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AN IMBEDDING THEOREM FOR INDETERMINATE
HERMITIAN MOMENT SEQUENCES

FraNcis J. NARCOWICH

Hermitian moment sequences are generalizations of
classical power moment sequences to bounded operators on a
Hilbert space. The main result is that every indeterminate
Hermitian moment sequence on a complex Hilbert space can be
imbedded in a determinate Hermitian moment sequence on an
enlarged Hilbert space in the sense that the first sequence is a
compression of the second. This implies the existence of de-
terminate Hermitian moment sequences which, when compress-
ed, are indeterminate and leads to the following questions:
Which orthogonal projections on the Hilbert space give rise to
determinate compressions of a fixed, determinate sequence?
What structure do these projections induce on the underlying
Hilbert space?

Background. Let ¥ be a complex Hilbert space, with inner
product (-, -) and norm || - ||, and let B(3) be the set of all bounded
linear operators on #. A sequence {T};_,, T,EB(¥), is said to be an
Hermitian moment sequence (cf. J. S. MacNerney [4]) if there exists a
positive operator-valued measure (cf. Berberian [2]), u( - ), defined on
the Borel sets of (— o, ), such that

(1) T,=Jw tdu (1), j=0,1,2,---.

Necessary and sufficient conditions for a sequence of operators to be of
the form (1) and, in addition, be such that u( - ) has support over a finite
interval were first given by B. Sz.-Nagy [6]. General necessary and
sufficient conditions for a sequence to be of the form (1), with no
restrictions on the support of u( - ), were first given by J. S. MacNerney
(4].

An Hermitian moment sequence (1) will be said to be determinate if
m( ) is unique, and indeterminate otherwise (cf. Akhiezer [1],
Dubois—Violette [3], and Shohat and Tamarkin [7]).

Main result. A determinate moment sequence {7} can be
“imbedded” in an indeterminate moment sequence on ¥ =
H P K. For example, let {a;}7, be a scalar-valued indeterminate mo-
ment sequernce, I be the identity operator on J, and P be the orthogonal
projection from ¥ to 0P # = ¥. The sequence,
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" a,"[ 0)
;= (% r):

is easily seen to be an indeterminate Hermitian moment sequence, while
the compression of {T"} (cf. Putnam [5], pg. 76),

PT)P =T, ji=0,1,2,- -,

is determinate. What is not at all obvious is that every indeterminate
moment sequence on # can be imbedded in (that is, arises as a
compression of) a determinate moment sequence on ¥ @ #. The main
purpose in writing this paper is to establish

THEOREM 1. (Imbedding Theorem) Let T, wu( - ) be as in (1) and
let

(2) R = f_ teMdu(t), S5 = f_ tie M2 dy (¢).
Then the sequence,

;= (R 5:) =
(3) T;_<SI T; > ] 07 1’27 >

defined on X = ¥ P ¥, is a determinate Hermitian moment sequence.

The proof is postponed.

The Imbedding Theorem raises an interesting question: Let {T}} be a
determinate moment sequence and let P be the orthogonal projection
onto a closed subspace, #, of #. Under what conditions will the
compression of the moment sequence, {PT,P}, be determinate?

For any given moment sequence, {T};-,, whether it is determinate or
not, the subspace #,, will be said to be determinate or indeterminate
depending on whether {PT,P} is determinate or indeterminate. A
moment sequence for which every subspace is determinate will be called
a completely determinate moment sequence. In general, a nontrivial
characterization of the determinate subspaces of a moment sequence is
not known. For completely determinate sequences, the problem is
much simpler:

LEMMA 1. A moment sequence of the form (1) is completely deter-

minate if and only if it is determinate in all of the one dimensional
subspaces of . A sufficient condition for this to occur is that

@ ST, =+
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Proof. The necessity of the condition of being determinate in each
one dimensional subspace follows from the definition. To establish
sufficiency, let {T} obey this condition, then for any ¢ € ¥, ||¢| =1,
7,(¢) = (T,9, ¢) is a determinate scalar moment sequence. If u( - ) and
[ ( -) both generate {T}, then

© 5@)= [ vduos,6)= [ rd@os ).
The determinacy of {7;(¢)} then implies that for any Borel set A,

(©) (1 (B¢, &) = (a(8)d, d).

Coupling (6) with the fact that # is a complex Hilbert space then implies
w(A)=(A). Hence, the full moment sequence is determinate.

Now, let P be a projection onto a closed subspace, #,, of ¥ and
consider the corresponding one dimensional compressions of PT,P:

(™) 0,(¢) = (PT;P$, $), 1=0,1,2,---,

where ¢ € ¥, |¢|=1. From (7), it is clear that o;(¢) =0 if | P || =0
and

® 5:()=1Po 5 (pay ) =012+,

if |P¢||#0. In the former case, {g,(¢)} is obviously determinate. In
the latter case, {o,(¢)} is determinate because, by (8), it is a positive
constant multiple of a determinate moment sequence. A direct applica-
tion of a Theorem of Hamburger (cf. Shohat and Tamarkin [7], p. 70)
shows all such sequences are determinate. Thus, {PT;P} is determinate
in each of its one dimensional subspaces and, by the preceeding
discussion, is determinate. This, in turn, implies {T} is completely
determinate.

Finally, that (4) is a sufficient condition for {T} to be completely
determinate follows from the fact that for ¢ € &, || ¢ || = 1,

|7,(8)| = [(Tid, $)| = T} j=0,1,2,---.

This, together with (4), implies {r,(¢)} satisfies the ordinary Carleman
condition (cf. [7], pg. 19) and is, therefore, determinate for each ¢. By
the preceding discussion, {T} is completely determinate. This ends the
proof.

Condition (4) is certainly not a necessary condition for complete
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determinacy. Consider the following example (A. E. Nussbaum, private
communication): Let {q;} be an indeterminate scalar (Hamburger) mo-
ment sequence and set

n
6 = lim min (EO ‘(2) a,+kx,xj>.
prr

n—x  xo=1

Then by the Theorem of Hamburger mentioned earlier (cf. [7], pg. 70),
the sequence

b0=a0_8
©) b =a, i=1,23,--,

is easily seen to be a determinate moment sequence. Moreover, since
{a,} was indeterminate to begin with, it cannot satisfy the Carleman
condition and, therefore, {b,} is a determinate moment sequence which
does not satisfy the Carleman condition. Thus, the Carleman condition
is not a necessary condition for determinacy, even in the scalar case.

The determinate moment sequence {b;} also has two other interest-
ing properties, which can be demonstrated via the Theorem of
Hamburger. The translates {b;.,};-, are also moment sequences, but
they are indeterminate if kK =1. Finally, adding the two determinate
moment sequences {b} and {§,0,0,---} results in the indeterminate
moment sequence {a,}. Thus determinacy is not necessarily preserved
when two determinate moment sequences are added.

Proof of Theorem 1. Since the positive B(X)-valued Borel
measure,

e =le] e-llllz

(10) )= (Sam | ),

generates the sequence {T,}, it is a moment sequence. If di(¢) is any
positive B(¥)-valued Borel measure which generates {T,}, and if

(11) do (1) = db(t) - dv(1),
then
(12) f tdw (1) =0, j=0,1,2,--.

What needs to be shown is that dw(t) =0, for then d¥ = dv and {T}} is
determinate.
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By considering vectors of the form (¢, 0)" € %, it is possible to show
that the upper left component of dv(t), dv, (1), is a positive B (J)-valued
Borel measure. Moreover, (12) implies that

roc ©
(13) R, =J’ t'dﬁl,,(t)=f te Mdu (1),
for j =0,1,2,---. However, using the definition of R, the inequality
(14) IR = je”| Tl

can be easily obtained. An application of the Carleman condition (4),
given in Lemma 1, then implies R, is completely determinate. This fact,
coupled with (13), implies that the two measures in (13) are
equal. Hence,

(15) dw, ,(t) = 0.

Again by considering vectors of a special form, (a¢, Bo)", ¢ € X,
a, B € %, it is clear that the 2 X 2 matrix-valued measures,

diy (1) = (do ()b, &), dvy(t) = (dv(t)e, ¢),

(16)
dw, (1) = (do(1)d, b),
satisfy
17) d5,(1)=0, dvy(1)=0, f tdw, () = 0.

Fix ¢ € %. By (15) and (16),

(0 do (1)
(18) dw¢(t) - (da—,(t) dT(f))’

where do(t)= (dw,,¢, ¢),dr(t) = (dw,.p, $). Because the measures
dv and dv are bounded operator valued measures, all the measures do,
dr, du,(t)=(du(t)éd, ) are bounded and, respectively, are complex,
real, and positive Borel measures. By the Radon-Nikodym Theorem,
there exist f(t),g(t)€ L'(dus), and bounded Borel measures dr.(t),
do (1), singular with respect to du,(t), such that

dr (1) = f(t)dp,(t) + dr.(1)

(19) do(t) = g(t)du, (1) + do.(t).
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Combining (16), (18), and (19) gives

sy= (¢ e+ g(t) . 0 da (1)
(20) dv,(t) <e_“/2+% 1+ (1) )d#d)(t)-i-(d;;(t) dT,(t))-

Let A be any subset of the real line such that u,(A)=0. Since
dv,(1)=0,

u(8) = (‘);( N ‘:((f))) =0,

The facts that trace and determinant of a nonnegative matrix are
themselves nonnegative imply that

o,(A)=0

@1) 7 (8)20.

Since the support of o, is singular with respect to du,(t), this implies that
(22) do(t)=0, dr,(t)=0.

To complete the proof of the theorem, it need only be shown that
f(t)=g()=0, dr,(t)=0. If this can be done, it follows from (20) that
dv,(t) = dv,(t) for every ¢ in ¥. Hence, for any Borel set A, 7,(A) =
(7(A)d, d) = v, (A) = (v(A)p, ). Since the underlying space is a a
complex Hilbert space, this is sufficient to imply that #(A) = v(A) and that
{T;} is determinate.

To see that g(¢) =0, first note that the matrix multiplying du,(¢) in
(20) is nonnegative almost everywhere with respect to u, Otherwise,
the integral of dv, over a set which is both disjoint from the support of 7,
and has positive u,-measure would be negative, which is
impossible. Applying the condition that the determinant of a nonnega-
tive matrix must itself be nonnegative and then multiplying the resultant
inequality by e yields

(23) [1+g()e"* P =1+ f(2).
Since both 1, f(¢) belong to L'(du4(t)), the function 1+ g()e""” belongs

to L(du,(t)). But this in turn implies g(t)e"” € L*(du,(t)). Finally,
this implies

f@ e"'!g(t)lzdw(t):f_: ™| g () e dpy (1),

—
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and

24) e"g(t) € L(e "dp,(1)).

Combining (17), (18), (19), and (22) yields

25) | tg@duay=0= [ velge dus (o)

—

Thus by (24) and (25), e"'g(¢) is in L*(e "du,(t)) and orthogonal to all
polynomials. Since {R,} is a completely determinate moment sequence,
{(Ri¢p, ¢)} is a determinate moment sequence. The polynomials are
therefore complete in L*(e "'du,(t)) (cf. Akhiezer [1], pg. 45) and
e"'g(t)=0. Hence,

(26) g(t)=0 a.e. u,

It is now possible to show that f(¢) and dr,(¢) are both 0. Combining
(20), (22), and (26), the measure dv, has the form

e—lrl e—l:!/z

@7 dv (1) = <e""’2 1+ f(t)) dus (1) (8 df?(t))'

Again, it follows from the nonnegative character of the matrix multiply-
ing du,(t) that

eM=e 4 e Mf(1),
and, hence,
(28) 0=f(1), ae. wel( ).

Now, however, because di and dv both generate the moment sequence
{T,}, it is obvious that

©

(T 8)= [ 00+ fOus)+ [ vdr0)

(29) . h
= f Vdu,(t).

-~

From (29), it follows that for j =0,

(30) f F(6)dps (1) + f ~dn=o0.
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By (25), (28), and (30),
(31) f(t)=0, ae. uy dr, =0,

and, by the remarks made earlier, {’1~",-} is a determinate moment
sequence.

Reducing subspaces. If an Hermitian moment sequence, {T},
is determinate and can be expressed as

71!'=lji+‘/l" j=0’1727""

where {U;} and {V} are also Hermitian moment sequences, then both
sequences are determinate (the converse is, of course, false —see the
remarks following Lemma 1). If this were not the case and, say, {U,}
were generated by both dp(t) and dp(t), then if do(t) generates {V},
both dp(t)+ do(t) and dp(t)+ do(t) would generate {T}. Since {T} is
assumed determinate, these two measures are equal. This implies
dp(t)=dp(t), and {U,} is determinate. These considerations lead to

THEOREM 2. If {T} is a determinate Hermitian moment sequence, P
is an orthogonal projection onto a closed subspace, ¥», of ¥, and P reduces
{T},

P’T;ZY-;P:P,T;P’ ]’=0’1927."9

then both {PT,P} and {(I — P)T(I — P)} are determinate and #,, ¥,_p are
determinate subspaces of ¥ with respect to {T}.

Proof. Note that,
T,=PT,P+(I - P)T(I — P), j=0,1,2,---.

Both terms on the right are Hermitian moment sequences. Since
{T} is assumed determinate, both sequences are, by the discussion given
above, determinate. The rest of the theorem follows from the definition
of determinate subspace.

It should be noted that the theorem just proved, along with the
Imbedding Theorem, show that subspaces of indeterminacy are as-
sociated with “‘off-diagonal” elements being present when a 2 X 2 matrix
representation is used.

ACKNOWLEGDEMENTS. The author gratefully acknowledges the
help of J. S. MacNerney, A. E. Nussbaum, and S. Slinker.



AN IMBEDDING THEOREM 507

REFERENCES

1. N. I. Akhiezer, The Classical Moment Problem, Hafner Publishing Co., New York, 1965.

2. S. K. Berberian, Notes on Spectral Theory, D. van Nostrand, Princeton, 1966.

3. M. Dubois-Violette, A generalization of the classical moment problem on *-algebras with
applications to relativistic quantum theory. I, Commun. Math. Phys., 43 (1975), 225-254.

4. J. S. MacNerney, Hermitian moment sequences, Trans. Amer. Math. Soc., 103 (1962), 45-81.
5. C.R.Putnam, Commutation Properties of Hilbert Space Operators, Springer, New York, 1967.

6. B. Sz.-Nagy, A moment problem for self-adjoint operators, Acta Mathematica (Hung.), 3 (1952),
285-292.

7. J. A.Shohat and J. D. Tamarkin, The Problem of Moments, Amer. Math. Soc., New York, 1939.

Received April 2, 1976. This work is partly supported by NSF Grant No. MCS76-06631.

TEXAS A & M UNIVERSITY
COLLEGE, TX 77843








