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Abstract

We introduce a matricial approach to the truncated complex moment problem,
and apply it to the case of moment matrices of flat data type, for which the columns
corresponding to the homogeneous monomials in z and Z of highest degree can be
written in terms of monomials of lower degree. Necessary and sufficient conditions
for the existence and uniqueness of representing measures are obtained in terms of
positivity and extension criteria for moment matrices. We discuss the connection
between complex moment problems and the subnormal completion problem for
2-variable weighted shifts, and present in detail the construction of solutions for
truncated complex moment problems associated with monomials of degrees one and
two. Finally, we present generalizations to multivariable moment and completion
problems.
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CHAPTER 1

Introduction

Given a doubly indexed finite sequence of complex numbers v : Y90, Yo1, Y105

oy 0,205 -+ -5 V2n,0, With y00 > 0 and v;; = 745, the truncated complex moment

problem entails finding a positive Borel measure u supported in the complex plane
C such that

(1.1) Vij = /Zizjdu (0<i+j<2n)

u is called a representing measure for . In this paper we study truncated moment
problems (in one or several variables) using an approach based on matrix positivity
and extension, combined with a new “functional calculus” for the columns of the
associated moment matrix. We show that when the truncated moment problem is of
flat data type (a notion which generalizes the concept of recursiveness for positive
Hankel matrices), a solution always exists; this is compatible with our previous
results for measures supported on the real line, nonnegative real line, or some
prescribed finite interval (Hamburger, Stieltjes and Hausdorff truncated moment
problems [CF3]), and for measures supported on the circle (Toeplitz truncated
moment problems [CF3]). Along the way we develop new machinery for analyzing
truncated moment problems in one or several real or complex variables.

The full complex moment problem (in which v is defined as an infinite mo-
ment sequence {7ij}ij>0, Yoo > 0, vji = 7i;) has been considered by A. Atzmon
[Atz], M. Putinar [P1], K. Schmiidgen [Sch], and others ([Ber], [Fug], [Sza]).
Atzmon showed that a full moment sequence v has a representing measure 1 sup-
ported in the closed unit disk D if and only if two natural positivity conditions
hold for a kernel function associated to . One positivity condition allows for
the construction of an inner product on C[z], and an additional positivity hy-
pothesis on v forces the operator M., multiplication by the coordinate function
z, to be a subnormal contraction on C[z]; the spectral measure of the minimal
normal extension of M, then induces the representing measure u. On the other
hand, Putinar [P1] used hyponormal operator theory to solve a closely related
moment problem. More generally, the full K-moment problem ~;; = fzizjdu
(i,5 > 0), suppp € K C C, has been solved for the case when K is a prescribed
compact semi-algebraic set [Cas|, [CP2], [McG], [P3], [Sch2]. For other sets,
including K = C, the full moment problem is unsolved [Fug].

A theorem of M. Riesz [Akh, Theorem 2.6.3, page 71] for K C R shows
that the K-moment problem for a sequence 8 = {3,}52, is solvable if and only if the
functional ¢ : p(t) = Y,artt — @(p) = Y, arBk is positive, ie.,
p |k> 0 = @(p) > 0. This result was extended to R™ by Haviland [Hav1l,2];
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2 RAUL E. CURTO AND LAWRENCE A. FIALKOW

however, for many sets, including K = R?, the description of the positive polyno-
mials is incomplete ([Sch1,2], [P3], [McG], [BM]), and the Riesz criterion does
not always lead to a concrete criterion for solvability which can be expressed easily
in terms of the moments.

For the truncated complex moment problem (1.1), it is only possible to define
Atzmon’s inner product on the space of polynomials of degree at most n, but since
this space is not invariant under M, the rest of the argument is obstructed. Per-
haps for this reason, there appears to be little literature on the truncated complex
moment problem (1.1), although the problem is apparently known to specialists.
Apart from its intrinsic interest, the truncated complex moment problem has a
direct impact on the full moment problem. Indeed, [St] proved that if K C C is
closed, if v = {v;;} is an infinite moment sequence, and if for each n > 1 there
exists a representing measure p,, for {7;; }o<i+j<on such that supp p, C K, then by
a weak compactness argument, there exists a subsequence of {u,,} that converges
to a representing measure p for v with suppu C K (cf. [Lan, p. 5]). (On the
other hand, a solution of the full moment problem does not imply a solution of the
truncated moment problem [CF3].)

To illustrate this principle, consider the full moment problem for K = [0, 1].
A refinement of Riesz’s Theorem due to Hausdorff ([ShT, Theorem 1.5, page
9], [Hau|) shows that for a real sequence 8 = {8;}32, there exists a positive
Borel measure y supported in [0, 1] such that 3; = [¢/du (j > 0) if and only if
the functional ¢ is positive when restricted to the family of polynomials p,, »(t) =
t"(1—t)™ (m,n > 0). To obtain a more concrete solution (expressed solely in terms
of 3) consider the truncated Hausdorff moment problem for 3(") := {ﬁj}?zgl. Krein

and Nudel’'man [KrN] proved that 3(™) admits a representing measure if and only
if L(n) == (Bitj)ij=0 and M(n) = (Bi+j+1)f j=o satisfy L(n) > M(n) > 0. It
thus follows from [St] that § admits a representing measure if and only if L(n) >
M(n) > 0 for every n > 0.

Our goal in this work is to obtain concrete criteria for the existence of repre-
senting measures, analogous to those in [Akh], [KrN] and [ShT]. One feature of
our study is that in cases in which we are able to solve the truncated moment prob-
lem theoretically, we also have algorithms to provide finitely-atomic representing
measures whose atoms and densities can be explicitly computed (cf. [CF3], [Fial);
moreover, these calculations are quite feasible using readily available mathematical
software.

Our approach requires a detailed study of the matrix positivity induced by a
representing measure, which we now begin. For notational simplicity, our discussion
here focuses on the truncated moment problem in one complex variable, but in
Chapter 7 we give the appropriate generalizations to several variables. Let pu be
a positive Borel measure on C, assume that C[z,2z] C L'(u), and for i,5 > 0
define the (i, j)-power moment of p by v;; := [z'27 du(z,z). Given p € Clz, z],
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p(z,2) = Zij aijzizja
(12) 0= [ 1p2) P dutz,2)

= Z ijge / ZH IR (2, 2) = Z i Aop Vit 5+ k-

ijke ijke

To understand the matricial positivity associated with v := {v;;} via (1.2),
we first introduce the following lexicographic order on the rows and columns of
infinite matrices: 1,7, Z, Z27 77, Zz, Z3, ZZQ, VAVA 23, ...; e.g., the first column is
labeled 1, the second column is labeled Z, the third Z, the fourth Z2, etc.; this order
corresponds to the graded homogeneous decomposition of C[z, z]. For m,n > 0, let
M|[m,n] be the (m+1) x (n+1) block of Toeplitz form (i.e., with constant diagonals)
whose first row has entries given by Ym n, Ym+1,n—1,--- s Ym+n,0 and whose first
column has entries given by Ym n,Ym—1,n+1s--- s Yo.n+m (8 a consequence, the
entry in the lower right-hand corner of M[m,n] is vy, ). The moment matriz M =
M () is then built as follows:

M0,0] MI[0,1] M][0,2]
v | MOL0] ML) M2
T Mm2,00 M2,1) M[2,2]

It is now not difficult to see that the positivity condition on ~ inherent in (1.2) is
equivalent to the condition M > 0, where M is considered as a quadratic form on
C¥. The idea of organizing the initial data into moment matrices is perhaps implicit
in [Atz], [Fug] (where the notion of moment sequence is somewhat different from
ours), but our plan of studying the truncated complex moment problem from a
matricial viewpoint seems to be new.

The truncated complex moment problem (1.1) corresponds to the case when
only an initial segment of moments is prescribed. It seems natural to assume (as
we always do) that such an initial segment has the form v = {vi;}o<itj<on for
some n > 1, with y9o > 0 and vj; = 7s5; thus, the initial data consist of a whole
corner of M, namely M(n)(vy) := (M[i, j])o<i,j<n- In the sequel we refer to such a
sequence vy as a truncated moment sequence, and we refer to M(n) = M(n)(y) as
the moment matriz associated to v. We denote the successive columns of M (n) by
1,Z,Z,...,Z", ..., Z". For a polynomial p(z,z) = Zogiﬂ‘gn ai;Z'z9 we define an
element p(Z, Z) in the column space of M (n) by p(Z,Z) := > a;i; Z'Z7.

The use of functional headings for the columns of M (n) is deliberately sugges-
tive; as we show in the sequel, a necessary condition for the existence of a represent-
ing measure is that the columns of M (n) behave like the monomials naming them
(in a sense to be made precise); moreover, in a number of cases described herein,
such function-like behavior is actually sufficient to insure the existence of repre-
senting measures. This perspective, which seems to be new in moment problems,
captures the essence of the notion of recursiveness that we introduced in [CF1,2,3].

Our approach to the truncated complex moment problem builds on two distinct
strategies that we employed in solving single-variable truncated moment problems
in [CF1,3]; we briefly recall these methods. The Stieltjes (power) moment problem
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asks for a characterization of those sequences of positive numbers 5 = {3;}32,
for which there exist positive Borel measures p supported in [0, +00) such that
B; = [t'du(t) (i > 0); Stieltjes proved that such a measure p exists if and only if
the Hankel matrices H(00) := (fi+;)i,j>0 and K(00) := (Bi+j+1)i,j>0 are positive
as quadratic forms on C¥ [ShT]. In [CF1] we solved the truncated Stieltjes moment
problem corresponding to initial data {3;}"_,, n < co. In the case when n is odd,
n = 2k + 1, a representing measure exists if and only if H(k) := (Bit+;)o<i,j<k
and K (k) := (Bitj+1)o<i,j<k are positive, and vii1 := (Br1, ... , Bar+1)T belongs
to the range of H(k). The proof of this result in [CF1] entails extending H (k)
and K (k) to positive Hankel forms H(oo) and K (oco), respectively, and in then
constructing a representing measure from the spectral measure of a normal operator
acting on an infinite dimensional Hilbert space associated to H (o).

In the sense that we were using infinite dimensional techniques to solve a finite
interpolation problem, we were dissatisfied with the proof in [CF1]. In contrast
to this approach, in [CF3] we developed algorithms for solving truncated moment
problems which entail only “finite” techniques, e.g., the solution of finite systems
of linear equations, Lagrange interpolation, and finite dimensional operator the-
ory, particularly an extension theory for positive Hankel and Toeplitz matrices.
Not only is this approach aesthetically satisfying, but by restricting ourselves to
finite extensions we were able to describe all finitely atomic solutions of the trun-
cated moment problems of Hamburger, Stieltjes, Hausdorff, and Toeplitz. In par-
ticular, for the Hamburger problem (even case), given n = 2k and real numbers
B:Bo, - -, P2k, with By > 0, there exists a positive Borel measure pu, supp pu C R,
such that 8; = [t du(t) (0 <j < 2k)if and only if H (k) admits a positive Hankel
extension H(k + 1).

The latter condition can be explained in concrete terms using the notion of
“recursiveness.” Denote the columns of H(k) by 1, T,..., T*. If H(k) is singular,
let r ;= min{i : T% € (1,T,...,T""')}; in this case, 1 < r < k, and there exist
unique scalars ag, . .. ,a,_1 such that T" = agl +---+a,_; T""'. H(k) > 0 admits
a positive extension H (k + 1) if and only if H(k) is invertible, or H (k) is singular
and recursively generated, i.e.,

(1.3) T =apT* + - +a, T (0<s<k-—r).

In this case, we need not invoke the infinite dimensional spectral theorem to
construct a representing measure. Instead, we proved in [CF3] that the polynomial
t"—(ap+-- ~+ar,1tr’1) has r distinct real roots, tg, ... ,t,._1; these roots may serve
as the atoms of a representing measure, with corresponding densities pg, ... , pr—1
determined by the Vandermonde equation

V(t07 s atr—l)(pOa cee 7pT—1)T = (ﬁ(h s 7ﬁr—1)T-

That the measure y := Z:()l pidy, fully interpolates g3 follows from (1.3).

In the present work we introduce an analogue of (1.3) which will serve as our
notion of recursiveness for truncated complex moment sequences. We say that ~ is
recursively generated if M (n)(vy) satisfies the following property:

(RG) If p,q € C[z, 2],deg pg < n, and p(Z, Z) =0, then (pq)(Z, Z) = 0.

Our goal is to study the following conjecture.
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1.1. MAIN CONJECTURE. Let v be a truncated moment sequence. The fol-
lowing assertions are equivalent.
(i) ~ has a representing measure;
) ~ has a representing measure with moments of all orders;
) ~ has a compactly supported representing measure;
(iii) ~ has a finitely atomic representing measure;
) v has a rank M (n)-atomic representing measure;
)
)

It is clear that (iv)=(iii)=(ii)=(1")=-(i), and that (vi)=-(v) (since flat ex-
tensions of positive matrices are positive). In the sequel we establish (i)=-(vii),
(ii)=(v)=-(vii) and (iv)<(vi). Thus, to prove the equivalence of (i)—(vii) it suffices
to prove (vii)=-(vi). The main result of this paper, Theorem 5.13, is the equivalence
of (iv) and (vi), which results from a combination of the results in Chapters 2, 3 and
4. For the case of the truncated moment problem when Z = Z (which is equivalent
to the truncated Hamburger moment problem (Theorem 3.19, cf. [Fial)), the Main
Conjecture is fully established in [CF3, Section 3]. In the present work we fully
affirm Conjecture 1.1 under the following hypothesis: M(n) > 0 and every col-
umn corresponding to homogeneous monomials in z and Z of total degree n can be
obtained as a linear combination of columns corresponding to monomials of lower
degree. (This is equivalent to saying that M (n) is a flat extension of M (n—1), i.e.,
rank M (n) = rank M (n — 1); cf. the remarks following Proposition 2.2.)

Our method depends heavily on an intrinsic characterization of moment ma-
trices (Theorem 2.1) and on the Structure Theorem for positive moment matrices
(Theorem 3.14). The latter result is based on a study in Chapter 3 of “recursive-
ness” in positive moment matrices, which shows that the conclusion of property
(RG) holds whenever deg(pq) < n — 1. In Chapter 3 we also show that if v has a
representing measure p, then the linear map from the column space of M(n) into
L?(u), induced by Z?ZJ + ziz7, is an important tool in analyzing the size and
location of supp p. In Chapter 4 we construct representing measures for finite-rank
positive infinite moment matrices. In Theorem 4.7 we use a normal operator con-
struction to prove that a positive infinite moment matrix of finite rank r has a
unique representing measure, which is r-atomic.

The flat data case of the truncated complex moment problem is carried out in
Chapter 5. The main technical result, Theorem 5.4, states that if M(n) is a flat,
positive extension of M (n — 1), then M (n) admits a unique flat, positive extension
of the form M (n 4 1); consequently, M(n) also admits a unique positive moment
matrix extension of the form M (c0), and this is a flat extension (Corollary 5.12).
Combining these results with Theorem 4.7, we prove in Corollary 5.14 that if v is
flat and M (n) > 0, then v has a unique compactly supported representing measure,
which is rank M (n)-atomic. Although this result is proved using an extension of
M(n) to M(o0), the extension is carried out in such a way that the corresponding
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Atzmon space is finite dimensional; thus we only invoke the spectral theorem in a
finite dimensional setting, in keeping with our “finite” philosophy.

As an application of these results we solve the truncated complex moment prob-
lem in the case when the analytic columns of M(n), 1,Z,... ,Z™, are dependent. In
this case, there exists a minimal r, 1 < 7 < n, such that Z" = agl +---+a,_1Z"" L.
In Corollary 5.15 we prove that, under this hypothesis, v has a representing mea-
sure if and only if M(n) > 0and {1,Z,...,Z"'} spans the column space of M (n);
in this case, v has a unique representing measure, whose support consists of the r
distinct roots of the polynomial 2" — (ag + -+ + ar_12"1).

The case of the truncated complex moment problem in which the analytic
columns are independent is unsolved and, in particular, the case when M(n) is
positive and invertible (in symbols, M (n) > 0) is open for n > 1. If M (1) > 0, then
~ has infinitely many 3-atomic representing measures, as we show in Chapter 6. This
is part of the quadratic moment problem, which we discuss later in this section.

The main obstruction to obtaining a full proof of Conjecture 1.1 concerns the
criteria for flat extensions of positive moment matrices, which we plan to study in
detail elsewhere. The difficulty here can best be explained by analogy with the real
case. Using the notation preceding (1.3), a positive singular Hankel matrix H (k)
always satisfies

T =T+ +a, 1T (0<s<k—r—1)
[CF3], so the criterion for a positive Hankel extension H(k + 1) is simply
(1.4) TF =aoTF "+ +a,1TF Y
in this case, there is a unique flat extension H(k + 1), determined by
TH = ao TV "+ a, TV

In the nonsingular case, we may produce flat extensions by choosing [a;+1 arbi-
trarily, but then [sryo is uniquely determined from S and (32141 by the flatness
requirement.

For a positive moment matrix M (n) satisfying (RG), to produce a flat extension
M(n + 1) we must choose an entire block M[n,n + 1] compatible with positivity,
and in such a way that M[n + 1,n + 1] (which is then uniquely determined by
the flatness requirement) is a Toeplitz matrix. The results of Chapter 5 show how
to make such a choice under a hypothesis analogous to (1.4): whenever i 4+ j = n,
VAVl <Z’"ZS)09+S§”,1. In Chapter 6 we also show how to produce flat extensions
for the quadratic moment problem, which we discuss next.

The quadratic moment problem is the case of the truncated complex moment
problem when n = 1; we start with an initial segment of the form =y : vo0, Y01, Y10, Y02, Y11, 7205
Yoo > 0,7%ij; = 7¥ij, and we let r := rank M (1). We show in Theorem 6.1 that the
following conditions are equivalent:

(i) 7 has a representing measure;

(ii) ~y has an r-atomic representing measure;
(i) M(1) >0.

Since property (RG) is vacuously satisfied in the quadratic moment problem,
this result is consistent with Conjecture (1.1). Indeed, Theorem 5.13 and the equiv-
alence of (ii) and (iii) imply that if M (1) > 0, then M(1) admits a flat extension
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M(2). When r = 1, then p := pdy, (p := Y00, w := Y01/700) is the unique represent-
ing measure. When r = 2, the 2-atomic representing measures are parameterized by
the points of a straight line in the complex plane. The existence of infinitely many
representing measures for a singular truncated complex moment problem contrasts
with the real case, where singular moment problems have unique solutions [CF3].
For the case when r = 3, flat extensions exist, and we partially parameterize the
3-atomic representing measures by a circle. We conjecture that, more generally,
flat extensions always exist in case M (n) is positive and invertible (since property
(RG) is satisfied vacuously in this case).

The results of Chapter 6 provide a good illustration of our dualistic approach
to moment problems. The cases r = 1 and r = 2 are proved using the viewpoint of
[CF3], by directly constructing a polynomial whose roots serve as the support of
a representing measure. By contrast, the case r = 3 is proved as a corollary of the
results of Chapter 5, and hence depends on a flat extension to M (c0) > 0.

Moment problems have been traditionally studied using tools and techniques
from a variety of subjects, including real analysis, analytic function theory, contin-
ued fractions, operator theory, and the extension theory for positive linear func-
tionals on convex cones in function spaces (see for instance [Akh], [AK], [BM],
[KrN], [Lan], [Sar], [St], [Sza]). The above mentioned results of Atzmon, Putinar
and Schmiidgen illustrate the use of operator theory in constructing representing
measures. The interplay between moment problems and operator theory goes in
both directions. Indeed, Atzmon’s results were motivated by a reformulation of the
invariant subspace problem for subnormal operators; in [CF1] we solved Stampfli’s
subnormal completion problem for unilateral weighted shifts by first solving the
truncated Stieltjes moment problem; and in [CP1,2] techniques from the theory
of moments played a central role in establishing the existence of a non-subnormal
polynomially hyponormal operator.

By way of analogy with our strategy in [CF1], we shall show in Chapter 6
that the subnormal completion problem for 2-variable weighted shifts is intimately
related to the truncated complex moment problem, in such a way that a solution
to the latter immediately produces a solution to the former. This can be intuitively
anticipated, since the subnormal completion problem ought to be related to the
classical bidimensional real moment problem, and this in turn is isomorphic to the
complex moment problem.

To study multidimensional truncated moment problems in several real or com-
plex variables, we can define moment matrices subordinate to lexicographic order-
ings of the several variables; in the case of one real variable, such moment matrices
are the familiar Hankel matrices H (k). We show in Chapter 7 that many of the
results in Chapters 2 through 6 extend to these more general moment matrices; the
main difficulty in obtaining these generalizations is notational, not conceptual.

Some of the calculations in Chapter 6, and many of the ideas in this paper, were
first obtained through computer experiments using the software tool Mathematica
[Wol].

Acknowledgments. The authors are grateful to H. Landau, M. Putinar,
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the topics in this paper, and to the referee for several helpful suggestions. Special
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CHAPTER 2

Moment Matrices

In this chapter we associate to a moment sequence - the moment matriz
M (n)(7), which plays a central role in our analysis of the truncated moment prob-
lem. The main result of this chapter is an abstract characterization of moment
matrices which will be used in the sequel to construct representing measures.

We begin with some notation. For m > 0, M,,(C) denotes the algebra of m xm
complex matrices. For n > 0, let m = m(n) := (n+1)(n+2)/2. For A € M,,(C) we
denote the successive rows and columns according to the following lexicographic-
functional ordering: 1, Z, Z, Z%, ZZ, Z?, ..., Z™, Z""'Z, ..., ZZnil, Z™. For
0<i+j<mn,0<{¢+Ek<n, we denote the entry of A in row Z*Z* and column
Z'77 by Aek),j)- (In the notation 0 < i+j < n it is always implicit that 4, j > 0.)
For 0 <4,j <, A[i,j] denotes the (i + 1) x (j + 1) rectangular block in A whose
upper left-hand entry is A (g ;y(0,5)- We define a basis {e;; }o<itj<n for C™ as follows:
eij = egn) is the vector with 1 in the Z'Z7 entry and 0 in all other positions.

Let P, denote the vector space of all complex polynomials in z,z of total
degree < n. Each p € P,, has a unique representation p(z,z) = Zogiﬂgn a;jz'27
(ai; € C); p then denotes the conjugate function Y a;;z/2'. For p € P,, let
D=1 aje;; € C™. We define a sesquilinear form (-,-) 4 on P,, by (p, ¢) a := (AP, §)
(p,q € Py). In particular, (2127, 22%) 4 = (Ae;j, epe) = A(r0)(i,5)- Note that if A is

self-adjoint, then (-,-) 4 is hermitian, i.e., (p,q)a = {q,p)A.

Let v be a truncated moment sequence: v = (V5 )o<itj<2n, Vij = Vji- We de-
fine the moment matriz M(n) = M(n)(y) € M,,(C) as follows: for 0 < i+ j < n,
0 <Ltk <n, M(n)(eryg) = Yitkjre; thus (2727, 2525 ) = (M(n)eij, ere) =
M(n)(k,0)(i,j) = Vitt,j+k- Since M(n)Ty 1y 5y = M) G gy o) = TVittivk = Yitkj+t =
M (1) ,k)i,5), M(n) is self-adjoint. For 0 < i,j < n, note that M (n)[i, j] has the
form

Yi,j Vit1,5-1 T Vitj» 0
Yi—1,j+1 Yi,j Yi+1,5-1 o
(2.1) Bijj := . : )
: Yi—1,j+1 :
Y0,5+i T Vi

where B;; has the Toeplitz-like property of being constant on each diagonal; in
particular, B;; is a self-adjoint Toeplitz matrix. Now M (n) admits the block de-
composition (Bjj)o<ij<n. For 0 < i+ j < 2n, i + j denotes the degree of ;;;
thus B;; contains all of the moments of degree ¢ + j, and M (n) has the Hankel-like
property that the cross-diagonal blocks ... B;j, Bi_1 j+1, Bi—2,j+2, ... each contain
the same elements (those of degree i + j), though arranged in differing patterns.

9
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We note for future reference that the auxiliary blocks By py1,...,Bn—1n+1
may also be defined by (2.1). More generally, if v is a full moment sequence, i.e.,
with moments ~;; of all orders, we define M (n)(y) via (2.1) for every n > 0 and set
M (o0) = M(c0)(7y) := (Bij)o<i,j- In particular, if p is a measure with moments of
all orders, and if (i) := (745)0<i,; denotes the moment sequence of g, then we set
M(n)[p] = M(n)(7(1)) and M(50)[u] :i= M (50)(v()).

The main result of this chapter is the following intrinsic characterization of
moment matrices.

THEOREM 2.1. Let n > 0 and let A € M,,,)(C). There exists a truncated
moment sequence y = (Vij)o<itj<2n,Yij = Vji, Yoo > 0, such that A = M(n)(v) if
and only if

0) (1,1)4 > 0;
1) A= A*;

3) < > = <pa Zq>A (pv qc ’Pnfl);
4) {2p, 2004 = (2p.20)a (Pq € Par).

We refer to 2) as the symmetric property of (-,-) 4; 2) is related to establishing
that a candidate +y for realizing A as M (n)(vy) satisfies v;; = 7;:; 3) is used to estab-
lish the above mentioned Hankel-type property for A. A quadratic form satisfying
4) is said to be normal; we use normality to establish the Toeplitz-like property
of the blocks A[i,j]. Note also that if 1)-3) hold, then 3') (Zp,q)a = (p,2q)a

(paq € ’Pnfl): <2p7 Q>A = <(jv Zp>A = <Zﬁa (j>A = <ﬁa Z(7>A = <ZQ7p>A = <paZQ>A

PROOF OF THEOREM 2.1. Suppose first that A = M (n)(~y) for some truncated
moment sequence v. Note that (1,1)a = A(,0)0,0) = Y0 > 0, so 0) holds. For
0 <i+j <n,0<k+l<n, Ay = Vitkgre = Vittitk = Aok, s0 A= A",
establishing (1). Similarly, (2'27,2¥2%) 4 = Vit jir = Yerint; = (2725, 2920 4, so
sesquilinearity implies that (p,q)a = (¢,p)a (p,q € Pn), proving (2). To establish
(3) and (4) it suffices to consider p = 727 (0 < i+ j < n—1) and ¢ = z'2F
(0<k+¢<n-—1). Then

(zp, @) a = (M(n)ei j1,€0k) = Yitk, j+e+1
= (M(n)e’ij elJrl,k) = <pa Z(J>Aa

which establishes (3); similarly,

(zp, 2q) a4 = (M(n)ei j4+1,€0k+1) = Yitk+1,j+1+¢
= (M(n)eit,j, ee1,k) = (2p, 2q) A,
proving (4).
For the converse, assume A € M, ,)(C) satisfies 0)-4); we seek to define a

truncated moment sequence v = (Vij)o<i+j<2n, Yij = 7Vji» Yoo > 0, such that
A = M(n)(). Note that if 0 < i+ j < 2n, then there exist ¢, k,p,q > 0 such that

(22)  i=L+p, j=k+q¢ 0<l+k<n, 0<p+g<n
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For,

(2,0) + (0, 4) 0<4,7<n

(6,))=¢ (4, j—n)+(0,n) 0<i<n, n<j<2n.

(i—=n,j)+(n,0) n<i<2n,0<j<n
We now define v;; := A(.0)(p,q), and we claim that v := (vij)o<itj<on is a well-
defined truncated moment sequence, i.e., y;; is independent of the decomposition
in (2.2), and v;; = ¥ji, Yoo > 0. Note that this readily implies that A = M (n)(y):
For 0 <k+£<n,0<p+q<n, M(N)ko)pg = Verpktqa = Ak, 0)(p,g) (Using
i=L0+p, j=k+qin (2.2)).

To complete the proof of Theorem 2.1, we show that ~ is a well-defined moment

sequence, and to this end we introduce some notation. For 0 < i+ j < 2n, let

Sij :z{v:(k,é,p,q)eZi:izﬁ—l—p, j=k+4+q 0<k+4<n, 0<p+qg<n}.

For v € S, let a(v) := Ao(pq) = (zP29,2%2%) 4. We define the block-type of v
by B(v) := (k+¢,p+ q); thus a(v) is an element of the block A[k + ¢,p + ¢]. For
v = (K, 0,0, q) € Sy, define 6(v,v') == |k’ —k+ ¢ — | (= |¢ —q+p" —p|); thus
d(v,v") measures the distance between the blocks of v and ', and (v,v') = 0 &
B(v) = A,

To show that ~ is well-defined we must show that if v,v € S;;, then a(v) =
a(v'). We first consider the case when v and v’ have the same block type, i.e.,
B(v) = p('). Notethat k =k = q¢g=¢ = p=p = € =0 = v =v'; we may thus
assume that s := k' — k > 0.

Claim. ¢(v) := (k+1,{-1,p+1,9—1) € S;j, a(¢(v)) = a(v), and B(¢(v)) =

8(0).

To prove that ¢ (v) € S;;, note first that if ¢ =0, then k = k' +¢' > k+¢ > k;
thus ¢ > 0 and g—1 > 0. Since k < ¥/, then k+1 < k' < n; also, since 5(v) = 3(v'),
L=k —k+0 >0 >0, whence /{—1 > 0; similarly, p = ' —0+p’ <p’ <n,sop+1<
. Thius 1(v) € Sig; now A(0)) = ((k+1)+(E—1), (p+1)+(q—1)) = (b, p+q) =
B(v), and a(tp(v)) = (zPH1 a1 11 ) = (2P29, 2F2%) 4 = a(v) (normality). It
follows inductively that 1" (v) € S;; (0 < r < s) and that S(¢" (v)) = B(¥" " (v)),
a(@"(v)) = a(@™(v)) (0 < r < s—1); thus a(v) = a(y*(v)). Denote 1*(v)
by (K,L,P,Q); then K = k+s=kK,L=¢—s,P=p+s, Q =q—s. Now
k+g=k+q¢d =k+s+q¢d=>¢d=q—-s5s=Q; k+l+s=kK+0+s=FK+/(=
K4l+s=>0 =0—s=L;l—s+p=0'—s+p =l +p=0—s+p = p =p+s=P.
Thus 9*(v) = v’, whence a(v) = a(v').

We next consider the case when v and v’ correspond to different blocks of
A (B(v) # B(v')). We will show that there exists w € S;; such that o(w,v") =
d(v,v") — 1 and a(w) = a(v). Using an inductive argument, we can then assume
that d(v,v") = 0, whence it follows from the previous case that a(v) = a(v').

To prove the existence of the desired element w, consider the following maps
from S;; to VAL

p1(k, 4, p,q) = (k,{—1,p+1,q),
p2(k, 4, p,q) = (k—1,¢,p,q+1),
p3(k,l,p,q) = (k+1,¢,p,q—1),
pa(k, L, p,q) = (k, £+ 1,p—1,q).



12 RAUL E. CURTO AND LAWRENCE A. FIALKOW

Now d(v,v") > 0, and we assume first that d :== ¥ + ¢ — k — ¢ > 0. Since
p'+¢ = p+q—d, we may view the block of v’ as below and to the left of the block
of v (larger row number, smaller column number). In this case we will use either
p3 or py to produce an element w of S;; whose block distance to v’ is reduced by 1
and for which a(w) = a(v). Note that either p > 0 or ¢ > 0, for if p = ¢ = 0, then
pP+¢d=p+q—d=—-d<0.

Suppose p > 0. Then p—1 >0, whencen >p+q¢—12>0. Sincen > k' +¢ >
kE+¢>¢ then k+£¢+1<nand ¢+ 1 < n; thus w = ps(v) € S;; and a(w) =
alk, 0+ 1,p—1,q) = (gP7129 gF0H1) 4y = (z(P=D+1za zk,(+D)-1) | (property 3'))
=a(). Nowd(w,v") = |k —k+0 —({+1)|=|(K+)—(k+ ¢+ 1)|=(v,0")—
1, so w satisfies our requirements. If ¢ > 0, a similar argument shows that we may
use w := p3(v). In the case when d < 0, we use either w = pi(v) or w := p2(v).
The proof that v is well-defined is now complete.

We conclude the proof of Theorem 2.1 by verifying that v;; = 7;; and g9 > 0.
Suppose i = L +p, j =k+q, 0 <L+k <n, 0<p+qg < n,sothat v =
Alet)(pg) = (zP29, 2525 4. Nowset i’ =j, j' =i, 0/ =k, p' =q, k' =4, ¢ = p,
sothat 0 < £ + K <n, 0<p +¢ <n. Then vj; = virj = (729,252 4 =
(2927, 2°2F) 4, whence 7j; = (202%, 292P) 4 = (2P29,2%2%) 4 (by (2)) = ;. Finally,
Yoo = A(0,0)(0,0) = (1,1)a > 0. O

We conclude this chapter with an introduction to the extension problem for
positive moment matrices. For k,¢ € Z,, let A € M(C), A = A*, B € M ,(C),
C € M;(C); we refer to any matrix of the form

(2.3) A= (l_?* g)

as an extension of A (this differs from the usual notion of extension for opera-
tors). The general theory of flat extensions for (not necessarily positive) Hankel
and Toeplitz matrices was developed by Iohvidov [Ioh].

PROPOSITION 2.2 [Smu]. For A > 0, the following are equivalent:
1) A>0;
2) There exists W € My, ¢(C) such that AW = B and C > W*AW.

In case A > 0, the matrix V*AV is independent of the choice of V satisfying
AV = B; moreover, rank A = rank A < C = W*AW for some W such that
B = AW. Conversely, if A > 0, any extension A satisfying rank A = rank A
is necessarily positive ([CF1, Proposition 2.3], [Smu]). We refer to a rank-
preserving extension of A as a flat extension. If A > 0 and B is prescribed with
Ran B C Ran A, there is a unique flat extension of the form (2.3), which we denote
by [A4; B].

Flat extensions of positive Hankel matrices play an important role in the treat-
ment of the truncated Hamburger moment problem in [CF3]: Given v; € R
(0 < j < 2k), there exists a positive Borel measure p, suppp C R, such that
St/ du = ~; (0 <j < 2k)if and only if the Hankel matrix H (k) := (Vi+j)o<i,j<k
admits a positive flat extension of the form H(k + 1). In the sequel we will obtain
partial analogues of this result for the truncated complex moment problem. In
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particular, the next result will prove useful in obtaining flat extensions M (n + 1)
of positive moment matrices M (n).
Let A= M(n) > 0 and let

BO,n-{-l

?

anl,nJrl
Bn,nJrl

where By, p4+1 is the moment matrix block (2.1) corresponding to a choice of mo-
ments of degree 2n+1. To construct a positive flat extension of the form M (n+1) =
[M(n); B(n)] we require a choice of B, ,4+1 such that RanB C Ran A (so that
B = AW for some W) and such that C' := W*AW is Toeplitz (constant on diago-
nals). The next result shows that a certain degree of Toeplitz structure is inherited
by C from the Toeplitz structures of the blocks B;; (0 <i<n,0<j<n+1)
regardless of the choice of By, ;41 satisfying Ran B C Ran A.

PROPOSITION 2.3. IfRan B(n) C Ran M (n), then M := [M(n); B(n)] satisfies
Mp,o)(r,s) = M(s,r)(q,p) for all choices of p,q,r,s > 0 such that p+q =r+s=n+1.

Proposition 2.3 can be formulated equivalently as follows: M satisfies the sym-
metric property (p,q) = (q,p) (p,q € Pn+1)-

EXAMPLE 2.4. Consider M (1) > 0 (i.e., M(1) is positive and invertible). For
each choice of 719 and vp,3 used to define By 2, RanB(1) C RanM(1), so by
Proposition 2.3, in C := (¢;5)1<i,j<3 = [M(1); B(1)][2, 2] we have c11 = ¢33, co1 =
c32, C12 = c23, and C' = C*. To construct a flat extension M (2), it is therefore
equivalent to find choices for ;2 and 79,3 such that c¢;; = ca2; we resolve this
question in Chapter 5.

PROOF OF PROPOSITION 2.3. Let A = M(n), B = B(n). We denote the
columns of the rectangular block matrix (A, B) by ZiZ7 (0 <i+j < n+ 1) and
we denote the columns of A := [4; B by WiWJ (0<i+j<n+1). Forr,s>0,
r+ s =n+ 1, there exist scalars a;;(r,s) (0 < i+ j < n) such that

(2.4) 770 = Y aii(r,8)2'7
0<i4j<n
(equivalently, for 0 <p+m <n, Yripstm = D g<itj<n @i (7 8)Vitp,jtm)-

For p4+q¢=7r+4+s =n+ 1, we seek to show that A(p,q)(ns) = A(Sm)(q,p). The
rank-preserving construction of [A; B] implies that

Ap,q)(r,s) = Z aij (7, 8)Yitq,j+p-

0<it+j<n

(2.4) implies that in WIW? we have

Ya+ip+i = E ake(q, P)’Ykﬂ‘,eﬂ,
0<k+£<n

whence A(p,q)('r‘,s) = ZOSi-}-an,OSk-‘reSn Qg5 (7", S)GM (q) p)’yk}+i,£+j .
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Similarly, A(Sm)(q,p) = ai;j(q,p)ake(r, $)Yiti,e+;; in this sum, we replace ¢ by
k, j by €, k by i, £ by j and conclude that A, o)(re) = A(s.r)(qp)- O



CHAPTER 3

Positive Moment Matrices
and Representing Measures

The main result of this chapter is a structure theorem for finite positive moment
matrices. This result is analogous to the recursive structure theorems for positive
Hankel and Toeplitz matrices [CF3] and will be used in the sequel in obtaining our
existence theorems for representing measures. We begin this chapter by describing
relationships between M (n)(7y) and representing measures for +; in particular, we
will show that dependence relations in the columns of M(n) correspond to planar
algebraic curves containing the support of any representing measure for v. We use
this result to prove that the support of any representing measure for v contains at
least rank M (n) elements.

The basic connection between M (n)(y) and any representing measure u for
is provided by the identity

(3.1) / fadn=(f g rrem = (M) F,8)  (fr9 € Pa).

Indeed, for 0 <i+j < 2n,v;; = [229dy; thus for 0 <p+¢<n,0<k+{<n,
we have (227, 282%) y1(n) = Vprtigrk = [ 2227 dp = [(2P27)(2%2%) dp, whence
(3.1) follows by sesquilinearity. In particular, 0 < [|f|>dp = (M(n)f, f) (f €
Pr), so we have the following fundamental necessary condition for the existence of
representing measures:

(3.2) If 4 has a representing measure, then M (n)(y) > 0.

In M(n), for 0 < i+ j < n, Z°Z/ denotes the unique column whose initial
element is ;5. Let Cpz(,) denote the column space of M(n), i.e., the subspace of
C™") spanned by {Z1Z7}o<itj<n. Forv € Ch(n), the successive elements will be
denoted by v, s (0 <7+ s <n) in the following order:

V0,0, V1,0, V0,15 -+ yUn,0,Un—1,15- -+ , V1,n—1,V0,n;

we refer to v, s as the (r, s) element of v; note that this subscript ordering is “con-
jugate” to the lexicographic ordering of {e;; }o<itj<n-

Our next result is useful in helping locate the support of a representing mea-
sure. Forp € Py, p = a;;2'29, let p(Z,Z) =3 a;; 2177 € Cni(n), and let Z(p) :=
{z € C:p(z,Z) = 0}. Note that for 0 < r+s < n, the (r, s) element of v := p(Z,
is equal to vs = (v,esr) = (0,2°2 )(n) = Do<itj<n Gij (729,252 Y i(ny =
Zo§i+j§n QijYitr,j+s-

15
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ProprosITION 3.1 (Cf. [StSz, Proposition 1]). Suppose p is a representing
measure for . Forp € P, suppu C Z(p) < p(Z,Z) = 0.

PROOF. Suppose first that p(Z,Z) = 0, i.e.,
(3.3) 0= > a;Z'7.
0<iti<n

Since p is a positive Borel measure, to prove supp u C Z(p), it suffices to show that
[ Ip|? du = 0. Now

(3.4) Ip|? = > Qijlps 2529,
0<i+j<n,0<r+s<n
e}
(3.5) / Ip|? dp = Z QijlrsYits,jtr-
0<i+j<n,0<r+s<n

For r, s fixed, 0 < r+s < n, the (s,r) element in (3.3) is > o<, j<,, QijVits,j+r =0,

whence
/|P|2dM: Z Qrs Z @ijYits,j+r = 0.

0<r+s<n 0<i4+j5<n
For the converse, suppose p = 0 on supppu. For 0 < r + s < n, the (s,7)
element of p(Z,Z) is Y o<t jap GijYitsjtr = [ 2°2"0(2,2)du = [0du = 0, so
p(Z,Z) = 0. O

ExAMPLE 3.2. Consider the moment problem for

1 7 7Z 7* 727 Z?
10 0 0 1 O
01 0 0 0 1
0 0 1 1 0 O
M@2) = 0 0 1 10 O
10 0 0 1 O
01 0 0 0 1

Note that the Z = Z? and ZZ = 1. If there exists a representing measure i, then
Proposition 3.1 implies that on supp i, 2% = 2(22) = 2z = 1. If 20, 21, 22 denote
the distinct cube roots of unity, then supp p C {20, 21, 22}, and it is easy to verify
that v := (1/3)(d4, + 02, + 92,) is a representing measure. We will show below that
v is actually the unique representing measure.

Suppose /i is a representing measure for v: (3.5) implies that P,, C L? (). Let
p € P,; since p is continuous on supp p, it follows that p = 0 as an element of L?(u)
if and only if p |supp= 0. We next define mappings ¢ = () : Carn) — L2 (u),
P Cor(n) = Pn lsuppp, and ¢ : Py [supp p— L? () by

W(p(Z,2)) = p(z, 2),
p(p(Z,2)) :=p(2,2) |supppu

and
(p(z,2) |suppu) =p(2,2)
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(p € Py), respectively.

ProrosiTION 3.3.
i) 4, p and ¢ are well-defined, linear, and one-to-one, p is an isomorphism, and
b=rop; ) ) )
i) If f.9.fg € Pu. then V((J9)(Z.2)) = ¥((Z. Z))b(g(Z. 2)):
iii) If f € Py, then ¥(f(Z,2)) = ¥(f(Z, 2)).

PrOOF. i) follows directly from Proposition 3.1; ii) and iii) are immediate
consequences of i). O

COROLLARY 3.4. Let u be a representing measure for . If f, g, fg € P, and
f(2,Z) =0, then (fg)(Z Z)=0

PROOF. Since f(Z,Z) = 0, then ¢(f(Z,Z)) = 0 (Proposition 3.3-i). Now
U((f9)(Z,2)) = v(f(Z,Z))b(9(Z,Z)) =0, whence (f9)(Z,Z) = 0 by the injectiv-
ity of . O

COROLLARY 3.5. dim L? (i) > rank M (n).

PROOF. From Proposition 3.3-1), rank M (n) = dim Cys(,,) < dim L? (p). O

LEMMA 3.6. Let u be a finitely atomic positive measure on C, with k :=
cardsupp pu. Then {1,z,... 2871} is a basis for L? (u).

PROOF. Lagrange interpolation implies that {1,...,2z*"'} spans L? (u). If

there exist scalars co, ... ,cr_1 such that p(z) = co + - -+ + cx_12* ! satisfies p =0
in L2 (), then suppu C Z(p), whence card suppu < k — 1; this contradiction
implies that {1,...,2%71} is a basis for L?(u). O

COROLLARY 3.7. If u is a representing measure for -y, then card supppu >
rank M (n).

ProOOF. Straightforward from Corollary 3.5 and Lemma 3.6. O

Returning to Example 3.2, we know that for any representing measure pu,
supp ¢ C {zo, 21, 22}; on the other hand, Corollary 3.7 shows that cardsupp u >
rank M (2) = 3. Thus suppp = {20, 21,22}, and it follows readily that p :=
(1/3)(02, + 02, + 02,) is the unique representing measure. Since M(2) is clearly
a flat extension of M (1), this example is an illustration of Corollary 5.14 (below).

By an interpolating measure for v we mean a (not necessarily positive) Borel
measure p such that [ 227 dy = ; for 0 <i+j < 2n.

PROPOSITION 3.8. Let i be a k-atomic interpolating measure for v, k < n+1.
If M(n) > 0, then p > 0.

PROOF. An interpolating measure satisfies (3.1). Let pn = Y, -, <} pidw,, Where

supp 0 = {w; }¥_;. For 1 < j < k, there exists an analytic polynomial f; of degree
k —1(< n) such that f;(w;) =1 and fj(w;) =0 (¢ # j). Then by (3.1) and the
positivity of M(n), 0 < (M(n)f],fj) = [|fj|*du = p;; thus p > 0. O
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We next present several preliminary results leading to the structure theorem
for positive moment matrices. For A € My 1(C), A := (aij)o<ij<k, let vj =
(@ij)o<i<k, denote the j-th column vector (0 < j < k). For 0 < ¢ < Ek, let
A(0) = (aij)o<ij<e € Mp11(C) and let v(j,¢) denote the j-th column vector of
A(¢) (0 < j < ). The following result is closely related to the structure of positive
2 x 2 operator matrices [Smu] (cf. Proposition 2.2).

ProPOSITION 3.9 (Extension Principle) [Fia, Proposition 2.4]. Let A €
M41(C), A > 0. If there exist p, 0 < p < k, and scalars cy, ... ,c, such that
cov(0,p) + - - - + cpu(p, p) = 0, then covg + - - - + cpvp = 0.

The referee has pointed out that a more direct proof of Proposition 3.9 can be
based on the fact that if A > 0 and (Az,x) = 0, then Az = 0.

LEMMA 3.10. Let M(n) be a moment matrix and let p € P,. If p(Z,Z) = 0,
then p(Z,7Z) = 0.

PROOF. Let p(2,2) = Ygciyjcn @ijZ'2?. Now p(Z,2) = 0 & Y ayZ'Z =
0&forallr,s,0<r+s<mn, ZO<i+j<n @ijYitrj+s = 0 S forallr, s, 0 <r+s < n,
Do<ivjen G Vitsitr =0 Yo 0, 6 2720 =0 p(Z,Z) = 0. O

LEMMA 3.11. Let M(n) > 0. Ifp € P, andp(Z,Z) = 0, then (zp)(Z,Z) = 0.

PROOF. We have p(2,2) = >y jen_ @ij 2’2, 50

0=Y := Z aijZiZj;
0<i+j<n—2
thus for 0 < r + s < n, the (r,s) entry of Y is Eogiﬂ»gn,g aijYitrj+s = 0. Let
W= (2p)(Z,Z) = Yo<itjan_o@igZ'Z7H1. Since i 4 j +1 < n — 1, each of the
columns of M (n) used in computing W has degree < n — 1 and thus extends a

column of M(n — 1). The entries of W corresponding to degree < n — 1 may be
described as follows: for 0 <r + s <n — 1, the (r,s) entry of W is

(3.5) Z Qi Yitr,j+1+s-
0<i+j<n—2

This expression coincides with the (r,s + 1) entry of Y, whence W, o = 0 for
0<r+4+s<n-—1 InCuy_1) we thus have (2p)(Z,Z) = 0, and since M (n) > 0,
it follows from Proposition 3.9 that (2p)(Z, Z) = 0 in Cps(n). O

LEMMA 3.12. If M(n) > 0 and p € P, o satisfies p(Z,Z) = 0, then
(2p)(%,Z) = 0.

ProoOF. We have, successively, p(Z,Z) = 0 (Lemma 3.10), (2p)(Z,Z) = 0
(Lemma 3.11), and (zp)(Z, Z) = 0 (Lemma 3.10). O

LemMMA 3.13. If M(n) > 0, p € P, satisfies p(Z, Z) =0 and r,s > 0 satisfy
r+s+degp <n-—1, then (2" 2°p)(Z,Z) = 0.
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PROOF. Successive application of Lemmas 3.11 and 3.12. O

Repeated application of Lemma 3.13 now yields the structure theorem for pos-
itive moment matrices.

THEOREM 3.14 (Structure Theorem). Let M(n) > 0. If f,g, fg € Pn—1 and
f(Z,Z) =0, then (fg)(Z,Z) = 0.

REMARK 3.15.

i) If v has a representing measure p, the conclusion of Theorem 3.14 holds if we
merely assume that fg € P,. Indeed, under this hypothesis, f(Z,Z) = 0 =
f =0 ¢€ L?(u) (Proposition 3.3-) = fg =0 € L?(n) = (f9)(Z,Z) =0
(Proposition 3.3-i). This establishes (i)=-(vii) in Conjecture 1.1.

ii) Using Theorem 3.14, we can show that the following condition is necessary
for the existence of a positive extension M(n + 1) of M (n):

(RG) f.9.f9€Pa, f(Z,2)=0=(f9)(2,Z)=0.
Indeed, suppose M(n + 1) > 0 exists and let f, g, fg be in P,
with f(Z,Z) = 0 in Cpp). The Extension Principle implies that

f(Z,Z) =01in Cr(n+1)- Since deg(fg) <n < n+1, Theorem 3.14 (applied
to M (n + 1)) implies that (fg)(Z, Z) = 0in Cps(n1), whence (fg)(Z,Z) =0
in CM(n)

Note that the preceding argument proves the implication (v)=-(vii) of Conjec-
ture 1.1; note also that condition (RG) requires that J., := {p € P, : p(Z,Z) = 0}
behave like an “ideal” in the polynomial space P,; thus (RG) imposes restrictions
on the possible values of rank M (n).

CONJECTURE 3.16 [Fia]. For M(n)(y) > 0, the following are equivalent:
i) There exists an extension M (n+ 1) > 0;

ii) There exists a flat extension M (n + 1);

iii) There exist flat extensions M (n + k) for every k > 1;

iv) M (n) satisfies condition (RG).

An affirmation of Conjecture 3.16 would provide (RG) as a “concrete” condition
equivalent to (v) of the Main Conjecture; when combined with the results of Chapter
4, a proof of Conjecture 3.16 would yield the equivalence of (ii)-(vii) of the Main
Conjecture. As we outline below, results of [Fia] show that Conjecture 3.16 is true
in case Z = Z. The results of Chapter 5 show that Conjecture 3.16 is also true if
rank M (n) = rank M (n — 1); moreover, Chapter 6 (together with Theorem 5.13)
shows that Conjecture 3.16 is true for n = 1.

Using Theorem 3.14 it is possible to recover the recursive structure theorems for
positive singular Hankel and Toeplitz matrices and to thereby solve the truncated
complex moment problem in two important special cases. This development will
be presented in detail elsewhere [Fia], so here we merely discuss the results.

In the first case, given the truncated moment sequence 7y, we assume that
Z = 7Z; equivalently, there exists a sequence (3, . .. , B2 (of necessarily real scalars)
such that v;; = Bi4; (0 < i+ j < 2n). This is the case in which, for each block B;;
of M (n), the entries of B;; are all equal to v;;(= fi+;). We will show that this case
is equivalent to the truncated Hamburger moment problem for (g, ..., 02,. Let
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H(n) = H(n)(B) denote the Hankel matrix (8i4+;)o<i,j<n and let HM(n) denote
M (n)(7) in this case.

ProOPOSITION 3.17 [Fia]. H(n) > 0< HM(n) > 0.

Let 1,T,...,T™ denote the successive columns of H(n). Assume H(n) is pos-
itive and singular and let » = min{j : 79 € (1,T,... , 7" "}. Then 1 < r < n
and there exist unique scalars cg, ... ,c¢y—1 such that T" = ¢cgl + -+ + ¢, 7L
Using Theorem 3.14 and Proposition 3.17 we can recover the structure theorem for
positive singular Hankel matrices.

PRrROPOSITION 3.18 [CF3|. If H(n) is positive and singular, then
T =cgT 4+ ¢ TV 1FS 0<s<n—r-—1)
equivalently, 8; = cofBj—r + -+ cr_18j—1 (r <j <2n-—1).

We can now formulate a solution to the Z = Z case of the truncated complex
moment problem as follows; this result and Proposition 3.17 readily imply that
Conjectures 1.1 and 3.16 are true in the case Z = Z.

THEOREM 3.19 [Fia]. Suppose v is a truncated complex moment sequence and
vij = Bi+; (0 <i+j < 2n). The following are equivalent.
i) 7 has a representing measure;
ii) HM (n) admits a positive extension HM (n + 1);
i) H(n) admits a positive extension H(n + 1);
) H(n) >0, and either H(n) is invertible or T™ = coT™ " + -+ + ¢ T !
(j'e" 6271 = COﬂanr + -+ Cr7162n71)-

In this case, there exists a rank H(n)-atomic representing measure; if H(n) is
singular, there is a unique representing measure, which has support equal to the r

distinct real roots of t" — (co + -+ + ¢,—1t"1).

iii

v

For n > 1, we next consider a moment sequence + for which ZZ = 1; equiva-
lently, there exists a sequence {0} —2n<k<on such that v;; = 5, (0 <i+j < 2n).
In this case we denote M (n)(y) by TM (n) and we let T'(2n) = T'(2n)(3) denote the
Toeplitz matrix (5;—:)o<i,j<2n. Forn > 1, the next result reduces the moment prob-
lem for « to the following truncated trigonometric moment problem: (B = fzk du
(0 <k <2n), u>0,suppp C {z: |z|] = 1}. Indeed, since ZZ = 1, any repre-
senting measure must have support contained in the unit circle, as required in the
trigonometric moment problem [CF3, Section 6].

PRrROPOSITION 3.20 [Fia]. TM(n) > 0 < T(2n) > 0.

Let 1,Z,...,Z" denote the successive columns of T'(2n). Assume T'(2n) is
positive and singular and let » = min{j : Z7 € (1,...,Z7"")}; there exist unique
scalars cg, ..., cr—1 such that Z" = ¢ol + - - + ¢,_1Z"~!. The recursive structure

theorem for T'(2n) [CF3] now assumes the form: Z"+¢ = cqZ% + -+ + ¢, 1 277571
(0 < s <mnm-—r). We can thus formulate a solution of the ZZ = 1 case of the
truncated complex moment problem which establishes the equivalence of 1), ii), iii)
and v) of the Main Conjecture for the case ZZ = 1.

ProrosITION 3.21 [Fia]. Let n > 1 and suppose the moment sequence =y
satisfies v;; = Bj—i (0 <i+ j < 2n). The following are equivalent:
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i) 'y has a representing measure;
i) TM() > 0
111) T(2n) >

iv)

~ has a rank T(2n)-atomic representing measure.

Under the conditions of Proposition 3.21, there exists a unique representing
measure for v if and only if T'(2n) is singular, in which case the support of the
representing measure consists of the r distinct roots of 2" — (co + e+ cr,lz”"_l).
For n = 1, the preceding analysis does not apply; indeed TM (1) is an arbitrary
moment matrix of the form M (1) and representing measures need not have support
on the unit circle in this case. The M (1) moment problem is solved in Chapter 6.



CHAPTER 4

Existence of Representing Measures

The purpose of this chapter is to prove that every positive finite-rank infinite
moment matrix admits a finitely atomic representing measure.

Let M be an infinite matrix, and let Cp; denote its associated column space,
generated by columns labeled 1, Z, Z, Z?, ZZ, Z?, .... We regard M as a linear
map on C§ = {v = (vi5)i,;50 € C¥ : v;; = 0 for all but finitely many pairs (4, j)},
so that Cpy = Ran M. For k > 1, let Py denote the projection of C§ onto the first
k coordinates. We define rank M = dim Cp;. We state without proof the following
result.

LEMMA 4.1. Let ny < ny < --- be an increasing sequence of nonnegative
integers. Then rank M = suprank P, M P,, .
k

The map ¢ : C|z, 2] — Ca is defined by ¢(z°27) := Z?Z7 i, j > 0. It is straight-
forward to check that p(p) = Mp = p(Z,Z) =Y ai; Z*Z?, where as usual p := (a;;)
for a given polynomial p(z,z) = 3, ; a;;j2°27. Let N := {p € Clz,z] : (Mp,p) = 0},
and let ker p := {p € C[z, 2] : p(p) = 0}. It is not difficult to see that kerp C N.
Our next lemma shows that this containment is indeed an equality.

LEMMA 4.2. Let M be a positive infinite matrix. Then N' =ker (.

PROOF. Let p € N, i.e., (Mp,p) = 0. To show that Mp = 0, it suffices to prove
that for every ¢ € C|z,z], (Mp,q) = 0. Let ¢ € Clz,2]. Choose k = k(p,q) such
that p, § € Ran Py, and set My := P, M Py,. Since (Mp,p) = 0, then

|| V Mkﬁ”Q = <Mkﬁaﬁ> = <MPkﬁaPkﬁ> = <Mﬁ7ﬁ> = 07
so that Myp = 0. Now (Mp, §) = (M Pyp, Prq) = (Myp,q) = 0. 0

We now proceed to consider the quotient space C|z, z] /N, in case M is a positive
infinite moment matrix. We define a sesquilinear form on C[z,z] by (p,¢)m =
<Mﬁa (j> (pa q€ (C[Za Z])a thus Yis = <zj7 Z’L>M~

The following analogue of Theorem 3.14 gives the structure of a positive infinite
moment matrix.

PROPOSITION 4.3. Let M be a positive infinite moment matrix. Then ker ¢ is
an ideal of C[z, Z].

PRrOOF. Let p € kerg, q € Clz, 2], let K := degpq and let k > K. In Cpy(1),
p(Z,Z) = 0, so Theorem 3.14 implies that (pq)(Z,Z) =0 in Cr(k+1)- Since k > K
is arbitrary, then (pq)(Z,Z) = 0 in Cyy, i.e., pq € ker ¢. O

22
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Lemma 4.2 and Proposition 4.3 imply that N is an ideal of Cl[z, %], so the
operator of multiplication by z acting on C|z, z] factors through N to give rise
to an induced multiplication on C|z,z]/A, which we will denote by M,. More-
over, C[z, z] /N admits a natural inner product, namely (f +N,g+N):=(f, g}y =
<Mf, g), for f, g € Clz, z]. Using Lemma 4.2, it is straightforward to verify that (-, -)
is well-defined, sesquilinear, and positive semi-definite, and clearly (f+N,f+N) =
0 implies f € N.

LEMMA 4.4. Let M be a finite-rank positive infinite moment matrix. Then
Clz, z]/N is a finite dimensional Hilbert space and dim C|z, z] /A = rank M.

ProOF. Consider the map ® : Cpy — Clz,2]/N defined by ®(p(Z,Z)) :=
p+N,p€Clzz. If g€ Clz,2 and q(Z,Z) = p(Z,Z), then ¢ —p € kerp = N,
so ¢+ N = p+ N; thus @ is well-defined. @ is clearly linear and surjective;
if ®(p(Z,Z)) = 0, then p € N = kery, so p(Z,Z) = p(p) = 0. Thus @ is an
isomorphism, so dim C|z, 2] /N = dim C'p; = rank M < oo, and therefore Clz, z] /N
is a complete pre-Hilbert space. ([

In the next result we use the elementary fact (valid for arbitrary matrices M)
that if p,q € Clz, 2] and p,§ € Ran Py, then (p,q)nmr = (P, q) p, 1P, |Ran Py -

LEMMA 4.5. Let M be a finite-rank positive infinite moment matrix. Then
M., acting on C|z, 2] /N, is normal.

PrOOF. We shall first verify that MY = M;. Let f,g € C|z,z] and let k :=
1 + max{deg f,degg}. Then
(MZ(f+N),g+N)
= (f+N,2(g+N) = (f+ N,zg + N)
= (f,29)m = (f, 29) mx) = (Zf, 9 m(x) (by Theorem 2.1(iii))
=(2f,9m=Ef+N,g+N) = E(f+N), g+ N).
A similar argument using Theorem 2.1(iv) implies that (zf,zg)ar = (Zf,Zg) M
for all f, g € C|z, z], from which it follows that
(7 +N),2(g 4 N)) = (2] + N, 20+ M) = {2, 20)
=(zf,z9)m = (2f + N, zg + N)
=(E(f+N), 2(g+N))
(f,9 € Clz, z]). Therefore, | M.(f +N)|[*=||Mz(f + N)|IP=| M (f + N)II?, ie., M

is normal. O

PROPOSITION 4.6. Let M be an infinite moment matrix with representing
measure p. Then card supp p = rank M.

PRrROOF. For each n > 0, since p is a representing measure for M (n), Corollary
3.7 implies that k := card suppp > rank M(n). Lemma 4.1 implies that r :=
rank M = suprank M (n), so k > r. Assume k > r, let m be an integer such that
k > m > r, and let wy,...,w, be m distinct points in supp u. By Lagrange
interpolation, there exist analytic polynomials fi,..., fn (of degree m — 1) such
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that fi(w;) = d;; (1 < 4,5 < m). Since {f1,..., fm} is linearly independent in
Pm—1 |suppu, Proposition 3.3-i) implies that {f1(Z,Z),..., fm(Z,Z)} is linearly
independent in Cps(y,—1). Therefore rank M (m — 1) > m, which forces r > m, a
contradiction; thus, k = r. O

THEOREM 4.7. Let M be a finite-rank positive infinite moment matrix. Then
M has a unique representing measure, which is rank M-atomic. In this case, let
r := rank M ; there exist unique scalars oy, ... ,q,_1 such that Z" = agl + --- +
a,_1Z"~'. The unique representing measure for M has support equal to the
distinct roots zg, . . . , z—1 of the polynomial 2" — (cag+- - ~+a,—12" 1), and densities
00, - - , pr—1 determined by the Vandermonde equation

V(ZOa e ,erl)(pOa e 7p7"71)T - (700; e 7’)’0,7’71)71

PROOF. Lemma 4.5 shows that M,, acting on C|z, z]/N/, is normal. By the
Spectral Theorem, C*(M,) = C(o(M,)), and the linear functional n(f) := (f(M,)(1+
N), 1+ N) (f € C(c(M.))) is positive. Thus, the Riesz Representation Theorem
implies that there exists a positive Borel measure u, with suppu C o(M.), such

that n(f) = | fdu. Then
/Zizjdﬂ =n(z'27) = (M MI(L+N), 1+ N)
= <Zj +Na Zi+N> = <Zjazi>M = Yij-
Thus p is a representing measure for M. Proposition 4.6 implies that

cardsupp u =rank M = r < oc.

By Lemma 3.6, {1,z,...,2" "'} is a basis for L?(11), and hence, by Proposition 3.3-
i), {1,Z,...,Z" '} isindependent in Cr(r—1y; thus {1,7,. .. , Z" =1} is independent
in Cps. Since r = rank M = dim Cypy, then {1,Z,...,Z""1} is a basis for Cj;. Thus
there exist unique scalars ag,...,a,_1 such that Z" = apl + -+ + a,—1Z" ! in
Cym- In Cpr(ry we thus have the same relation, so Proposition 3.1 implies that
supp € Z(p), where p(z) := 2" — (ag + -+ + a—12""1). Now r = cardsupp p <
card Z(p) < r, so p has exactly r distinct roots, say 2, ... , z-—1, and supp u = Z(p).
Thus g is of the form p = Z::_()l pid.,, and since p interpolates vo; (0 < @ <
r —1), then po,...,pr—1 are uniquely determined from the Vandermonde equation
V(20, - 20-1)(p0s - - s pr—1)T = (Y005 - - ,Y0,0-1) 7 O

We remark that, in the last proof, o(M,) = Z(p). Indeed, Z(p) = suppu C
o(M,) and r = card Z(p) = cardsupp p < cardo(M,) < dimClz, z] /N = rank M =
7. Note also that 7 = min{j : Z7 € (1,..., 2771}

We also note that an infinite-rank positive moment matrix need not have a
representing measure. Indeed, for the full moment problem in two real variables,
Berg-Christensen-Jensen [BCJ] and Schmidgen [Schl] independently proved the
existence of a positive definite multisequence 3 for which there is no representing
measure [Fug], [Ber]; since the 2-dimensional real moment problem is equivalent
to the complex moment problem (see Chapter 6), 3 gives rise to a complex moment
sequence v such that M (oo)(y) > 0 and such that 4 has no representing measure.
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This pathology is a genuinely multidimensional phenomenon; indeed, Hamburger’s

Theorem implies that if M (co)(y) > 0 and Z = Z, then 7 does have a representing
measure.



CHAPTER 5

Extension of Flat Positive Moment Matrices

In this chapter, we shall see that every finite flat positive moment matrix can
be extended in a unique way to an infinite positive moment matrix, which has the
same rank. By combining this result with those in the preceding chapter, we derive
that for such matrices, the truncated moment problem always admits a solution.

DEFINITION 5.1. Let M(n) = M(n)(y) be a finite moment matrix, with
columns labeled 1,Z,Z,...,Z",... ,Z". We say that M(n) (and therefore ) is
flat if there exist polynomials p;; € P,,—1 such that z°z7 — p;;(z,2) € ker ¢ for all
i, with i 4+ j = n, where ¢ is the map defined in Chapter 4 (i.e., Z'Z/ = p;;(Z,Z)

The remarks following Proposition 2.2 make it clear that if M(n) > 0, flatness
is equivalent to the condition rank M(n) = rank M (n — 1) (i.e., M(n) is a flat
extension of M(n —1)). In order to construct a positive extension M (n + 1) whose
rank equals that of M(n), we shall make use of Smul’jan’s Theorem (Proposition
2.2). Thus, we will be searching for a moment matrix M (n + 1) of the form

~ A B

)
where A = M(n), B = AW, and C = W*AW. The next lemma, however, does not
require that A be M (n).

LEMMA 5.2. Let A, B, C and A be as above, let Vi, ..., V,, be the columns of
A, let Vini1, ..., Vingp be the columns of B, and let Vi,... ,f/m,f/m“, e ,‘7m+p
be the columns of A. Assume that A > 0.
(i) If there exist scalars ai, ..., am such that Yy . ,a;V; = 0, then
2211 a;Vi = 0.
(ii) If A is a flat extension of A and 3" a;V; = 0, then Y17 a,V; = 0.

K3
PrOOF. (i) follows from the Extension Principle (Proposition 3.9).
(ii) Let a:= (a1,...an)T, b= (@m+1,.-- s @msp)T, and x := (}). Then Aa +
Bb = 0, and by the positivity and flatness of A there exists W such that B = AW
and C = W*B. Then B*a+ Cb = W*Aa+ W*Bb = 0, which readily implies that
Ax = 0, and the result follows. O

~ When A = M(n)(y), we shall, as usual, denote the columns of A by
{Zi7) }ogiﬂ'gn; we shall also use {Zizj}0§i+j§n+1 to denote the columns of (A B),
and use {2 Zj}()gi+jgn+1 to denote the columns of A. If V is in the column space

26
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of A, we denote by [V]p the truncation of V' through monomials of degree p in the
lexicographic ordering of the rows of A; we use similar notation for the truncation
of general vectors in C"™(™ and C™("+1),

~ Let [M(n)]n—1 = (Bij)o<i<n—1,0<j<n, let [Bln—1 = (Bint1)o<i<n-1, and let
{V'V7}o<itj<n+1 denote the columns of the block S := ([M(n)]n—1 [Bln-1). An
obvious adaptation of the proof of Lemma 3.10 shows:

(5.1) If p€ Pny1 and p(V,V) = 0 in Cg, then p(V,V) = 0.
Similarly, an adaptation of the proof of Theorem 3.14 shows:

If p,q € Pn, pq € Pny1, then

(52) p(Z,7) =0 in Cyrmy = (pg)(V, V) = 0 in Cs.

We shall assume in the sequel that 7 satisfies the following flatness requirement:

For all 4,5 > 0 with ¢ + j = n,

(5.3) there exists p;; € Pn—1 such that 72'71 = pi; (Z, 7).

LEMMA 5.3. Assume that A>0.
() piy(Z,2) =2 27
(i) pij(Z,2) = 2 7.
PrOOF. (i) Use Lemma 5.2(i). (ii) Combine Lemma 5.2(i) and Lemma 3.10.0

Assume that A = M (n) is positive and satisfies (5.3). We now proceed to
define the matrix B for the proposed flat extension A = M(n + 1); we denote the
columns of B by Z»+L ... Z"*! Let k,¢ be such that k +¢=n+ 1.

Case 1. k>1

ZF 7" = o(Zpe-1,)-

To check that Z¥Z* is well-defined, suppose p € P,_; satisfies ZF-1Z¢ =
p(Z,Z); (5.2) implies (z2px—1.0)(V,V) = (zp)(V,V). Since Zpx_14,2p € P, and
M(n)(> 0) is a flat extension of M (n — 1), Lemma 5.2-ii) implies (2px—1.¢)(Z, Z) =
(29)(2.2).

Case 2. k=0 (={(=n+1)

7™ = p(2po ) (the proof that Z" ! is well-defined is similar to the argument
used in Case 1).

The argument used to prove that B is well-defined can also be used to verify
that M (n) satisfies property (RG). Having constructed B, which is obviously of the
form AW for some W, we let C' := W*AW and A := [A; B]. We note for future
reference that for p,q € P11,

(p,d) 4 = (Ap, Q) = (2, 2),4) = (b, a(Z, Z))

(since A is self-adjoint). Moreover, if p, ¢ € P,,, then (p(Z, Z),§) = (p(Z, Z), [§]n) =
(P, q) a; thus

(5.4) . )zi={aa  (p,q€Pn).
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THEOREM 5.4. If v is flat and M(n) > 0, then M(n) admits a unique flat
extension of the form M(n + 1).

To prove Theorem 5.4, we will establish that
(i) A is a moment matrix;
(ii) A is an extension of M(n);
(iii) A is flat;
(iv) A is the unique flat extension of M (n) of the form M (n + 1).
The proof of (i) will be the result of a series of lemmas and propositions, aimed
at establishing four conditions in Theorem 2.1, namely:
(a) A is self-adjoint;
(b) (@) 4 =(aP)z (P:q € Pns1);
(c) (zp,a)z = (p.20) 1 (P,q € Pn);
(d) <zp,zq>,4 = (zp,29) i (p,q € Pn).
(ii) Since A(m)(k,g) = (zF2%,2°27) ;, we need to check that (zFz% z27); =
Vitj4i for k+€=n+1and i+ j <n — 1. As before, there are two cases, k > 1
and k=0. When k> landi+j<n-—1,

—_ —_ -

(2828 2029) 1 = (Azk2t, 7i2d) = ([AZk2Y,,, [2129],) (since i +j < n)

= (A(zpr-10), 2'27)
= (Zpp_1.0,2"29) 4 = (Pr_1.0, 227 ) 4 (by Theorem 2.1)
= ("1 2 A = Yoy (since A= M(n))
= Vi, l4i

Fork=0,{=n+1,i+j<n-1,

(2", 729) 1 = (27, [229]n) = (2P0, 27) a

= (pon, 27129V 4 = (2™, 2T 20 A = Yjnrit1 = Verjatie

(iii) A is flat by construction.

(iv) will be proved after (i) is completed.

For (i) we must consider the four above-mentioned conditions in Theorem 2.1;
(a) is clear from the definition of A, but the other three conditions require some
arguments involving the flatness of +. In verifying these conditions, the sesquilin-
earity of the inner product will allow us to restrict attention to monomials of the
form z¥z¢. We begin with condition (b). It is clear that there is no loss of generality
in assuming that the degrees of p and ¢ are not simultaneously less than n + 1 (see
the remark immediately preceding Theorem 5.4). Thus, the proof will be divided
into two cases, one corresponding to the top degrees (to be given later) and one to
the case when exactly one of p and ¢ has degree n + 1. This case, in turn, will be
split into two subcases: first we establish that if (2¥2%, 2%27) ; = (2°27, 2F2%) ; for
k+/¢=n+1and 0 <i+j <n—1, then the same is true when k +¢ =n+1
and i + j = n. We then show that (22, 2i29) ; = (229, 2k2%) ; does indeed hold
fork+/l=n+land0<i+j<n-—1.
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LEMMA 5.5 Condition (b), Case degp = n+1, deg g < n, First Subcase). Assume
that (2F2%,2127) ; = (2'27,2%2%) ; whenever k+ ¢ =n+1and i +j <n — 1. Then
(ZF* 7 zJ)A = (2'27,2%2% ; holds fork+{=n+1andi+j=n.

ProoOF. We have
o — =i — - =
(2F24,2027) 5 = (2F2t, 2 27) = (2%20 pi (2, Z)) = (2F2",pij (2, 2)) 4

(where we have used the definition of (-,-) ; and Lemma 5.3-(i))

= <ﬁij(zaz)7zk2€>,i = <ﬁij(Z,Z),zk2€>

=~ — o
= (Z 7', 2*z!) (by Lemma 5.3-(ii)) = (z'z7, 2z ;.0

LEMMA 5.6 (Condition (b), Case degp = n+ 1, degg < n Second Sub-
case). Let k+{=n+1andi+j<n—1. Then (zFz* z127) ; = (2129, 2F2%) ;.

PROE)F. Assume first that_k > 1. Since ZF-17¢ = Pr—1,4(Z, ) then (5.2)
implies V*V? = (2pg_1,)(V,V). Also, Lemma 5.2-(ii) and (ii) (above) imply

7 701 = (257401 = VFVE thus [Z 201 = (3ps_1.0)(V, V). From (5.1)
we have VEV* = (pp_1.)(V, V) and (as just before) [Z Z5]n_y = VIVF, so
7 75901 = (sBrr.0) (V. V). Now,
(28, 5050) s = (F 7,550) = {[Z 2] 1, [557]n1)
(zpr-1,)(V, V), [B27]n 1) = ([(2pr1.0)(Z, Z)ln1, [5129) 1)
Pr—1.0,229) 4 = (Z7 2% 2Pr_1.4)a
(27 211, (Zpk 1,0V, V)

—

— =t o
= ([z72%]p—1, [Z Zk]n_1> = (ziz21, 7 7F) = (2]zl,éézk>g.

(Z
=
= (2p
(

The case when k = 0,/ = n + 1 is somewhat simpler; we leave the details to
the reader. (I

PROPOSITION 5.7 (Condition (b), Case degp = degq = n+1). If k +/{ =
i+j=mn-+1, then (zFz% 227) ; = (2129, 2F2%) ;.

We shall need the following lemma.
LEMMA 5.8. If k+ ¢ =n+1, then there exists a polynomial v ¢ € P,,—1 such
that Z 7' =1 ¢(Z,7) and Z Z* = 7, 4(Z,7).

PROOF. Assume first that k,¢ > 1. From (5.3), there exists px—_1¢ € Pn—1
such that Z¥1Z* = py_14(Z,Z), so Z*¥Z* in block B is defined by ZFZ* :=
(Zpk—10)(Z,Z). Since zZpx_140 € Pp, (5.3) implies that there exists rx, € Pp_1
such that Z*Z* = ry (2, Z), whence V*V* = 1 o(V,V); (5.1) now implies that
VVE = 7 (V,V). Similarly, since £ > 1, there exists sg; € P,—1 such that
Z'7% = s01(Z,7), whence s;,(V,V) = VEVF = 7 ,(V,V). Thus sgx(V,V) =
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7ee(V, V) in Cr(n—1); since M (n) > 0, the Extension Principle implies that Ztzk =
sex(Z,Z) = 7u0(Z,Z). Since A is a flat extension of M (n), it now follows from
Lemma 5.2-(ii) that Zka = rk,g(z, Z) and ZKZ’“ = F;M(Z,Z).

Let k =0, £ = n + 1. There exists pg, € Pn—1 such that Z" = pg ,(Z, 7)
whence Z" = po ,(Z,Z) (Lemma 3.10). Now, by definition, Z"* = (2py ,)(Z,
and Z"*t! = (2po.n)(Z, Z). Since zpg, € Pn, (5.3) implies that there exists 7o,
Pp—1 such that ro ,(Z, Z) = (2po.n)(Z, Z), whence Lemma 3.10 implies 7 ,,(Z, Z)
(z2po.n)(Z, Z); thus Z"*Y =10 ,,(Z,Z) and Z"' =74 ,,(Z, Z).

The case when k = n + 1, n = 0 is handled similarly; we omit the details. O

]

I

PROOF OF PROPOSITION 5.7.

(224 2°29) 4 7 ZZ z/\zJ> <rk,g(z,§),2/i\zj> (by Lemma 5.8)
= (ree, 227) 1 = (72" i) 4 (by Lemma 5.6)

_— = =t
Zizt e (Z,2)) = (2120, Z Z%) ; (by Lemma 5.8)

The proof of Condition (b) is now complete. We turn to Condition (c); we
require an auxiliary result.

LEMMA 5.9. Assume thati+j = n and that 777 = p(Z,7) for somep € P,,_;.
Then Z'Zi+! = (2p)(Z,Z) and Zsz‘H = (zp)(zz)

PROOF. Assume first that 7 > 1. Observe that 777 = p(Z,Z) readily im-
plies Zij = p(Z,7Z) (Lemma 3.10), and by the definition of Z7*t1Z% in block B,
we have ZIT1Z = (zp)(Z, Z), whence VItV = (zp)(V,V). Thus (5.1) implies
that VV7+t = (zp)(V,V). Now zp € P,, so there exists r € P, such that
(2p)(Z,2) = (%, Z). Also, Z'~' 72/t = 5(Z,Z) for some s € Pp_y, s0 Z' 271! =
(2s)(Z, Z); moreover, there exists ¢t € P, such that (2s)(Z, %) = t(Z,Z). Now
t(V,V) = Vivith = (zp)(V,V) = #(V,V) in Cps(n—1)- The Extension Principle
thus implies t(Z, Z) = r(Z, Z), whence Z"‘Zj‘"1 = (25)(Z2,2) =t(Z,Z) =7(Z,2) =
(2p)(Z,Z); Lemma 5.2-(ii) now implies ZZZE‘H = (2p)(Z,2).

For the case i = 0, j = n, Z™ = p(Z, Zlfor some p € P,,_1, so by definition
7"t = (2p)(Z, Z), whence Z"t' = (zp)(Z,Z). We leave the case i = n, j = 0 to
the reader. (]

PROPOSITION 5.10 (Condition (c)). Fork+ ¢ <n andi+j <mn,
(2(2%2%),2°29) ; = (2%, 2(2%29)) ;.

PRrROOF. First observe that (zp,q); = (p,2q) ; for all p,q € P, implies that
(2p,q) 5 = (p, Zq) 5 for all p, ¢ € P,. For,

(2p,9) 5 = (q,2P) 4 (by Condition (b))
= (2p,q) ;1 = (D, 2Q) ; (by the above mentioned assumption)
(

24,D) 5 = (p, 2q) (again by Condition (b)).
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We shall therefore establish that (z(2Fz%),2129) ; = (2%2%, 2(2%29)) 5. For k +
ga v+ ] S n— ]-7

(BFF12E 2020) 5 = (BFTL20 200) 4 = (BR20 20T 4 = (220 2T 4
Fori+j<n—-1k+/{=n,
(ZFH128 2020) 1 = (Zpre, 2°27) 5 = (Do, 22970 5 (by the previous case)

= ("4, 791 ;.

Assume now that £+ /¢ < n and i + j = n. We have

(2(z"2%),2'27) 4
=(z Zot! Zapm>A =

(2"2", 2pi )
—_ = —_ :i,\,‘
= (k24 (2pi j)(Z,2)) = (zk24, Z Z3T1) (by Lemma 5.9)

Z82°, 2pi i) i (by the previous cases)

PropoOsSITION 5.11 (Condition (d)). For k+¢ <n andi+j <n,
(2(272), 2(22%)) 1 = (2(2*2"), 2(2'27)) 4

PROOF. It is easy to see that the result holds when k+¢,i+j < n—1. Assume
now that k +¢ =mn, i+ j < n—1, and write Z*Z* as py¢(Z, Z). By Lemma 5.9,

7 ZZJrl (zpk, 4)(2,5). Then

(2(242), 2(220) 5 = (251, 212041 4 =

2z ZZJr1 zi zJ“)

(2pr)(Z,Z), 520 11 Y

(z Z
= ) = (2pk,e, 2" 'z
= (2P, 2(2'27))a (by (5.4))
= (Zpra, 2(2°29)) a (by the “normality” of A)
<Zpk 2% 7,+ >A <(Zpk,l)(Z7Z)a Zi+1'zj>

=k+l.
=(Z 7' zit1)

= <zk+1z£,2i+1zj)g = <5(5k2£)75(5i3j)>,§'
Finally, for k + £ = n, i + j = n we have (2(z%2%), 2(2'2%)) ; = (ZF2"*1, 2pi5) ;
by Lemma 5.9) = (z¥*t12¢ zZp;;) z (by the previous case) = (zFt12¢, z”lzj by
ilA

the definition of Z**1Z/ and Lemma 5.2-(ii)).
(iv) For uniqueness, suppose

5 M(n) B’
i=("0 8)
is a flat extension of M(n) of the form M(n + 1). Let {Y*Y7}o<;4j<ni1 denote

the columns of (M(n) B’) and let {Y YJ}0<Z+]<n+1 denote the columns of A’.
For i + j = n, in Cpr(,) we have YV = 777 = pi;j(Z,Z) = pi;(Y,Y); thus

the Extension Principle implies Yiyi = Dij (Y Y) An adaptation of the proof
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of Lemma 3.11 now implies that (zp;;)(Y,Y) = YTV, Since Z'T1Z7 in B i
defined to equal (zp;;)(Z,Z), it follows that Y*1YJ = Zi*1Zi  Similarly, Y
Pon(Y,Y) = Y™ = pon(Y,V) = Y™ = (2pg)(Y,Y) = 2"+ = (2po.n)(Z, Z)
(2po.n)(Y,Y) =Y". Thus B’ = B and so A’ = [M(n); B'] = [M(n); B]= A. O

»n

The proof of Theorem 5.4 is now complete. We conclude this chapter by estab-
lishing a number of corollaries to Theorem 5.4.

COROLLARY 5.12. If v is flat and M(n) > 0, then M(n) admits a unique
positive extension of the form M (oo), and this is a flat extension of M(n).

ProOF. The unique flat extension of the form M (c0) may be constructed by
successive application of Theorem 5.4, which yields unique flat extensions M(n + 1), M(n+2),....
It thus suffices to prove that if M = M(c0) is a positive infinite moment matrix
extension of M(n), then M is a flat extension; however, this follows readily from
the hypothesis that v is flat via Proposition 4.3. O

We are now able to prove the equivalence of (iv) and (vi) of Conjecture 1.1.

THEOREM 5.13. The truncated moment sequence v has a rank M (n)-atomic
representing measure if and only if M(n) > 0 and M(n) admits a flat extension
M(n+1).

PROOF. Suppose M(n) > 0 and M(n) admits a flat extension M(n + 1).
Corollary 5.12 implies that M (n + 1) (and hence M (n)) admits a flat extension
M = M(o0). Theorem 4.7 implies that M has a rank M-atomic representing mea-
sure p, and g is clearly also a rank M (n)-atomic representing measure for . Con-
versely, suppose p is a rank M (n)-atomic representing measure for . Consider
M(n + 1)[u]; then rank M(n) = cardsuppp > rank M (n + 1)[u] (by Corollary
3.7, since p is a representing measure for M(n + 1)[p]) > rank M (n), and thus
M(n+ 1)[u] is a flat extension of M (n). O

We remark that there is no uniqueness in the preceding result; in Chapter 6
we show that if M (1) > 0 and rank M (1) = 2, then there exist infinitely many
2-atomic representing measures. By contrast, in the presence of flatness, we do
have uniqueness.

COROLLARY 5.14. If 7 is flat and M(n) > 0, then there exists a unique rep-
resenting measure having moments of all orders, and this measure is rank M (n)-
atomic.

ProOF. Corollary 5.12 implies that M (n) has a unique positive moment ma-
trix extension M = M(co) and that rank M = rank M(n). Theorem 4.7 im-
plies that M has a unique representing measure p, which is rank M-atomic; thus
M = M(oo)[u] and p is a rank M (n)-atomic representing measure for . Sup-
pose v is a representing measure for v with moments of all orders, and let N :=
M(o0)[v]. Corollary 5.12 implies that N = M, whence Theorem 4.7 implies
v = p. (|
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COROLLARY 5.15. Assume M (n) > 0 and that the analytic columns of M (n)
are linearly dependent. Let r := min{k > 1: Z* € (1,...,Z¥1)}. Then v has a
representing measure if and only if {1,...,Z"~'} spans Cni(n)- In this case, write
Z" =aopl + -+ ar,_1Z"71. Then p(z) := 2" — (ap + - - + a,_12" 1) has r distinct
roots, zg, ... ,zr—1, and y has a unique representing measure, which is of the form
n = E::_Ol piézi, where ‘/v(ZQ7 e ,Zr_l)(p(), e ,pr_l)T = (’}/00, . ,’}/077n_1)T.

PROOF. Suppose {1,...,Z" '} spans Cp(n); then ~ is flat, so by Corollary
5.12, M(n) admits a flat extension M (c0), and rank M (co) = r. The existence of
the desired measure now follows from Theorem 4.7. Conversely, suppose u is a
representing measure. Since p(Z, Z) = 0, Proposition 3.1 implies supp 1 C Z(p), so
from Corollary 3.7, r < rank M (n) < cardsupp p < card Z(p) < degp = r. Thus
cardsupp =7, and {1,...,2" "'} is a basis for L?(u1), by Lemma 3.6. Now the in-
jectivity of ¢ : Cpr(n) — L?(u) implies that {1,...,Z"~'} spans Ch(n) (Proposition
3.3—(i)). For uniqueness, the preceding argument implies that if x is a representing
measure, then suppp = Z(p), whence p is uniquely determined by the Vander-
monde equation. O

We pause to describe an algorithm for explicitly computing the unique rep-
resenting measure for a flat positive moment matrix M(n). Let r = rank M (n).
If r < n, then {1,Z,...,Z"} is dependent, so the unique representing measure
may be computed as in Corollary 5.15. If » > n, use linear algebra to compute
pij € Pn—1 such that Z°Z/ = p;;(Z,Z) for i + j = n. Use the p;;s and the con-
struction of this chapter to compute the unique flat extension M (n + 1), and note
that n +1 < r = rank M (n + 1). We may thus use the flat extension method
repeatedly to extend M (n + 1) up to M(r). Since rank M(r) = r, Propositions
3.1 and 3.3 and Corollary 3.5 imply that {1,...,Z""1} is a basis for Cr(ry- Thus
Z" = agl + -+ + a,_1Z"~! for unique scalars ag, ... ,a,—1, and the polynomial
p(2) == 2" — (ap + - -+ + a,_12"" 1) has 7 distinct roots. The unique representing
measure is now determined as in Corollary 5.15 by the Vandermonde equation.

COROLLARY 5.16. Assume M(n) > 0,M(2) > 0, M(n) satisfies condition
(RG),and{1,Z,... ,Z"} spans Cpj(n). Then~y has arank M (n)-atomic representing
measure, which is the unique representing measure having moments of all orders.

PROOF. Since M(2) > 0, we must have n > 2. Write Z = agl + ... + a,Z".
Assume first that a,, # 0. Then Z" € (1,...,Z" ' Z), and since {1,...,2Z"}
spans Cpy(n), it follows that + is flat; thus v has a rank M (n)-atomic representing
measure by Corollary 5.14. Suppose a,, = 0 and let p denote the smallest index
such that a; = 0 for p < j < n. Since M(2) > 0, then n > p — 1 > 2, whence Z =
apl + -+ ap—1ZP~! with a,_1 # 0. Since M (n) satisfies (RG), then ZZ" P+l =
apZ™ Pt 4. 4 ap—1Z". Now ap—1 #0 and n —p+2 < n —1, so it follows that
Z" € (Z'Z9)o<itj<n—1. Thus 7 is flat and so has a rank M (n)-atomic representing
measure by Corollary 5.14. Uniqueness also follows from Corollary 5.14. O



CHAPTER 6

Applications

6.1. The Quadratic Moment Problem. We first present existence-
uniqueness criteria for the quadratic moment problem with data v: 790, 701,
Y10, Y02, Y11, Y20- Let M(1) be the corresponding moment matrix, and let r :=
rank M (1).

THEOREM 6.1. The following are equivalent:
i) 7 has a representing measure;
il) « has an r-atomic representing measure;
iii) M(1)>0.
In this case, if r = 1 there exists a unique representing measure; if 1 = 2 the 2-
atomic representing measures are parameterized by a line; if r = 3 the 3-atomic
representing measures contain a sub-parameterization by a circle.

Positivity of M (1) is clearly a necessary condition for the existence of a repre-
senting measure, so in the sequel we assume M (1) > 0. We divide the proof of the
existence of representing measures according to the value of r.

PROPOSITION 6.2. If M(1) > 0 and r = 1, then p := pdy (p := Yoo, W =
~o1/%o0) Is the unique representing measure of ~.

PrROOF. Since r = 1, there exists o € C such that Z = a1, whence v91 = a0
(so a = 701/700), Y11 = @710, Yo2 = @Yo1- We evaluate the moments of p:

/1 dp = p = 7o0;
/zdu = Y00(Y01/700) = Yo1;
/Z2 dpr = Y0081 /750 = Y000® = Vo1 = Y02;

/25 dp = o0 (701/700)(Y10/Y00) = @10 = Y11-

Thus p is a 1-atomic representing measure for . If v is any representing measure
for «y, then the relation Z = a1 and Proposition 3.1 imply supprv = {w}, whence
V= l. U

PROPOSITION 6.3. If M (1) > 0 and r = 2, then v has a representing measure.
The 2-atomic representing measures of vy are parameterized by a line.

35
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ProOOF. Note that in C := Cp(1), Z =al+p7Z < Z = al + Z; we may
thus assume that {1,Z} is a basis for C and that Z = al + $Z for certain «,
B € C, 8+#0. To construct a 2-atomic representing measure for v we will define a
particular quadratic polynomial z2 — (a + bz), whose distinct roots, which will form
the support of the measure, lie on the line ¢: Z = o+ (8z. To this end, we need the
precise values of o and 8. Since M (1) > 0 and {1, Z} is independent,

A= ('Yoo o1 )
Y10 11
is positive and invertible, so ¢ := det(A) > 0 and
o -1 ( 710 1 V11710 — 01720
6.1 =A"! = (= .
(6.1) (ﬂ) <’Y20> <(5> <—’710’Y10 + ’)’00’)’20)
For future reference we note also that |3| = 1. Indeed,

(|701 |4 - ’7120700’702 - 700’720’731 + 7§o|702|2)

1B* =
(700’711 - |’Yo1|2)2,

solfl=1s6P =16
0 := 7io700702 + 700720761 — W0 7021” + %0711 — 2900711101 [* = 0.
Now 0 = ypodet M(1),s0 r=2=det M(1)=0=60=0= |3| =1.

Claim A. There exist a, b, 29, 21 € C, 29 # 21, such that

(6.2) ayoo + bv01 = Y023
(6.3) 22 =a+ bz (i=0,1);
(6.4) Zi = a+ [z (1=0,1).

We defer the proof of Claim A and first show how to use (6.2)—(6.4) to construct
a representing measure. Define p1 := (70020 — Y01)/(20 — 21), pPo := Yoo — p1, and
W= podz, + p10,,. Note that p; is real:

_— ~oo(c + Bz0) — Y10

& B(z0 — 21)
~ voola+ Bzo) — (ayo0 + By01)  Yo0zo — Vo1
= = =p1.
ﬁ(zo—zl) Z0 — 21

We next check the moments of p:
/1du=po+p1 = 700;
/Z dp = pozo + p1z1 = pozo + p120 — Y0020 + Yo1 = Yo1;

/22 dp = poz3 + pr23 = pola+ bzo) + pifa + bz)

= a(po + p1) + b(pozo + p121) = ay00 + byo1 = Yo2-
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Since po,p1 € R, it follows that [zZdu = Jo1 = v10 and [22dp = Jo2 = 7a0.
Finally,

/zid,u

poZo(Oé + ﬁZO) + p12’1(04 + 621)

= apozo + Bpo(a+ bzo) + api1z1 + Bpi(a + bzy)
= afv00 + a(pozo + p121) + bB(pozo + p121)
= afv00 + Y01 + bBv01 = ayo1 + Blayoo + byo1) = avo1 + Byo2 = 1.

Thus p interpolates . Since M (1) > 0 and card supp u < 2, Proposition 3.8 implies
that g > 0. Thus pu is a representing measure; since r = 2, Corollary 3.7 implies
cardsupp u = 2, i.e., pg > 0, p1 > 0.

It remains to prove Claim A. Choose z on the line Z = a + Bz, z0 # Yo1/700,
and define

(702 — Z0701)

6.5 Z1 1= .
( ) ' (Y01 — 20700)

We first show that zg # z1. Note that 7(z) := (y02 — 2701)/(Yo1 — 27Y00) satisfies
7(z) = z if and only if 2z = 401 /700 £ (73, —702700) /% /700- If 7(20) = 20, then since
2o and 01 /700 lie on Z = a + Bz, it follows that X := &(v3; — 702700)1/2 satisfies
A = BA. Now from (6.1), '731—702’700 =63, s0 \=pr& ((—55)1/2) = ﬁ(—55)1/2
& —if!/? = Bi((9)1?) & —p/* = B(1/8'/?) (since |3| = 1) & =3 = . This
contradiction implies that with zo chosen as above, z1 = 7(z9) # 0.

Let p(z) = (z—20)(2 — 21) = 22 — (20 + 21) 2+ 2021, let a := —2921, b := 20+ 21;
thus (6.3) holds. Now (6.5) implies that ayoo+by01 = —2021Y00+20701+21Y01 = Yoz,
so (6.2) holds. To prove (6.4) it suffices to check that z; = o + Sz1. Now

Z1 = (20 — (@ + Bz0)710)/ (10 — (@ + B20)Y00)

and
a+ Bz1 = (ayo1 — azovo0 + B(v02 — 20701))/ (Y01 — Z07Y00)-

Subtracting these expressions, adding the fractions, and simplifying the resulting
numerator yields the expression

Y0120 — 20700720 — Y10Y11 T 20’7120 + (e + Bzo),

which equals 0 by (6.1). This completes the proof of Claim A.

The proof shows that to each choice of zp on z = o+ Bz (20 # vY01/700), there
corresponds a distinct 2-atomic representing measure for v. Conversely, the relation
Z = al+(3Z, shows that every representing measure for v is supported on ¢; thus the
representing measures we have constructed from the points of £ give a complete pa-
rameterization of the 2-atomic representing measures
for ~. O

PROPOSITION 6.4. If M (1) > 0, there exist flat extensions M (2).
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PROOF. Let 790 = 1 and let w = 91, u = o2, © = y11. Since A := M(1) > 0,
then 2 > |w[? and 2® > |ul?>. We will exhibit flat extensions M(2) with v = 0,
Y03 = y. In B(1) we have Z% = (u,0,9)T and ZZ = (,0,0)T. Let

(a,b,¢)T := (det A) A1 Z?
— (@ — [uP)u+ (w8 — @)y, (@2 — ) — (@ — @)y,
(wu — zw)u+ (z — wl*)y)"
and let
(o, B,7)" := (det A)AT1ZZ = ((2* — |u|*)z, —(wx — tw)z, (Wu — zw)z)T.

It follows from Proposition 2.3 and Example 2.4 that a flat extension of
[M(1); B(1)] corresponding to y will be of the form of a moment matrix M (2)
if and only if the proposed Bz block, which we denote by (c;j)i<i j<3 satisfies
c11 = ca2. This is equivalent to the requirement

ary2o + bye1 + cy30 = ay11 + By + Y7e,
or (upon simplification)
(6.6) 2Re((wi — xw)uy) + (z — [wf*)|y[* = (2% — |ul*)?.

Let t := (z — |w|>)'/2 (> 0), s := (wu — zw)u/t, p := 2% — |ul> (> 0). Thus (6.6)
is equivalent to [ty + s|> = p® + |s|?, so the solutions y are the points of the circle

C(7) centered at —s/t with radius (p? + |s|>)'/2/t > 0. O

PROPOSITION 6.5. If M (1) > 0, the circle C(v) is a sub-parameterization of
the 3-atomic representing measures for ~y.

PRrROOF. For each y € C(v), the flat extension M(2) := M (2)(y) described in
Proposition 6.4 satisfies rank M (2) = 3, Cpr2) = (1,72, Z). Thus Corollary 5.14
implies that M (2)(y) has a 3-atomic representing measure p(y). It follows from
Proposition 3.1 that ¢ # 0, so Theorem 3.14 and Proposition 3.1 imply that the
atoms of p(y) are the 3 distinct roots of

(det A)223 = ca — ay + ((det A)a + ¢ — by)z + (det A)(b+ )22

The measures p(y) thus provide a partial parameterization of the 3-atomic repre-
senting measures of . O

Theorem 6.1 results by combining Propositions 6.2, 6.3, and 6.5.
Proposition 6.4 provides positive evidence for the validity of the following

CONJECTURE 6.6. Assume that M (n) is positive and invertible. Then there
exists a flat extension M(n + 1).
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6.2. 2-Variable Weighted Shifts. We conclude this chapter with an appli-
cation to the multivariable subnormal completion problem.

For a = (a1,a2) € ((>*(Z2))?, let W, = (W,,,Wa,) be the associated 2-
variable weighted shift, acting on ¢2(Z3 ) as follows:

Waser = ai(k)eryn,  (k€Zi, i=12),

where {ek}keZi is the canonical orthonormal basis for ¢*(Z2), n; = (1,0) and
n2 :=(0,1). Assume that a;(k+n;)e; (k) = o (k+ni)oy (k) forall k € 72, 4,5 = 1,2,
so that W, is commuting. The generalized Berger Theorem [JL, Proposition 23]
says that W, is subnormal if and only if there exists a compactly supported positive
Borel measure p on Ri such that

[t autey = [ e duttrt =5 wezd),

where
(6.7)
1 k= (0,0)
~ . Oé%(0,0)'...'Oé%(kl—l,O) klzl,kgzo
k= 2 2
i a2(0,0) ... a2(0,ky — 1) fey =0,k > 1
a2(0,0) ... - a2(ky — 1,0)a3(k1,0) - ... a3 (ki k2 — 1) Ky, ko > 1.

2-variable Subnormal Completion Problem. Given m > 0 and a finite
collection of pairs of positive numbers C' = {a(k) = (ai(k), a2(k))}jkj<m (k| :=
k1 + ko), find necessary and sufficient conditions to guarantee the existence of a
subnormal 2-variable weighted shift whose initial weights are given by C.

We shall see now that a solution to the complex truncated moment problem
immediately provides a solution to the 2-variable subnormal completion problem.
First, let C[t1, t2]m+1 be the set of complex polynomials in ¢; and to of total degree
at most m + 1, and let @ be the complex linear functional on Clty, t2]m+1 induced

by 7 = {Ak ki <ma1s 1€y GEVEE?) = Ak, ko), 0 < Ky + ko < m+ 1, where Fx, 1)
is defined as in (6.7).
For 0 <i+j <m+ 1 define
Vi = P((ty — ita)" (t1 + it2)?).

We pause briefly to exhibit {v;;} when m = 1. Here

Y00 = ¢(1) = F0,0) = 1,

Yo1 = P(t1 +ita) = P(t1) +ip(t2) = Y(1,0) + i7(0,1)

Y10 = o1 = Y(1,0) — ©Y(0,1)5

Yoz = G5 + 2itits — t3) = G(7) + 2i@(t1t) — G(13) = V(2,0) + 2i7(1,1) — V(0,2)

Y11 = @(t] +13) = @(t7) + @(t3) = V(2.0) + V(0.2)»

and

Y20 = Yoz = V(2,0) — 20V(1,1) — V(0,2)-
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Using {7i; }o<i+j<m+1 as data, assume now that a compactly supported repre-
senting measure v has been found, i.e.,

/Eizjdl/(z,é):%-j 0<i4+j<m+1).

Let du(ty,t2) := dv(ty + ite,t1 — itz). It follows easily that p is a compactly
supported positive Borel measure on Ri which interpolates 7, so that the associated
subnormal 2-variable weighted shift provides a solution to the subnormal completion
problem for C. To illustrate this, consider again the case when m = 1; we shall verify
that p interpolates 711 correctly:

Z2+z2z—2
/tltg d,u(tl,tg):/ 5 % dV(Z,Z)

1 1 1, ~
T (22 = 2%) dv(z,2) = 4—1.(702 —Y20) = 4—Z.(4i711) =M1-
Conversely, if there exists a subnormal completion for C, then (via [JL]) the asso-
ciated truncated complex moment problem for {vi}z<m+1 admits a solution.

EXAMPLE 6.7. Consider the subnormal completion problem for m = 1, where
C = {(a1(0,0), @2(0,0)), (@1(0,1), a2(0, 1)), (a1(1,0), @2(1,0))}, with the condition
a2(0,0)a1(0,1) = @1(0,0)az2(1,0). Compatible with the previous discussion, we
define

Yoo := 1,

o1 = a7(0,0) + ia3(0,0),

Y10 = o1,

702 = 63(0,0)a3(1,0) — a3(0,0)a3(0,1) + 2ia?(0,0)a3(1,0),
Y20 = 702,

and

Y11 = a3(0,0)ai(1,0) + a3(0,0)a3(0,1).

Theorem 6.1 now implies that C' has a subnormal completion if and only if
M () = 0, where v := {i;}o<itj<e-



CHAPTER 7
Generalizations to Several Variables

In this chapter we extend many of the results of Chapters 2-6 to truncated
moment problems in r > 1 complex variables. For z = (21,...,2,) € C" and
multi-indices i = (i1,... i), j = (j1,...,Jr) € Z',, z'z) denotes the monomial
Zi. gzt 20 and Ji] denotes iy + - +i,. Givenn > 0and w5 € C (i,j € zr,
0 <|i| + [j] < 2n), 75 = i3, Yoo > 0, the r-dimensional truncated complex moment
problem entails find a positive Borel measure p on C” such that

= [A e <+l < 20)

Let M(n,r) denote the complex matrices whose rows and columns are denoted
by the lexicographic ordering of {Z'Z?}o<|;|4|ji<n- For example, with n =2, r =2
this ordering is

]-a Zl; Z27 Zl; 227 Zl27 ZIZQ; ZIZI; Z1227 2227 ZQZI; Z2227 2127 ZIZQ; Z22a

so M(2,2) corresponds to a special labeling of the rows and columns of M;5(C).
(Note that we do not distinguish between commutative rearrangements of vari-
ables.) For A € M(n,r) and 0 < i,j < n, A[i, j] denotes the rectangular block in A
consisting of the intersection of rows of total degree ¢ with columns of total degree
J. For 0 < |p|+q] <n, 0 < || + k| < n, Ak r)(p,q) denotes the entry of A in row
Z*Z' and column ZPZ9. Let d = d(n,r) denote the number of rows (or columns)
of a matrix in M (n,r).

For 0 < |i| +j| < n, let e;5 denote the vector in C? with 1 in the Z'ZJ position
and 0 elsewhere; then E = {ej;}o<|i|+|jj<n is & basis for C%. Let P(n,r) denote the
space of complex polynomials in z1,...,2.,21,...,2, of total degree n; each p €
P(n,r) admits a unique representation p = p(z,2) = > < ;1j/<n ;77 (a5 € C);
we define p as the coordinate vector (as;) € C¢ relative to E. Given A € M(n,7),
we define a sesquilinear form on P(n,r) via (p,q)a = (4D, q) (p,q € P(n,r)). Given
a truncated moment sequence v = {%ijto<|i|+ljl<2n> Mj = Yi» Y0,0 > 0, we define
the moment matrix M = M, (y) by

(7.1) Mx,0)(p.a) = <Zqu,ZkZZ>M = Ye+p,k+q-

(0 < [k|+]f] < n, 0 < |p|+]|a| <n) (note that [(+p|+ |k+q| = |[¢|+[k[+[p|+]q] <
2n). To obtain our generalization of Conjecture 1.1, it is now necessary merely to
replace P, by P(n,r) and M (n)(y) by M, () both in Conjecture 1.1 and in the
formulation of property (RG).

We begin with a characterization of moment matrices which is analogous to
Theorem 2.1.

41
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THEOREM 7.1. Let n > 0, r > 1 and let A € M(n,r). There exists a
truncated moment sequence v = (Vij)o<|i|+|jl<2n, Vij = Jji» Yoo > 0, such that
A=M,.(y) =

0) (1,1)4>0

1) A= A*

2) (p,9)a=1(q,p)a (p,q € P(n,r))

3) (zp,)a = (P, Zeq)a (D, g €P(n—1,7), 1<t <r)

4) (250, 2eq)a = (20, Zsq)a (P,q € P(n—1,7), 1 < 5,6 <7)
5) (zsps Zeq)a = (2P, Zsq)a (g € Pn—1,1), 1 < s5,t < 7).

PROOF. Suppose A = M, () for a truncated moment sequence «. The proofs
of 0), 1), and 2) proceed exactly as in the proof of Theorem 2.1. To prove 3)-5)
we need some extra notation; for 0 < s < r, let 5 € Z', denote the element with
1 in position s and 0 elsewhere. The proofs of 3), 4), and 5) are very similar, so
we include only the proof of 5). We may assume p = z'z} and ¢ = z¥z‘, where

0<|i|+|jl <n-1and 0 < |k|+ |[{| <n—1; then (7.1) implies

Zk+n ZZ>A

(25D, Z1q) 4 = (22T,
= Yi+0,G+na)+(k+ne) = Vi, (G4ne)+(k+ns)

:<Zizj+m,zk+ns > = (2D, Zsq) A.

For the converse, suppose A € M (n,r) satisfies 0)-5). We seek to define ;3 (0 <
li| + [j| < 2n) such that A = M, (7). Let 0 < Ji| + |j| < 2n.

Claim. There exists v = (p,q,k,¥) € (Zq_)4 such that

(7.2) i=(+p, j=k+q, 1] + k| < n, Ip| +|q| < n.

Case 1. |i|,|j|<n. Let =i, p=0,q9q=j, k=0.

Case 2. |i| < n, |j| > n. Choose s € Z, such that s < j and [s| = n. Then
let =i, p=0,q=s, k=j—s.

Case 3. |i| > n, |j| < n. Exchange the roles of i and j in Case 2.

We now define vij = A r)(p,q)- Our aim is to prove that v is well-defined,
i.e., v is independent of the decomposition in (7.2); from this it will follow (as
in the proof of Theorem 2.1) that « is a truncated moment sequence and that
A= Mnr(v).

For v. = (p,q,k,/) as in (7.2), let a(v) = Awxr)p,q and let B(v)

(I| + 4], |p| + |a]) (the block type of v).

For v/ = (p/,d, kK, ') satisfying (7.2) we seek to show that a(v') = a(v). We
first consider the case when S(v') = 8(v).

Suppose that k] > ki; then ¢; = (k] — k1) + ¢} > 0.

Subcase a. Suppose £,, > 0 for some m, 1 < m < r. Consider

v=(ki+1,... ke le, oo b — 1, bty P+ LD — 1, ).
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Then v satisfies (7.2), 8(v) = 5(v), and
V) = (2 (2P29M), 21 (242" 7)) 4
= (21 (Z"Z“l ™), 2 (25277 ) (by property 4))
= (2P2%,2%2") 4 = a(v).

Subcase b. £, =0 (1 <t <r). We claim that for some m, 1 <m <7, k,, # ki,
and k,, > 0; for otherwise,

K|+ [0 = K|+ [l'|=Fk+ 4k =kl +-+k.+ ||

=k =k + K+ || for some K >0
= ki1 >k}, a contradiction.

Consider

v=(ki+1,... km—1,... ksl bty Dt — 1o g+ 1 q).

Then v satisfies (7.2), 8(v) = B(v), and

(V) = (2 (2P2 ™), 2, (z k—1nm l)>A
= (2 (P29 ™), 2, (2% " 2")) 4 (by property 5))

= (zP29,7%2°) 4 = a(v).

Note that both in Case a and in Case b, in constructing v we do not change
the value of k; if kx = k. It follows that by applying the preceding argument
finitely many times we may assume that v’ satisfies k = k’ (= q = ¢’). Under this
assumption, assume ¢] > £; (= p1 > 0). Since |¢] = |[¢'| it follows that for some
m > 1, £,, > 0. Consider
V= (kla"' 7k7";£1+]-a"' 7€m_]—7"' 7£r7p1_]-a"' 7pm+]-a yPry Qi - - - 7%");

as before, v satisfies (7.2), (V) = 8(v) and a(v) = a(v). Thus, by an inductive
argument we may conclude that £ = ¢/ (= p = p’), whence v = v/ and «a(v) =
a(v').

For the case in which v and v’ are in different blocks, we may assume that
d:=|K'|+ | — (k| + |¢]) > 0. Since d = |p| + |q| — (|p’| + |d’|), we may assume
|p| > 0 or |g] > 0. We consider here the case |p| > 0; thus p; > 0 for some j,
1 < j <r. Note that n > |K'| + |¢/| > |k| + |¢] and consider

vi= (ki oo kel G+ e, 0 — 1 D G

Now ki + -+ kp +0 4+ 4+ +1+ -+l <nandpy +---+p; =14+
Prtaqt+- g 205 thusvsatlsﬁes (72 Moreover,

)-
a(V) = (2P "2, 2j(22)) 4
= (7;2° " 29,7%2") 4 (by property 3))
= (zZPz9,72"2°) 4 = a(v).
The case when |g| > 0 is treated similarly; we omit the details. By repeating the

preceding argument finitely many times, we may assume that v and v’ have the
same block type, whence a(v) = a(v’) by the first part of the proof. O
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The results of Chapter 3 extend to r > 1 variables in a completely straight-
forward way; we state the main results, but omit the proofs, which are virtually
identical to those in Chapter 3. If p is a representing measure for v, then

(73) [ fadu=f.90 ) (Fg € Pl

(7.3) readily implies that M, -(v) > 0 and that P(n,r) C L3(p). For p € P(n,7),
P = Do<ii4)jl<n G2 2, let p(Z,2) := 3 a2 € Cyy,, ,(y)-

(7.4) Let p € P(n,r); then suppu C Z(p) < p(Z,Z) = 0.

Define the map ¢ = 9(7) : Cu,. ,.(y) — L*(11) by

P (Z aijzizj) = Zaijzizj.
(7.4) implies that 1 is well-defined, linear, and one-to-one; in particular
(7.5) rank M, () < dim L?(p).

If 41 is k-atomic (K < oo), then clearly L%(u) = C*, so if u is any representing
measure, then (7.5) implies

(7.6) rank M, »(y) < cardsupp p.
Note that if p is k-atomic, with atoms
Wi:(wi1;'~'7wir) (]-Szék)a

then the polynomials
2
zZ— W, .
(7.7) fer e = [l a<j<n

form a basis for L?(u). Note that deg f; = 2(k — 1); we thus have the following
analogue of Proposition 3.8 (with the same proof).

PROPOSITION 7.2. Let p1 be a k-atomic interpolating measure for v, k < 5 +1.
If M, () >0, then p > 0.

PROPOSITION 7.3. Let M, .(y) be a moment matrix and let p € P(n,r). If
p(Z,Z) =0, then p(Z,Z) = 0.

LEMMA 7.4. Let My -(y) > 0. Ifp € P(n — 2,r) and p(Z,Z) = 0, then
(24p)(2,2) =0 (1 < 5 < 1),

THEOREM 7.5 (Structure Theorem). Let M, -(y) > 0. If f,g, fg € P(n—1,7)
and f(Z,Z) =0, then (fg)(Z,Z) = 0.

Concerning generalizations of the results of Chapter 4, let M = M, denote
an infinite moment matrix in r variables. We consider again the linear map ¢ :
Clz,Zz] — Cur defined by ¢(z'z)) := ZiZ}, (i,j > 0), and we let N := {p €
Clz,z] : (Mp,p) = 0} and kery := {p € C[z,z] : ¢(p) = 0}. As in Chapter 4,
N = kerp, and kery is an ideal in C[z,Z]. Assume now that rank M is finite.
A straightforward generalization of Lemmas 4.4 and 4.5 shows that C[z,z]/N is
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a finite dimensional Hilbert space, that dim C[z,z]/N = rank M, and that the r-
tuple M, = (M,,,...,M,,) acting on C[z,z]/N is normal. Moreover, we can use
the polynomials (in z and z) given by (7.7) to see that m distinct points in supp p
give rise to m linearly independent elements of P(n,7) |suppu (=2 Ca, ). Thus, we
obtain the following analogue of Proposition 4.6.

PROPOSITION 7.6. Let M be an infinite moment matrix in r > 1 variables,
with representing measure p. Then card supp p = rank M.

PROOF. Analogous to the proof of Proposition 4.6, except that in view of the
fact that the deg f; = 2(k — 1) in (7.7), the proper corner of M to use for the rank
estimate is not M(m — 1) but M (2m — 2). O

Since the zero set of a non-constant multivariable polynomial is never finite,
part of the proof of Theorem 4.7 cannot be generalized. We do, however, obtain
the existence portion of that result. (A similar problem will arise when we try to
extend the results of Chapter 5.)

THEOREM 7.7. Let M be a finite-rank positive infinite moment matrix inr > 1
variables. Then M admits a representing measure, and every representing measure
is rank M -atomic.

PROOF. As in the proof of Theorem 4.7, C*(M,) = C(or(M,)) (where op
denotes Taylor spectrum) [Cu, Proposition 7.2], and the linear functional n(f) :=
(f(Mp)(L+N), 1+ N) (f € C(or(M,))) is positive. The Riesz Representation
Theorem again gives a positive Borel measure p with supp u C o7 (M,), such that
n(f) = [ fdu for every f € C(or(M,)). That p interpolates v follows as before,
and Proposition 7.6 gives the cardinality of supp p. O

Proposition 7.6 and Theorem 7.7 together show that an infinite moment matrix
in r variables has a k-atomic representing measure if and only if M > 0 and
k = rank M. This statement generalizes to several variables a well known fact about
the classical Hamburger moment problem in the case when the associated Hankel
matrix H is positive and finite-rank; that is, there exists a k-atomic representing
measure if and only if det H(j) >0 (j =0,... ,k—1) and det H(j) =0 (j > k)
[ShT, Theorem I.1.2]. Indeed, by [CF1, Proposition 2.14(ii)] and Lemma 4.1,
the latter condition is equivalent to the hypothesis that H > 0 and rank H = k.

The definition of a flat moment matrix in the multivariable case is almost
identical to that used in Chapter 5: M, () is flat if there exist polynomials
pij € P(n—1,7) such that z'z — pyj € ker ¢ for all i,j € Z%, with |i| + [j| = n. The
results of Chapter 5 extend almost verbatim to the multivariable case, provided we
make the following adjustment in the definition of ZXZ* for |k| + [¢| =n + 1. We
proceed as follows.

Case 1. |k|>1
Assume that 7 is the first index for which k; > 1. Then we let

Z¥Z" = p(zip—n, 1)
Case 2. k=0 (=|{|=n+1)
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Again, let i be the first index for which ¢; > 1. Then we let
ZXZ" = p(2ipoi—n;)-

Recall the ingredients of the proof of Theorem 5.4: Theorem 2.1, Theorem
3.14 and its attendant lemmas, the Extension Principle, and a series of lemmas and
propositions concerning matrix blocks corresponding to monomials of degrees n—1,
n, or n+ 1. We have already seen that the results of Chapters 2 and 3 extend to
several variables, and a careful reading of Chapter 5 shows that the block matrix
results also generalize; for example, we state the analogues of Lemmas 5.8 and 5.9:

o If |k| + |[¢| = n + 1, then there exists a polynomial Rx ¢ € P(n — 1,r) such

that Z Z‘ = Ry (Z,Z) and Z Z¥ = Ry ((Z,Z).
e Assume that |i| + |j| = n and that Z'ZJ = p(Z, Z) for some p € P(n —1,7).
Then for each s, 1 < s < rZiZ3t"s = (2,p)(Z,Z) and Z Zitn: = (zsp)(z, Z)

In view of the preceding remarks we are now able to establish the generalization
of Theorem 5.4.

THEOREM 7.8. If v is flat and M, , > 0, then M, , admits a unique flat
extension of the form M, 11 ,.

COROLLARY 7.9. If~ is flat and My, , > 0, then M, , admits a unique positive
extension of the form M, ,, and this is a flat extension of M, ,.

THEOREM 7.10. The truncated moment sequence vy has a rank M,, ,-atomic
representing measure if and only if M, , > 0 and M,, , admits a flat extension
Mn—i—l,r-

COROLLARY 7.11. If vy is flat and M, , > O, then v has a rank M, ,-atomic
representing measure.

We conclude this chapter by establishing a correspondence between the multi-
variable truncated complex moment problem and the subnormal completion prob-
lem for multivariable weighted shifts. In analogy with the material in Chap-

ter 6.2, given r > 1 and a = (a1,02,...,02.—1,09,) € (£°°(Z3_"))2r, we let
Wo = Way, Wass oo s Was,_1» Wa,,.) be the associated 2r—variable weighted shift,
defined by Wy, ex := a;(K)exyy,, (k € Z2", i =1, ..., 2r). As usual, one assumes

that Wy, is commuting, i.e., a;(k +n;)a;(k) = aj(k +n;)ei(k) (k € Z2", i, j =1,
, 2r); then Wy, is subnormal if and only if there exists a compactly supported
positive Borel measure 1 on R?[ such that

/tlfl - tgffdu = 5(191,... Kar)

where (o,... 0) := 1 and

Vo ey = 3 (koo ki1 ki — Lkt oo ke Vky o kan)—me
whenever k; > 1 [JLI.
As in Chapter 6, for a given finite collection C' = {a1(k), ... , a2, (k)}x|<m,
we define a complex linear functional & on Clt1,... ,tor]mi1 by @ .. th2r) ==
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ﬁ(kl,... Jkar) and we set Pyij = 6(H:=1(t2871 - Z‘t2s)iS (t2sfl + Z‘t2s)js) (iv.] S Z:—a |i| +
j| < m+1). Assuming an interpolating measure v has been found for the data
j| < 1). A i int lati has b found for the dat
{75 }i|+1j/<m+1, one then defines pu by

dlLL(tl, . ,tzr) = dl/(tl — ity ...  top_1 — top, b1 +ita, ... ,lop_1 + itgr);

p then interpolates the original data {Y(,,... ks.)}o<ki+-tksr<ms1. Thus, a so-
lution to the multivariable complex truncated moment problem gives at once a
solution to the subnormal completion problem for multivariable weighted shifts.
Conversely, if there exists a subnormal completion for C, then the associated trun-
cated moment problem admits a solution.

Finally, we observe that the study of completion problems for (2r — 1)-variable
weighted shifts can be reduced to that of (2r)-variable ones, via the following device:
If a; (k) are the given weights of a (2r—1)-variable shift (1 < < 2r—1, k € Z2"™ "),
we let

ai(k ko) = ai(k) (1<i<2r—1, keZi ™),
and
dor(k, ko) =1 (k€ Z37H).

Added in Proof. We have recently shown that (vii) = (vi) in Conjecture 1.1
whenever Z = al + 8Z (a, 3 € C) or ZF € <ZiZj>0<i+j<k_1 (k < [2]+1).
On the other hand, using [Sch1] we can exhibit an example of M(3)(y) that is
positive and invertible (and hence satisfies property (RG)), but such that v admits
no representing measure; in particular, via Theorem 5.13, M (3)(7y) admits no flat
extension M (4). Thus, (vii) = (vi) in Conjecture 1.1 is false for arbitrary moment
matrices. We are currently searching for the proper condition which must be added

to (RG) to guarantee the existence of a representing measure for y. For additional
recent related results see [P3], [P4] and [StSz].
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