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Abstract

In this expository article, the association of some special classes of functions on semigroups
and bounded operators on Hilbert spaces is expolered. In the process , we begin with the classical
moment problems, make relevant historical comments and touch upon the recent developments
in this area.

In this lecture, we propose to exhibit an amalgamation of Harmonic Analysis and Operator Theory.
Some special type of functions get naturally tied up with some special type of operators on Hilbert
spaces. This fruitful synthesis of two seemingly different areas has its roots in the classical moment
problem.

The moment problem was first posed by Chebyshev in 1873 and then substantially took forward
by Stieltjes, Markov, Hausdorff and Widder. In view of its connection with bounded operators
on Hilbert spaces, we state here the Hausdorff Moment Problem. For the historical remarks and
thorough discussion on moment problem, the reader is referred to[?], [?]

Hausdorff Moment Problem:
Given a sequence of non-negative real numbers {a,}, does there exist a measure p on [0, 1] such

1
that a, :/ x"du.
0

The following remarkable theorem was proved by Hausdorff [?] , which describes the solution of
the one-dimensional moment problem on finite interval.

Theorem 0.1. The following statements are equivalent:
(a) A sequence of non-negative real numbers {a,} is a moment sequence
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(b) VFan =Y (-1) <’;)an+j >0, n>0k>0

J=0

The infinitely many conditions on {a,} in (b) allow one to define a measure p on [0, 1] such that
1

Gp = x™dpu.

0
A new proof of Hausdorff’s Theorem was later supplied by Hildebrandt and Schohenberg [?]. In fact
they solved the multi-dimensional version of the problem. A sequence {a,} satisfying conditions in
(b) is called a completely monotone sequence. This terminology was introduced by Widder [?].

It can be easily checked that the sequences {1} and {?} are completely monotone and hence
n

moment sequences.
A function theoretic description of complete monotonicity was introduced much earlier by Berstein

[7].

Definition 0.2 : A function f : (0,00) — R is called completely monotone if f is of class C* and
(=1)"f™(z) >0, ¥n >0, = > 0.

1
Example 0.3 : 1. f(z) = 1 is completely monotone
x

2. fi(z) = e, t > 0 is a family of completely monotone functions

The following theorem characterizes the class of completely monotone functions:

Theorem 0.4. Let f : (0,00) — R be a completely monotone function. Then there is a unique
o

measure pi on (0,00) such that f(x) :/ e tdu(t).
0
Conversely z'f/ e~ tdu(t) < oo, then x — / e~ “tdu(t) is completely monotone.
0 0

The integral representation of a completely monotone map is called the Laplace Transform of a
measure U.

The above theorem at once generates the examples of completely monotone functions on (0, 0).
Naturally, the restriction of a completely monotone function to the set of non-negative integers is
a completely monotone sequences and thus a moment sequences.

At this stage we point out that the set of completely monotone maps forms a subclass of the class
of positive definite functions on the semi-group R of non-negative real numbers. For the theory of



positive definite functions as well as for the historical comments on this area, the reader is referred
to the excellent book [?]. Some important properties of completely monotone functions are listed
below:

Proposition 0.5. 1. The set of completely monotone functions is a convex cone i.e. sf1+tfo €
CM for all s,t > 0 and f1, fo € CM.

2. The class CM is closed under multiplication i.e. fifo € CM for fi, fo € CM.
3. The class CM is closed under pointwise convergence i.e. f, — [ and f, € CM then f € CM.
4. (m1)"Ag, - Agy Ay, f >0, for all n and for any a1, a9,---a, € Ry

The function theory developed in the beginning of the twentieth century as described above hinges
around the moment problem and related classes of positive definite functions on the semi-groups
on R} and N.

We now introduce a subclass of the class of negative definite functions on R .

Definition: A function f : (0,00) — R is called a Bernstein function if f is of class C°° and
(=) 1f™)(z) >0, Vn e N.

The Bernstein functions were extensively studied by Schohenberg [?], Bochner[?]. In particular the
following remark relates this class to the class of completely monotone functions.

Remark 0.6 : A non-negative C°° function on (0,00) is Bernstein function if and only if f’ is
completely monotone function.

The above observation coupled with the integral representation of completely monotone maps
result into the integral representation of Bernstein functions. This representation is known as Levy-
Khincin representation.

Theorem 0.7. A function f : (0,00) — R is a Bernstein function if and only if it admits the
representation

f(x) = a+bx +/ (1 — e ) du(t), where a,b > 0 and p is a measure on (0,00) satisfying
(0,00)

/ (1A 8)du(t) < oo,
(0.00)
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By choosing appropriate measures on (0,00) one can check that z% (0 < a < 1), T2
T

log(1 + z)
are Bernstein functions.
The class of sequences associated with the Bernstein functions are the completely alternating se-

quences. A detailed discussion on completely alternating sequences can be found in [?].

Definition 0.8 : A sequence {a,} of non-negative real numbers is called completely alternating if

k
-k
vkan: _1J<‘>an <0, n>0,k>1.
;( ) j +J

We now turn our attention to a significant result by Sz. Nagy which connects the moment problem
with the theory of bounded linear operators on Hilbert spaces.

n
Theorem 0.9. A sequence of operators M, satisfies Z (Z) MM, _ > 0 for every n if and only
k=0

1
if there exists an operator measure A on [0,1] such that M, = / t"dA.
0

Sz. Nagy’s paper on the operator valued version of the Hausdorff moment theorem appeared in
1952[?] . In the same period, Halmos introduced the class of subnormal operators. We shall define
subnormal operators for the ready reference.

Definition 0.10 : Definition: An operator S € B(H) is said to be subnormal if there exists a
Hilbert space K containing H and a normal operator N € B(K) such that NH C H and N|H = S.

A detailed discussion of subnormality including various characterizations of the notion can be found
in a scholarly work by Conway [?]. We shall now quote Embry’s characterization of subnormality
[?] which is relevant to the present discussion.

Theorem 0.11. An operator T is subnormal if and only if there exists an operator measure A
a

concentrated on an interval [0,a] such that T*"T" = / t*"dA for allm > 0.
0

Jim Agler [?] aptly coupled the results of Sz. Nagy and Embry and came up with a brilliant char-
acterization of subnormal contractions:

Theorem 0.12. An operator T on a Hilbert space H is a subnormal contraction if and only if

Z <Z>T*ka >0 forallk>0,n>0.
k=0



Agler also constructed a sequence of subnormal contractions. The unilateral shift and Bergman
shift are the prominent among these and have been studied extensively.

Athavale and Pedersen [?] generalized Agler’s work to the multi-dimensional set up. Agler’s crite-
rion allows one to relate complete monotonicity with subnormality in the following sense:

An operator T on a Hilbert space H is a subnormal contraction if and only if the sequence
én(n) = ||T™h||? is completely monotone for every h. Specializing to weighted shift operators,
we have:

A weighted shift operator T with weight sequence «,, is subnormal if and only if the sequence
Bn = a% -.-a2_| is completely monotone.

Subnormal contractions, thus get naturally tied up with the class of completely monotone sequences
which is a subclass of positive definite functions on the semigroup N of non-negative integers.

We shall now discuss the class of operators antithetical to the class of subnormal contractions and
get naturally associated with completely alternating sequences which is a subclass of negative defi-
nite functions on the semigroup N of non-negative integers. Such type of operators were introduced
and studied in the works of Aleman [?] and Richter[?]. A major impetus in this direction was given
by Athavale [?] . In this paper he introduced a class of Completely Hyperexpansive Operators. As
can be observed from the definition below, the hyperexpansive operator is defined through infinitely
many negative conditions by reverting the inequalities in Agler’s criterion.

n
Definition 0.13 : An operator T' € B(#H) is said to be completely hyperexpansive if Z(—l)k <Z> Tk <
k=0
0, for alln > 1.

Along with the isometries, an important example of a completely hyperexpansive operator is the
n+ 2

Dirichlet shift; the weighted shift operator with weight sequence { e
n

It is evident from the definition that an operator 7" on a Hilbert space H is completely hyperex-
pansive if and only if the sequence ¢, (n) = ||T™h||? is completely alternating for every h.
Athavale explored the intrinsic relationship between completely monotone map and Bernstein func-
tion and translated it into corresponding relation between subnormal contractions and completely
hyperexpansive operators.

In particular an operator theoretic manifestation of the following important result leads to the
computation of the Cauchy dual of a completely hyperexpansive weighted shift:

Theorem: Let v : (0,00) — R. Then ¢ € BF if and only if e=® € CM.

The structural and spectral properties of completely hyperexpansive operators were further ex-
plored in [?] ,[?]. S. Chavan took the subject further by proving several interesting results on
completely hyperexpansive operators and related classes in one and several dimensions [?], [?], [?].



The theme of relating certain special class of functions to a class of operators is still flourishing.
In the recent work by Chavan and Sholapurkar [?], [?] a class of completely monotone functions
of finite order which encompasses polynomials as well as a class of Bernstein functions of finite
order which contains polynomials have been discussed. The operator theoretic manifestations of
these classes provide interesting new examples of operators and also help in supplying new proofs
of known results.

The subtle interconnection between various classes of functions on semigroup and exploring their
reflections in the interactions between corresponding classes of operators is a rewarding experience.
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