PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY
Volume 132, Number 8, Pages 2291-2302

S 0002-9939(04)07319-8

Article electronically published on March 25, 2004

BACKWARD EXTENSIONS OF SUBNORMAL OPERATORS

IL BONG JUNG, ALAN LAMBERT, AND JAN STOCHEL

(Communicated by Joseph A. Ball)

ABSTRACT. The concept of backward extension for subnormal weighted shifts
is generalized to arbitrary subnormal operators. Several differences and simi-
larities in these contexts are explored, with emphasis on the structure of the
underlying measures.

1. INTRODUCTION

An operator T on a Hilbert space H is subnormal if there is a normal operator
N on a Hilbert space containing H as a closed subspace such that the restriction of
N to 'H is T. Weighted shifts have provided many examples of subnormal opera-
tors and motivation for analysis of this family of operators. In particular, weighted
shifts most directly show the intimate relationships between shifts and moment
sequences (cf. [T2]). A specific area of investigation which has proven to be quite
productive is that of backward extensions. Given an orthonormal basis {eg, e1, ...}
for H and a subnormal weighted shift W with weight sequence o = {a,}32, in R
given by We,, = ape,t1, R. Curto described conditions on the measure and mo-
ment sequence associated with W that guarantee that there is a shift with weights
{z, a0, a1, ...} that is also subnormal. The full description of Curto’s theorem is
presented later in the article. Further results followed this direction of investiga-
tion concerning the gap between subnormal and hyponormal operators (cf. [3], [6],
[7 and [8]).

There is a description of subnormality for an abstract operator T' in terms of
weighted shifts; namely, T is injective subnormal if and only if for each A # 0 in
H, the weighted shift with weight sequence {||T"**h|| / |[T™h||} is subnormal ([9]).
Our main goal in this note is to use Curto’s theorem to develop general conditions
analogous to the one-dimensional extensions (one-step backward extensions) central
to Curto’s theorem and its corollaries. To this end, we explore the two abstract
measure-theoretic descriptions of subnormality for a cyclic operator T' of norm one:

(i) T is subnormal if and only if there is a finite Borel measure v on the closed unit
disk D such that T is unitarily equivalent to the operator S, of multiplication by
the independent variable z on H?(v), the L?(v)-closure of the set of all polynomials
on D.

(ii) For T injective, T is subnormal if and only if for each h in H with ||h] =1,

there is a probability measure y, such that for every n > 0, |T™h|* = fol t"dup (t).

Received by the editors July 31, 2001 and, in revised form, April 15, 2003.
2000 Mathematics Subject Classification. Primary 47B20; Secondary 47B37, 44A60.
Key words and phrases. Cyclic vectors, subnormal operators, moment measures.

(©2004 American Mathematical Society
2291

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2292 IL BONG JUNG, ALAN LAMBERT, AND JAN STOCHEL

We will show that there are substantial similarities and differences in backward
extension theory for shifts and general subnormal operators. Specifically, each sub-
normal weighted shift itself gives rise to a large family of subnormal shifts via the
moment sequence technique alluded to earlier. It was shown in [5] that if the pri-
mary shift allows backward extension, then so do all these secondary shifts, and
indeed, there are absolute continuity relationships among the associated measures.
This general backward extension phenomenon will be referred to as full backward
extensions. A major focus of our interest is characterizing those subnormal op-
erators that allow full backward extension. The automatic fullness of backward
extension enjoyed by weighted shifts is not automatic for arbitrary subnormal
operators. The difference is shown to be intimately related to the various mea-
sures involved. We then investigate multiple-step backward (and full backward)
extensions. Even in the weighted shift case, one-step extension does not guarantee
further extension; this was a core consideration in [7].

Our analysis of full backward extension focuses on the (potential) differences
between the operators of multiplication by z on L?(v) and on R?(v), where R?(v)

is the L2(v)-closure of the set of Laurent polynomials (contingent of course on
having {z7% : k =1,2,...} € L?(v)).

2. SUBNORMAL OPERATORS—THE GENERAL CASE

Throughout this section T is assumed to be a bounded subnormal operator on
a (complex) Hilbert space H. It is known (cf. [9]; see also [13] Prop. 2.3]) that
for each nonzero vector h € H, there exists a unique positive Borel measure p; on
[0, 00) such that

(2.1) T = AP [ e dn), om0

The measure py, is probabilistic and its closed support is contained in [0, || T'||?].

We begin this section with some general background material enabling us to
define the main notions of this article. Assuming for a while that the operator T is
injective, we see that for each nonzero h in H, the sequence {||T™*h||/|T™h|},
is bounded above by [|T'||. We define W, to be the weighted shift on {2 with this
sequence of weights, relative to the standard orthonormal basis {eg, 1, ...} of li. It
follows from [9] that each such W is subnormal and |W4|| < ||T||. Moreover, by
(2.1) for each nonzero h in H, the following equalities hold:

n 1 n n
(2.2) Wieol = r T h||2:/t dun®),  n>0.

We now briefly review the basic concepts from [3]: given a bounded subnormal
(injective) weighted shift S on I% relative to the orthonormal basis {eq, e1, ...} de-
fined by Se, = apent1, we say that S has a (subnormal) backward extension if
for some scalar a1 # 0 the weighted shift with weight sequence {a_1, a9, a1, ...}
is subnormal. R. Curto completely solved the problem of existence of backward
extensions.

Theorem 2.1 ([3, Prop. 8]). Let S be a bounded subnormal weighted shift with
weight sequence {ao,aq,...} and with associated probability Borel measure p on
[0,00), i.e.,

Iseall = [ #"dute), w0,
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Then S has a backward extension if and only zfﬂ

(2.3) /%du(t) < o0.

According to (2.2), the measure u, is associated to the weighted shift W},. Hence,
by Theorem 2.1, the weighted shift W}, has a backward extension if and only if
1/t € L'(up). This justifies the definitions that follow. From here on, T is not
assumed to be injective.

Definition 2.2. A nonzero vector h € H is called a one-step backward extension
vector for T if 1/t € L'(up), where py, is as in (2.1). We adhere to the convention
that the zero vector is a one-step backward extension vector for T. We write Ep
for the set of all one-step backward extension vectors for T. If & = H, then we
say that T has one-step full backward extension.

Definition 2.3. Given an integer k > 1, we say that T has k-step full backward

extension if 1/t € L'(uy) for all nonzero vectors h € H. If this holds for all
integers k > 1, then we say that T has oo-step full backward extension.

Notice that if T has k-step full backward extension and j is an integer such that
1 <j <k, then T has j-step full backward extension.

Let N be a minimal normal extension of T" acting on a Hilbert space £ D H (i.e.,
KC is the smallest closed linear subspace of K containing H and reducing N), and
let E be the spectral measure of N. Since | N|| = ||T||, the closed support of E is
contained in the closed disc {z € C: |z| < ||T||} (cf. [2]). Recall that (cf. [2]) N is
a minimal normal extension of T if and only if

(2.4) K=\/{N*""h:heH, n=>0},
which in turn is equivalent to
(2.5) K :\/{E(J)h :h € H, o is a Borel subset of C}.

Set Ef(:) = (E()f, f) for f € K and p(z) = |2]? for z € C. It is well known
that a vector f € K belongs to the range of the normal operator N if and only if
Ik %dEf < oo (with the convention % = 00). Since for any integer k > 1, N* is
normal and E o &, ! is the spectral measure of N*, where & (2) = 2* for z € C, we
get

Proposition 2.4. For every integer k > 1 and for every vector f € K, f belongs
to the range of N* if and only if [ pikdEf < 00.

The next result relates the measure pj appearing in (2.1) to Ej as well as
describes the ranges of powers of N in terms of py,.
Lemma 2.5. Let h be a nonzero vector in H. Then
1
(2.6) pn = ——=Epop L.
[[h]I?

Moreover, for every integer k > 1, the following conditions are equivalent:
(i) 1/t e L1(uy),
(i) 1/2% € L3(Ey),
(iii) h € N*(K).

Hn the formula (2.3), we adhere to the convention that % = oo. In particular, [ %du(t) < o0
implies p({0}) = 0.
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Proof. Tt follows from (2.1) that

MW/WMMQZMWW:HWWP:/WMh:/ﬂwwﬁ%m n>0,

which, by the uniqueness of representing measure, implies (2.6). By virtue of (2.6),

we have
1 1 1 1 1
—dup(t) = — / —dEpop t(t) = — / ——dEp(z).
/ th [R]]> ) t* [Rl12 ) |22
This, when combined with Proposition 2.4, completes the proof. O

According to Lemma 2.5, the set Er coincides with HNN (K).
We are now in a position to formulate necessary and sufficient conditions for T
to have k-step full backward extension.

Theorem 2.6. If k > 1 is an integer, then the following conditions are equivalent:

(i) T has k-step full backward extension,
(i) H =H N Nk(K),
(iii) the range of T* is closed and the kernel of T* is contained in the range of
Nk
(iv) for every h € H, there exists a positive real constant cp such that

n n
27 O T W) <en Y (T9Fh, T hy),  ho,.ihn € H, 1> 0.
i=0 i,j=0

Moreover, if T has k-step full backward extension, then both T and N are
injective and for every integer 1 < j < k, the range of T? is closed and the
kernel of T*7 is contained in the range of N7.

Proof. The equivalence (i) < (ii) is a direct consequence of Lemma 2.5. If T
has k-step full backward extension, then pj({0}) = 0 for every nonzero h € H.
Therefore, by (2.6), we have E({0})H = {0}. This in turn leads to E({0})E(0)H =
E(o)E({0})H = {0} for every Borel subset o of C. Hence, according to (2.5),
E({0}) = 0. This in turn implies that N (and consequently T') is injective.

(i) = (iil) It follows from the previous paragraph that N is injective. Thus H is
contained in the domain of (N*)~! and, in particular, the kernel of T*¥ is contained
in the range of N*. Since the operator

v = [ )

is closed, so is its restriction to H. Consequently, by the closed graph theorem,
there exists ¢, > 0 such that |[N=%f|| < ¢||f|| for f € H. Since N*h = T*h € H
for h € H, we get

bl = INTFT*h|l < cx|T*R]l,  he™.

This in turn implies that the range of T* is closed.
(iii) = (ii) Denoting by ker T** the kernel of T**, we obtain

H=T"H) @ ker T** = N*(H) @ ker T** ¢ N*(K).
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(ii) < (iv) By virtue of the Sebestyén criterion (cf. [I1, Th. 1]), H C N*(K) if
and only if for every h € H, there exists ¢, > 0 such that

(2.8) (g9, W)I* < cnl|N*"gl?, gek.

By (2.4), the inequality (2.8) is equivalent to the following one:

(2.9) (O N“hi, B)? < enIN**OON*R)|?,  ho, ooy by € H, 12> 0.
i=0 1=0

One can now check that (2.9) coincides with (2.7).

The remaining part of the conclusion can be easily deduced from what we have
proved above, because if T has k-step full backward extension and 1 < j < k, then
T has j-step full backward extension. O

Remark 2.7. Referring to Theorem 2.6, notice that if S is an injective bounded
linear operator on H with closed range, then the range of S* is closed for all k > 1.
Indeed, by the open mapping theorem, there exists ¢ > 0 such that | Sh|| > ||k
for all h € H. Hence an induction argument on k shows that ||S¥h| > c*||h| for
all h € H and k > 1. This in turn implies that the range of S* is closed for all
k>1.

Corollary 2.8. Suppose T has one-step full backward extension and dense range.
Then T is bijective, and it has oco-step full backward extension.

Proof. By Theorem 2.6 and Remark 2.7, T* has closed and dense range. Hence
H = T*(H), which yields ker 7** = {0}. Applying Theorem 2.6 completes the
proof. O

We end this section with orthogonal sums of subnormal operators.

Proposition 2.9. IfT = @?:1 T} is a finite orthogonal sum of bounded subnormal
operators and k € {1,2,...} U{oo}, then T has k-step full backward extension if and
only if each T; does as well, 1 < j < n.

Proof. 1t is sufficient to consider the case k& < oco. If IV; is a minimal normal
extension of T}, then N = @?:1 Nj; is a minimal normal extension of 7" and

n

HNN(K) = éﬂj n éN]’?(le) = D NN,
j=1 j=1

j=1
which by Theorem 2.6 completes the proof. O

The following example shows that Proposition 2.9 is no longer true for infinite
orthogonal sums.

Example 2.10. For each j > 1, let T} be an invertible bounded normal operator
on a Hilbert space H; such that |T}]] < 1 and |\Tj_1|| = j (this can be done
even in one-dimensional Hilbert space ;). Then by Lemma 3.1 each T} has one-
step full backward extension, while the bounded normal operator T' = @]Oil T;
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does not have one-step full backward extension. Indeed, otherwise once more by
Lemma 3.1 there exists a positive constant ¢ such that ||Th| > c||h| for all h € H.
Consequently, || T;h|| > c||h|| for all h € H; and j > 1. This in turn implies that
||Tj*1|\ < 1 for all j > 1, which contradicts our assumption.

3. QUASINORMAL OPERATORS

We now examine a class of operators between the normal and subnormal classes.
Recall that a bounded linear operator T on a Hilbert space H is quasinormal if
T commutes with T*T (cf. [2]). Every normal operator is quasinormal, and every
quasinormal operator is subnormal. In infinite-dimensional Hilbert spaces these set
containments are proper.

Let us begin with the case of a normal operator.

Lemma 3.1. If T is a bounded normal operator on H and k > 1 is an integer,
then the following conditions are equivalent:

(i) T has one-step full backward extension,

(ii) T has k-step full backward extension,

(iii) T has oo-step full backward extension,

(iv) T is injective and the range of T is closed,

(v) T is bijective and T~ is a bounded operator on 'H.

Proof. The implication (i) = (iv) is a consequence of Theorem 2.6. The implication
(iv) = (v) can be deduced from the open mapping theorem and the fact that the
kernels of T" and T™ coincide.
(v) = (iii) Since the minimal normal extension N of T" equals T, we get H =
N*(K) for all k > 1. Thus, by Theorem 2.6, T has oo-step full backward extension.
The implications (iii) = (ii) = (i) are clear. O

The next lemma deals with the case of a pure quasinormal operator. A bounded
quasinormal operator T" on H is said to be pure, if the only closed linear subspace
of H reducing T to a normal operator is {0}. In [I], A. Brown shows that if T'
is a bounded pure quasinormal operator on H, then there exists an orthogonal
decomposition of H as M & M @ --- , where M is a closed linear subspace of H,
and a corresponding matrix representation of T as A® V, where V is the unilateral
shift of multiplicity one and A is a bounded injective positive operator on M.

Lemma 3.2. Let T be a bounded pure quasinormal operator on H, and let k > 1 be
an integer. If AQV is a matrix representation of T, where A is a bounded injective
positive operator on M, then the following conditions are equivalent:

(i) T has one-step full backward extension,

(ii) T has k-step full backward extension,

(iii) T has oo-step full backward extension,

(iv) the range of T is closed,

(v) At is a bounded operator on M.

Proof. The implication (i) = (iv) is a consequence of Theorem 2.6.

(iv) = (v) We first show that the range of A is closed. Take g in the closure of
A(M). Then there exists a sequence {h,}52; C M such that Ah,, — g as n — cc.
Hence

Th,®0®---)=0® Ah, PO0B--- > 0DgDOD--- asn — oo.
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Since the range of T is closed, there exists fo @ f1 @ -+ in ‘H with all f; in M such
that

006g®0®--=T(fo® frd-)=00A(fo) DA(f1) D .

Consequently, we get g = A(fo), which proves our assertion. The closedness of the
range of A and the selfadjointness of A imply A(M) = M. This in turn, by the
open mapping theorem, guarantees the boundedness of A~".

(v) = (iii) The minimal normal extension N of T has the matrix representation
A® B, where B is the bilateral shift of multiplicity one, i.e., IV is a bilateral operator
weighted shift with constant weights A. If f = fo @ f1 & --- € H with all f; in M,
then for every integer k > 0, the vector ¢(¥) defined by

M= 0 @ AFf o AT @ AR @
~~ —— N—— ~—

(=k=1)-th  (_k40)-th (—k+1)-th (—k+2)-th

belongs to K (because A~! is bounded) and f = N*¢®*) ¢ NF(K). Thus H =
HNN*(K) for all £ > 1. By Theorem 2.6, T has oco-step full backward extension.
The implications (iii) = (ii) = (i) are straightforward. O

Given a quasinormal operator 7' on H, we denote by Ty, and T}, the normal
and the pure part of T', respectively. The operators Ty,or and T}, act on spaces Hyor
and Hp, respectively. Since T}, is a pure quasinormal operator, it has a matrix
representation of the form A ® V', where A is a bounded injective positive operator

OIE M.

Theorem 3.3. Let T be a bounded quasinormal operator on H, and let k > 1 be an
integer. If A®V is a matriz representation of Ty, where A is a bounded injective
positive operator on M, then the following conditions are equivalent:

(i) T has one-step full backward extension,

(ii) T has k-step full backward extension,

(iii) T has oo-step full backward extension,

(iv) T is injective and the range of T is closed,

(V) Thor is bijective, TI;)} is a bounded operator on Huor and A™' is a bounded
operator on M.

Proof. Apply Proposition 2.9 and Lemmas 3.1 and 3.2. O

By virtue of part (v) of Theorem 3.3, there exist injective normal operators
as well as pure quasinormal operators that do not have one-step full backward
extensions.

Example 3.4. Let (X,U, 3) be an arbitrary measure space with a positive measure
(. For a (3-essentially bounded positive U-measurable function a on X we define
the bounded injective positive operator A on L%(X, ) by Ah(x) = a(x)h(x) for
h € L?(X,3). Let T be the bounded quasinormal operator on 2 (L?(X, 3)) of the

2The case M = {0} is not excluded.
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form A@ V. If h = @;°, h; € I3 (L*(X, 8)) is nonzero, then by (2.1) we have

IIhIIQ/t"duh(t) =70l = Y 1A bl 22 x )

=0
(o]
:/ a2 S hi[2d8
X i=0
- / a®" day (where day, = Y |hs|*d3)
X i=0

= /t”dah o !(t) (where ¢ =a?), n>0.

Hence pj, = Wah o1

Now we have two possibilities. If the function % is (-essentially bounded, then
A~1is a bounded operator on L?(X, 3), and consequently by Lemma 3.2 the op-
erator T has oo-step full backward extension. On the other hand, if the function
% is not [-essentially bounded, then A~! is not bounded, and consequently by
Lemma 3.2 the operator T' does not have one-step full backward extension. By the
way, according to Lemma 3.1, the operator A does not have one-step full backward
extension.

4. CYCLIC SUBNORMAL OPERATORS

Suppose that T is a cyclic subnormal operator on a Hilbert space H, and let IV be
its minimal normal extension. For brevity, we assume that ||T'|| = 1 throughout this
section. Then T is unitarily equivalent to a multiplication operator S, on H?(v)
with normal extension N, on L?(v), where the subscript v indicates multiplication
by the independent variable z on H?(v) or L?(v). For nonzero h in H?(v), let
dvyp, = |h|?dv. Also, let p(z) = |2|?. Then

1
||sgh|\2:/D|znh(z)|2dy(z):/Dpnduhz/ Pdup o gl (t), n >0,
0

Applying (2.1) to T = S,,, we get

1
41 - . -1
(4.1) Hh =z Vho P

This in turn implies that for every integer k > 1,

1 1
1 1 _ 1 h(z

(42) ||h||2/ —kdﬂh(t):/ Zdvnop l(t):/—kdl/h:/ ‘%
ot ot D P Dl 2

Lemma 4.1. For every integer k > 1, the following are equivalent:

(a) S, has k-step full backward extension,

) Jp |h(z)/zk‘2dz/(z) < oo for all h € H?(v) (equivalently: 1/2* - H*(v) C
L2 (v)),

(c) there exists ¢ > 0 such that for all h € H*(v) (equivalently: for all polyno-
mials h),

(4.3) /D Ih(2) /24 2du(z) < ¢ /D Ih(2)2dv(z).

2
dv(z).
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Proof. That (a) is equivalent to (b) follows from (4.2). Notice that the operator
Oy : H2(v) D D(Oy) — L*(v) defined on the domain D(0y) = {h € H?*(v) :
1/2F - h € L3(v)} via Ok(h) = 1/2% - h, h € D(6), is closed. If (b) holds, then
D(6y) = H?(v) and consequently, by the closed graph theorem, (4.3) holds for all
h € H?(v). If (4.3) holds for all polynomials h, then P C D(6}) and ||O|p|| < Ve,
where P is the set of all polynomials on D. Hence D(0}) = H?(v) and ||O|| < Ve,
which means that (4.3) holds for all h € H?(v). O

We write RZ(v) := H2(v)V{l/z,...,1/zF} and R*(v) := H?(v)V{1/2" : k > 1}.
These definitions are restricted to the case that the appropriate 1/z* terms are
in L?(v), and the span refers to the L?(v)-closed linear span. If 1/2*F € L?(v)
(hence 1/2° € L?(v) fori = 1,...,k), then T(*) := Nu|gz (1) is a well-defined cyclic
subnormal operator (of norm one) with the cyclic vector 1/z*. Since N, is a minimal
normal extension of S,,, we see that N, is a minimal normal extension of T,
Denote by v(¥) the measure associated with 7*) and by uglk) the corresponding
measure on [0, 1] for nonzero h € H?(v*).

Proposition 4.2. Let S, be the cyclic subnormal operator on H?(v). Then
(@) v e r™ =
Let k > 1 be an integer such that 1/z*F € L?(v). Then
(b) dv®) (2) = ‘1‘ dv =Y (z) with v = v,
Q) @ (s) — Lodu(2),
(d) dv®™ Op‘l( ) = 111122 e din (2),
(
(

k 11132,
e)d”() TR i (1),

f) v < v < vk, Hz(l/(k)) =2F. R2(v) and H?(v®)) C H?(v).

Proof. (a) Use (4.1).

(c) Let U® : R2(v) — H2(v®) be the unitary operator such that U®T®) =
S, U*) and U) (1/2%) = 1 (the unitary operator U*) gives us the L?(v(®))-model
S, of TW). Then UMW) (27 /2F) = UR)(T®))"(1/2F) = S;L(,C)U(k)(l/zk) = 2" for
all n > 0. Hence

/D 2y (z) = (UMD (27 22), (U (27 2) 1,

1
—/ﬂ)zmznwdl/(z), m,n > 0.

Since bounded complex moment sequences are determinate, the above equalities
imply (c). (c) in turn gives us (b).
(d) By (c), for every Borel subset o of [0, 1], we have

1 1 1
v B o p~l(o) = / — Xp—1(0)dV = / — Xo o pdv = / —dvo p(t).
D P D P ot

This and (a) imply (d).
(e) follows directly from (a) and (d).
(f) That v*) and v are mutually absolutely continuous follows from (c) and
v({0}) = 0. By (c), the mapping & : H>(v®)) — L?(v) given by &y(h) =
1/2% - h is an isometry. Hence &y (H2(v®))) = & (Voo 2") = Voo, Dr(2") =
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R2(v). Consequently, H2(v®)) = z* . RZ(v). This and the continuity of N¥ lead
to H2(v M) = N¥(R2(v)) € H?(v). O

By Lemma 4.1, if S, has k-step full backward extension, then 1/z* € L?(v). The
question then arises as to what condition in addition to 1/2* € L?(v) is necessary
to guarantee that S, has k-step full backward extension. The prototype for the
solution may be taken to be a subnormal weighted shift, which always has closed
range.

Theorem 4.3. Let k > 1 be an integer.

(a) S, has k-step full backward extension if and only if the range of S is closed
and 1/z% € L?(v) (the latter is equivalent to 1/tk € L*(u1)).

(b) S, has k-step full backward extension if and only if 1/2* € L*(v) and
H2(v ™M) = H?(v).

(c) If S, has k-step full backward extension (k > 2), then for eachi=1,...,k—1,
the operator S,y has (k — 1)-step full backward extension.

Proof. (a) The “only if” part of (a) follows from Lemma 4.1 and Theorem 2.6.
Assume now that the range of S¥ is closed. Since

\/zJ \/Skz] k) c SEH?(v) (\/ )cvs’;(zn):vzﬂ’,
n=0 =k

i=k n=0
we get

(4.4) Sk(H? (v \/ 2,
Next, we have
> .
(4.5) H(v) =\/{1,2,....2"" "} + \/ &,
j=k

because the right side of (4.5) is closed (as the algebraic sum of a closed linear
space and a finite-dimensional one) and dense in H?(v). Assume, additionally, that
1/2% € L?(v). If h € H%(v), then by (4.4) and (4.5), there exist ag, ay, ..., a1 € C
and g € H%(v) such that h = ap+ a1z + -+ ag_12F"1 + zFg. Hence h/zF € L2(v)
and h = N¥(h/z*) € N¥(L?(v)). This shows that H?(v) C NF(L?*(v)). Applying
Theorem 2.6 completes the proof of (a).

(b) By Lemma 4.1, we can assume that 1/2F € L2(v). If H2(v®)) = H?(v),
then by part (f) of Proposition 4.2, the operator ¥y, : RZ(v) — H?(v) given by
Wy, (h) = 2%-h, h € RZ(v), is bijective. Hence, if h € H?(v), then 1/z*-h =¥ ' (h) €
L?(v). In view of Lemma 4.1, S, has k-step full backward extension. Conversely,
if S, has k-step full backward extension, then by Lemma 4.1 the operator Oy :
H?(v) — L%*(v) defined by Ox(h) = 1/2* - h, h € H*(v), is continuous. Thus
Ok(H?*(v)) = Ok(\/o—p2™) C Voo Or(2™) = Ri(v). Consequently, if h € H?(v),
then g := 1/2%-h € R2(v), which together with part (f) of Proposition 4.2 gives us
h=2F.ge2F R2(v)= H?(®). This shows that H2(v) C H?(v®). Applying
once more part (f) of Proposition 4.2 completes the proof of (b).

(c) By Lemma 4.1 and part (c) of Proposition 4.2, we have

(4.6) /D L 00 (z) = /D L)*

g o dv(z) < o0.
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This and part (c) of Proposition 4.2 enable us to show that (v()(k=9 = p(k) Tt
follows from (b) that H?((v)*=9) = g2(v®)) = H2(v) = H?(v™). This, (4.6)
and (b) (applied to S, ) complete the proof of (c). O

Corollary 4.4. If k > 1, then a subnormal weighted shift T on H (of norm one)
has k-step full backward extension if and only if 1/t* € L (pie, ), where {e,}5%, is
an orthonormal basis of H with respect to which the weighted shift is defined.

Proof. Since each (injective) subnormal weighted shift has closed range (hence all
its powers have closed ranges, cf. Remark 2.7), the conclusion follows from Theorem
4.3 (the cyclic vector eq of T is represented in the model space H?(v) by the constant
function 1). O

Example 4.5. Let k£ > 1. If u is a probability Borel measure on [0, 1] such that
1 belongs to the closed support of u, 1/tF € L'(u) and 1/tF*1 & Ll(u) (e.g.,
du(t) = (k + 1)t*dt), then there is an injective weighted shift 7' of norm one such
that pe, = p, and consequently, by Corollary 4.4, T has k-step full backward
extension but not (k + 1)-step full backward extension. On the other hand, if
du(t) = ae~/tdt (with an appropriate normalizing positive constant a), then T has
oo-step full backward extension.

Proposition 4.6. If S, has one-step full backward extension and dense range, then
S, has oo-step full backward extension, R*(v) = H?(v) and H*(v®)) = H?(v) for
allk > 1.

Proof. By Corollary 2.8, H?(v) = S?H?(v), which implies 1 = S!g; for some
gi € H?(v). Thus 1/2* = g; € H?(v), which shows that R%(v) = H?(v). Applying
Corollary 2.8 and part (b) of Theorem 4.3 completes the proof. O

Remark 4.7. It was shown in [3] that if the cyclic vector eg admits one-step back-
ward extension for a weighted shift, then the shift has one-step full backward ex-
tension. The following example shows that this is not the case for general cyclic
subnormal operators.

Example 4.8. Let dv = 3t%dt on [0,1]. Then H?(v) = L?(v) and S, f(t) = tf(t).

Since 1/t € L'(v), we get 1 € Es,. Let f(t) = 1/t. Then f € H?(v) and
2

fol ‘@ dv(t) = co. So f ¢ Es,, and hence H?(v) # Es, (the latter follows

also from Lemma 3.1).
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