and Mirzoev claimed in [12], [13] that this is the case if and only
if all solution vectors u of the equation A - u = 0 belong to the space lf,. The
following simple example shows that this claim is false.

EXAMPLE 7.1. Let p = 1 and consider the regular Jacobi matrix A € J; with
zero main diagonal, and two identical by-diagonals with the entries (1,2,2,3, 3,4,
4,...) (in this order). Each solution vector u of the equation A - u = 0 is a multiple
of the vector

u=(1,0,-1/2,0,1/3,0,—1/4,0,1/5,0,...) € ? = I},

On the other hand, the reciprocals of the entries in both by-diagonals form a
clearly divergent series. It is well known that this property of any Jacobi ma-
trix with real main and positive by-diagonals implies that the determined (min-
imal closed) operator S in [? is self-adjoint (see, e.g., Chapter 1 of [1]). Hence
def(S) = (0,0) # (p, p), i-e. we do not have the completely indeterminate case.
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