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ABSTRACT. Let H be a space of analytic functions on the unit
ball By in C? with multiplier algebra Mult(#). A function f € H
is called cyclic if the set [f], the closure of {of : ¢ € Mult(H)},
equals H. For multipliers we also consider a weakened form of the
cyclicity concept. Namely for n € Ny we consider the classes

Cn(H) = {p € Mult(H) : ¢ # 0, [¢"] = [¢" ']}
Many of our results hold for N:th order radially weighted Besov
spaces on By, H = BY, but we describe our results only for the
Drury-Arveson space H? here.
Letting Cgtaple[2] denote the stable polynomials for By, i.e. the
d-variable complex polynomials without zeros in B;, we show that

if d is odd, then Cytaple[2] € Cas (H?), and
if d is even, then Cgpapie[2] C Cgfl(Hfl).

For d = 2 and d = 4 these inclusions are the best possible, but in
general we can only show that if 0 < n < % — 1, then Cstaple|2] €
Co(H2).

For functions other than polynomials we show that if f,g € H3
such that f/g € H* and f is cyclic, then g is cyclic. We use this
to prove that if f, g extend to be analytic in a neighborhood of Bg,
have no zeros in By, and the same zero sets on the boundary, then
[ is cyclic in € H? if and only if g is. Furthermore, if the boundary
zero set of f € H3 N C(By) embeds a cube of real dimension > 3,
then f is not cyclic in the Drury-Arveson space.

1. INTRODUCTION

Investigations about cyclic vectors of spaces of single variable ana-
lytic functions are classical. Beurling [13| showed that the cyclic vectors
of the Hardy space H? are the outer functions, that is, those f € H?
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such that
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Korenblum [32, 33| established complete results for the topological al-
gebra A= = {f € Hol(D) : |f(2)] = O((1 — |z|)~™) for some n € N},
and for the weighted Dirichlet spaces {f € Hol(D) : f(™ € H?}. Com-
plete characterizations of the cyclic functions in the Bergman space
L2 = {f € Hol(D) : [;|f|*dA < oo} and Dirichlet space D = {f €
Hol(D) : f' € L?} are lacking, but the area is rich with deep results
that have clarified the function theory for these spaces, see for example

21, 23, 28].

Much less is known in the setting of spaces of functions of several
complex variables. Norm closed ideals in the ball and polydisc algebras
have been investigated by Hedenmalm, [29, 30|, and there are results for
the analogous questions in the Drury-Arveson context by Clouatre and
Davidson, [18]. Cyclicity of polynomials in weighted Dirichlet spaces
of the bidisc has been investigated by Bénéteau-Condori-Liaw-Seco-
Sola [10], Bénéteau-Knese-Kosinski-Liaw-Seco-Sola [11], and Knese-
Kosinski-Ransford-Sola [31]. The paper [25] by Guo-Zhou contains re-
sults specifically for the Hardy space of the bidisc, while the paper [12]
by Bergqvist treats the polydisc. In [44] Sola extended known bidisc
results to the unit ball of two complex variables. Some cyclicity results
for the Drury-Arveson space H3 can be found in [41, Theorems 1.4
and 1.5]. We refer the reader to [26] for a general introduction to the
Drury-Arveson space Ha.

The purpose of this paper is to study the properties of both cyclic
and non-cyclic functions f € H32 which have no zeros in By. Since H? is
central to multivariable operator theory connected with B;, we expect
our results to have significance in that context. The Drury-Arveson
space is known to be an example of two types of important classes of
function spaces: it is a Hilbert function space with a complete Pick
kernel, and it is a radially weighted Besov space on the unit ball of C%.
Many of our methods apply in this generality. Thus, our presentation
will be very general. In the special case of the Dirichlet space of the
unit disc our approach provides a new proof of Corollary 5.5 of [39].

It is known that for complete Pick spaces there is a 1-1 correspon-
dence between multiplier invariant subspaces of H and weak™* closed
ideals of Mult(#H), see [20]. As our main interest is in H3 we have
stated our results as results about invariant subspaces of BY, even

though many of them are also results about weak™ closed ideals in
Mult(BY).
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Before stating and discussing our main results in Section 3, we will
present necessary background material on radially weighted Besov spaces
and their multipliers in Section 2. In this preliminary section we also
introduce the classes C,,(H) of pseudo-cyclic multipliers. In Section 4
we illustrate our results through a number of examples. In Section 5
we prove the theorems which apply for general radially weighted Besov
spaces, while we treat those spaces which are also complete Pick spaces
in Section 6. Finally, we consider some natural open questions in Sec-
tion 7.

After completion of this paper we were made aware of the paper
[34] in which the authors determine in the case of d=2 for which «
the stable polynomials are cyclic in D, (B,;) (definitions below). In
particular, Theorem 6 of [34] also implies the case of d=2 of (3.1)

2. PRELIMINARIES

2.1. Weighted Besov spaces. Let X be a set. A Hilbert function
space H on X is a Hilbert space of complex valued functions on X such
that for each z € X the evaluation functional f +— f(2) is continuous
on H.

Let d € N and let By denote the open unit ball of C?. We will
use Hol(B,) to denote the analytic functions on B,, and we will write
D = By, when we want to emphasize that d = 1. The main focus of
this paper will be on radially weighted Besov spaces

BY = {f € Hol(By) : RV f € L*(w)}.
0
0z;
tive operator, and w is an admissible radial measure on B,. That is, w
is of the type dw(z) = du(r)do(w), where z = rw, o is the normalized
rotationally invariant measure on dB,;, and p is a Borel measure on
0,1] with p((r,1]) > 0 for each real r with 0 < r < 1. If p has a
point mass at 1, then the L?(w)-norm of an analytic function f is to be
understood by || fll72,) = Jp, [f1Pdw + p({ID)If 13298, Recall that

the Hardy space H?(0B,) consists of analytic functions in 0B, with

Here N is a non-negative integer, R = Z?:1 2j5— is the radial deriva-

1£132 05,y = sup / |f(rz)Pdo(z) = lim |f(rz)[*do(z) < 0.
00B4

ref0,1) r=17 Joos,
We define a norm on BY by

2 _
(21) ||f||35—{ NP LR 2, N >0
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and we note that the hypothesis on yp implies that each BY is a Hilbert
function space on B,. For later reference we also note that

22) 11y = W@ O)P + IR+

holds for all N > 0.
An important example is the Drury-Arveson space HZ. It can be
defined as the space of analytic functions f in B, such that

I =3 o |,|f< Q) <

aENd

where f is given by the power series f(z) =3,y f(@)z® in multino-
nld-1! 1

(n+d— 1'
fn is a homogeneous polynomial of degree n, see e.g. [41, Section 2|.

For an arbitrary radially weighted Besov space we therefore have that

mial notation. One calculates || ful|72 (g, = | full? 1120 Whenever

(2.3) £y = w(Ba)l /(0 |2+Zn2an||fn||H27
where f = > fn is the representation of f as a sum of homogeneous
polynomials of degree n, and w,, = (Z'J(il 11 f[o 1 r?*dp(r). In particular,

the Drury-Arveson space is itself a radlally weighted Besov space, up
to norm equivalence. In fact,

2 {B((fll)/2 if dis odd and w = o
=

2.4
(24) Bff/z if dis even and w = V.

Here V' denotes normalized Lebesgue measure on B,.
The Drury-Arveson space is part of a one-parameter scale of spaces
of analytic functions. For o € R and f € Hol(B,) define
o0 o

1 1Dae = D+ 1N fullfys = D (0 + 1)“*“/ [fn(2)[*do(2),

n=0 n=0 9Bq
where f = 3", f, is the expansion of f into homogeneous polynomials
of degree n, and let D,(By) = {f € Hol(B,) : “fHQDa(IBd) < 00}. Then
Do(By) = H?, D_q.1(By) = H?*(OBy) is the Hardy space, D_4(B;) =
L?(B,) is the Bergman space, and D = D;(D) is the Dirichlet space.
Here, and throughout, the equality of spaces is to be understood to
include the possibility that the norms are not equal, but equivalent.
More generally, for « < —d + 1 we have

1
(n+ 1)‘“”’1 ~ / (1 — r)’((”d)dr.
0
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Thus, by setting

o (1) — do(w) ifa=—-d+1
Walll) = (1 —r)~+tddrdo(z) fw=rzand a < —d+ 1

we see that BY = D,(Bg), whenever @ < —d + 1. This implies that
Do(By) = B _ . whenever N € Ny with N > =1 ¢f (2.3).
If a > 1, then a simple argument with the Cauchy-Schwarz inequal-
ity implies that the spaces D,(B;) are contained in the ball algebra
with || fllec < C|fllpacs,), see [43] for the case d = 1. Furthermore,
since f € Do(By) & Rf € D,_2(By), we conclude that evaluation of
f,Rf,...,RN"1f at points z € 9B, defines bounded linear functionals
on D,(B;) whenever @ > 2N — 1. For more information about these
spaces and their multipliers see e.g. [4, 7, 14, 17, 19, 37, 38, 41|, and
Section 14 of [1].

If H and K are Hilbert function spaces, then
Mult(H,K) = {¢: ¢f € K for all f € H}

are the multipliers from H to K. Mult(H,K) is a Banach space with

norm ||¢||vu) = sup{llefllc : f € H, || flla < 1} We will write
Mult(#H) = Mult(#, H), and we note that

¢lloo < 1@l nuteB)

with equality whenever N = 0. As is well known, equality does not
hold in general when N > 0. Standard examples are the weighted
Dirichlet spaces on the unit disc, or the Drury-Arveson space.

Furthermore, one checks that if a function f extends to be analytic
in a neighborhood of By, then f € Mult(BY) for all admissible radial
measures w and all N € Nj.

We are interested in multiplier invariant subspaces of H, i.e. those
subspaces M C H that satisfy ¢f € M, whenever f € M and ¢ €
Mult(H). If f € H, then [f] = closy{pf : ¢ € Mult(H)} denotes
the invariant subspace generated by f. A function f € H is called
cyclic in H if [f] = H. If H is a radially weighted Besov space, then
all polynomials are multipliers, and they are densely contained in H.
Thus, in this case, f is cyclic if and only if 1 € [f].

If H = H*(D), then the cyclic functions are the classical outer func-
tions. If f € H = H3, then each slice function f,(\) = f(\z), z € OB,
is in H*(D) with || f.|| g2y < | fllz2; see Section 6.2 for a generaliza-
tion to other spaces. It follows that if f is cyclic in HZ, then each slice
function f, must be outer in H?(D). However, we will see in Section 4
that for d > 2, there are noncyclic functions 0 # f € H2 such that
every slice is outer.
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As a tool to investigate the cyclic behaviour of functions in H, we
define the following sets of multipliers, each indexed by an integer n >
0:

Co(H) = {p € Mult(H) : ¢ # 0 and [p"] = [¢" "]}
We also define

Coo(H) = {p € Mult(H) : [)[¢"] # (0)}.

We consider membership in C,(H) to be a weakened form of cyclicity.
Indeed, if the multipliers are dense in H, then Co(#H) consists of the
cyclic multipliers and it is easy to prove that

(2.5) Co(H) C Ci(H) C Co(H) -+ C Cos(H).

In the case H = H?*(D) one has equality throughout, each set equal-
ing the outer functions in H*°(D), as can be seen from the inner-outer
factorization. Similarly, if a > 0, then we show in Section 6.2 that
if f e Cu(Dy(By)) for some n € N, then for each z € 0By, the slice
function f, is an outer function in H*(D). One easily checks that for
d = 1 the same conclusion holds for f € Coo(Ds(By)). However, in
Proposition 6.8 we will present an example to show that if d > 2, then
functions in Co(H3) may have slices with non-trivial singular inner
factors. It follows that (J;” (Cn(H3) & Coo(HY).

For the Dirichlet space D = D; (D) it was shown in [40, Theorem 4.3]
that the class C;(D) equals the outer functions in Mult(D). On the
other hand, it is known [14] that there are non-cyclic outer functions
in Mult(D), and therefore Co(D) # Cy(D). In this particular case we
have that C(D) = Cw (D), but nothing like this is true in general.
Example 2.1. If H = Dy(D) = B2, dw = d6;'EL, then ¢(z) = 1—z is

27 )
an example of an outer function in Cy(B2) \ Ci(B?).

This holds by observing that the evaluation of functions and their
derivatives at z = 1 define bounded linear functionals on D, (D). Hence
1—2¢ [(1—2)?. It is elementary to show that 1 — z € Cy(H), cf.
Theorem 3.5.

We now list and prove a few more elementary properties of the sets

Coo(H).

Lemma 2.2. Assume that Mult(H) C H. Then

(a) If ¢ € Coo(H), then (2) # 0 for all z € By.

(b) If n,m € Ny and if 1, p € Mult(H) such that [p"] = [¢" "] and
[¥™] = [, then [pmy™] = [ Hlgm ]
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Proof. (a) Let ¢ € Mult(#H) and zy € B, such that ¢(z5) = 0. We need
to show that ()2, [¢"] = (0), so let f € [¢"] for each n € N. Let r > 0
such that the closure of B = {2z : |z — 2| < r} is contained in By. It
will be sufficient to show that f(z) = 0 for each z € B. It is clear that
f(2) = 0 at every point z where ¢(z) = 0. Let z € B with ¢(z) # 0.
For A € Cset 1,(A\) = z0+ A(z—20). Then ¢, = pot), and f, = fo1),
are analytic in a neighborhood of the unit disc. Since f(z) = f,(1) it
suffices to show that f, = 0.

We have ¢(z9) = 0, but ¢(z) # 0. Thus, the function ¢, satisfies
©.(0) = 0, but ¢, is not indentically 0. Hence there is £k > 1 and an
analytic function h such that h(0) # 0 and ¢.(\) = A*h(A). Now fix
n € N. Then f € [¢"] implies that there are multipliers g; such that
g;¢" — finH. Then gjo1.¢? — f, uniformly on the closed unit disc.
Since each g;¢™ has a zero of multiplicity nk at 0, we conclude that f,
has a zero of multiplicity nk at 0. Since kK > 1 and n is arbitrary, this
implies that f, = 0.

(b) Suppose that n, m, ¢, 1 are as in the hypothesis. Since "1yt =
(o)™ € [p"™] we only have to show that ¢"¢™ € [p"T1p™m 1.
The hypothesis for ¢ implies that there is a sequence of multipliers u;
such that u;e"*t — " in H. Then u;p" g™t — @™+t in H.
This implies "™ € [p"T1yp™ . Similarly, there is a sequence of
multipliers v; such that v;9™*t — ™ in H. Then @mv;p™H — Y™
and hence Sonwm c [¢n¢m+1] C [(pn-&-lwm-&-l]' [}

In particular, if Mult(#) is densely contained in H, then multiplica-
tion by cyclic functions preserves each of the classes C,,(H).

2.2. Background about complete Pick spaces. Recall that each
Hilbert function space H has a reproducing kernel £ : X x X — C.
Writing k,(z) = k(z,w) it satisfies f(w) = (f, k,) for all f € H,
w € X. A reproducing kernel k on X is called a normalized complete
Pick kernel, if there is wy € X and a function b from X into some
auxiliary Hilbert space K such that b(wg) = 0 and

1
Bl = T b
In the interesting case where H is a Hilbert space of analytic functions
one easily shows that H is separable, and then one may assume that
K is separable also.

We say that a Hilbert function space H on X is a complete Pick
space, if there is a Hilbert space norm on H that is equivalent to the
original norm, and such that the reproducing kernel that H has with
respect to the new norm is a normalized complete Pick kernel. The
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Hardy space H? of the unit disc is the easiest example of a complete
Pick space. The spaces D, (B,) are complete Pick spaces for all a > 0.
This includes the Dirichlet space D and the Drury-Arveson space H3,
which has reproducing kernel ki, (z) = 5.

In [4] general conditions were given on w that imply that BY is a
complete Pick space. For example, if & > —1 and if dw(z) = w(z)dV (2)
w(z)
(SERE

BY is a complete Pick space, see Theorem 1.4 of [4].
We now recall some important basic properties of complete Pick

spaces.

where is non-decreasing as |z| — 1, then for N > # the space

Lemma 2.3. If k is a normalized complete Pick kernel and if w € X,
then k,, € Mult(H) with ||k || < 2|kl

For spaces of analytic functions this was proved in [24]. For the
general version see |42, Proposition 4.4] or |1, Lemma 7.2].

Corollary 2.4. If H is a complete Pick space, then Mult(H) is dense
in H. In particular, f € H is cyclic if and only if 1 € [f].

We shall need another useful estimate in spaces with a normalized
complete Pick kernel. For spaces of analytic functions this was also
proved in [24], while the general version given here follows from Corol-
lary 3.3 in [3].

Lemma 2.5. If k is a normalized complete Pick kernel, f € H, and
w € X, then

|f(w) > < 2Re(f, k[ — || £1I5.-

Finally we recall a special case of [3, Theorem 1.1 (i)].

Theorem 2.6. Let k be a normalized complete Pick kernel, k,, = 1.
For f: X — C, the following are equivalent:

() 1 €H and | f] < 1;
(ii) there are multipliers @, € Mult(H) such that
(a) f =15
(b) ¢(w0) = 0; and
() [lonll* + llphll* < [Ih[* for every h € H.

3. STATEMENTS OF THE MAIN RESULTS

In this section we present our main results. Throughout we will
suppose that N € N and let w denote an admissible radial measure.

Theorem 3.1. If p,1 € Mult(BY) with ¢ /¢ € H*(By), then for each
k € N we have o™ 1F=1 € [¢*] C [].
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Consequently, if N =1 or ¢ € C;(BY), then |o(2)| < |¢(2)| implies
¢ € [¢]. In particular, the cyclicity of ¢ implies cyclicity of ¢. A main
technical step in the proof of Theorem 3.1 is interesting in its own right:

Theorem 3.2. If o, € Mult(BY) with o/ € H*®(By), then oV 1/ €
Mult(BY).

Of course, if N = 0, then H is a weighted Bergman space or the
Hardy space and Mult(BY) = H*(B,). Thus, in this case the Theorem
is trivial. However, if N > 0, then it may happen that Mult(BY) C
H*>(B,), and hence one may have to choose n > 1 in order for ¢" /v
to be a multiplier.

By applying Theorem 3.2 with ¢ = 1 we recover the following theo-
rem from [35].

Corollary 3.3. If v € Mult(BY) with |¢(2)] >
then 1/¢ € Mult(BY). Consequently, for all ¢ €

a(My) = ¢(Ba).

In other words, the corollary asserts that the "one function Corona
Theorem" holds for Mult(B2Y).

Theorem 3.2 is perhaps reminiscent of Wolft’s Ideal Theorem for
H*, |45]. And indeed, as in [9], Theorem 3.2 does imply a simple
condition for membership in radical ideals generated by principal ideals
in Mult(BY)). For ¢ € Mult(BY) let

Rad(v) = {p € Mult(BfJV) : " = w) for some u € Mult(BiV), n € N}.

Corollary 3.4. If ¢, € Mult(BY), then ¢ € Rad(¢) if and only if
there is n € N such that ¢" /¢ € H*.

1 for all z € By,
Mult(BY) we have

In the course of the proof of Theorem 3.2 we will also establish some
uniform norm bounds that are useful for the proof of our next Theorem.
Let Cgaple[2] denote the stable polynomials, that is, the polynomials
with no zeros in Bj.

Theorem 3.5. We have that Cgpielz] € Cn(BY). Furthermore, if
N > 0 and w is of the form dw(z) = wu(r)2rdrdo(w) for some u €
LOO([O, 1]), then (Cstable[z] Q CN_l(B“]Y).

One may wonder what the smallest k is such that Cyaple[2] € Ci(BY).
Example 2.1 shows that one cannot do any better than Theorem 3.5
for the space Dy(ID). On the other hand, for each w there is another
admissible radial measure w’ such that BY = BN*! (with equivalence
of norms), see [4, Theorem 2.4]. Theorem 3.5 is then of course not
sharp for Bﬁ“.
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For the Drury-Arveson space, represented as a Besov space via (2.4),
Theorem 3.5 yields that

(3.1) if d is odd, then Cgppio[2] C CL(Hd)
if d is even, then Cgaple|z] C C _(HY).

In particular, for d = 2 every stable polynomial is cyclic. In Section 4
we will show that if n < ¢—1, then Cgapie[2] € Cn(H2), see Proposition
4.4 (b). Thus these inclusions are best possible for d = 2 and d = 4,
but for other values of d there is potentially a gap, see Question 7.1.

If f € Hol(Bg) extends to be continuous on By, then we write Z(f) =
{z € By : f(2) = 0}. We say that f € Hol(B,) satisfies a Lipschitz
condition of order a > 0, if there is C' > 0 such that |f(z) — f(w)| <
Clz —w|* for all z,w € B,;. Note that functions that satisfy a Lipschitz
condition can be extended to be continuous on By.

Theorem 3.6. Let f,g € Mult(BY) be such that

(i) f(2) #0 and g(z) # 0 for all z € By, o
(ii) f extends to be analytic in a neighborhood of By,
(iii) g satisfies a Lipschitz condition of order az > 0.

Assume that Z(f) N 0By C Z(g) N OBy. Then there is an n € N
such that g™ € [f]. Furthermore, if we additionally assume that g is a
polynomial, then g € [fN] C [f] for every N > 1.

In particular, if g is cyclic, then f is cyclic. Thus, for polynomials
P € Cytable|2], the geometry of Z(p) N 0B, determines whether or not
p is cyclic. If w € 0By, then p(z) = 1 — (z,w) is a polynomial such
that Z(p) NOB,; = {w} and it is easily seen that p is cyclic in H3. This
implies that if f extends to be analytic in a neighborhood of B, has no
zeros in By, and only finitely many zeros in B, then f is cyclic in H3.
In Examples 4.3 and 4.6 we will give examples of cyclic polynomials
in H? such that Z(p) N 0By has 1 or 2 real dimensions. However, in
Theorem 4.8 we will show that if Z(p) N 0B, embeds a cube of real
dimension > 3, then p is not cyclic in H3.

If the radially weighted Besov space is also a complete Pick space,
then the results of Theorem 3.1 can be partially extended to apply to
arbitrary functions in BY. Recall that in these cases, by Theorem 2.6,
every f € BY has the form f = w/v with u,v € Mult(BY) with v
cyclic.

Theorem 3.7. Let N € N, and let BY be a radially weighted Besov
space that is also a complete Pick space. Let f,g € BY be such that

flg € H*(Bq).
If N =1 orif f=u/v forv cyclic and u € C1(BY), then f € [g].
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It will follow that if |f(2)] < |g(2)|, and if f is cyclic, then g is
cyclic. Since the constant 1 is cyclic in BY the Theorem implies that
any g € H that is bounded below, must be cyclic. Thus, Theorem 3.7
improves Theorem 1.5 of [41], where the Theorem was proved only for
H? under the additional assumptions that f = 1 and g be in the Bloch
space.

For the Dirichlet space D of the unit disc Theorem 3.7 was known,
see Corollary 5.5 of [39]. The proof here is considerably less technical
than the one in [39]. Theorem 3.7 will follow from Theorem 6.4, which
contains a slightly more general result.

4. SOME EXAMPLES

In order to illustrate our theorems we start with some examples for
H?2. We present two ways to embed D%(D) in H?, where 1 < k <
d. The first one of these is well-known, and has been used before to
construct functions with interesting properties in the Drury-Arveson
space, see e.g. [8, Theorem 3.3], [27, Lemma 2.1|, |6, Lemma 9.1], or
see |10, Example 2] for a bidisc version of such an embedding.

Note that if z = (21,...,24) € By, then the geometric-arithmetic
mean inequality implies that for each integer k£ with 1 < k < d we have

k 1/k k 9
] [ 2 Jj=117J

Hence 73,(2) = k*/? H?Zl zj maps By into D.
Lemma 4.1. Let 1 < k < d. The operator
Tia: Dica(D) = Hy, Tiaf =fom

is bounded and bounded below. Furthermore, if ¢ € Mult(D%(]D)),
then Ty, qp € Mult(H3).

If d = k, then this is the special case of s = 1 of [6], Lemma 9.1 and
Proposition 9.4. If d > k, then we combine this with use of the isometric
embedding of H? in H? given by f — fo P, where P is the projection
from C¢ — CF, (z,...,24) — (21,...,2,). This embedding is also
isometric as a map between multiplier algebras Mult(H?) — Mult(H?),
see Lemma 6.2 of [6].

Lemma 4.2. Let 1 < k <d.
(a) If f € D1 (D), then f is cyclic in Di—1 (D), if and only if Ty, 4 f

is cyclic in H3.
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(b) Letn € N and f € Mult(D%(]D))), then f € Cn(D%(D)),if and

only if Tyaf € Co(H3).
(c) If f € Di-1(D) is an outer function, then for each z € 0B, the

slice function (Tyaf). is outer. Here (Tyaf).(N) = Traf(A2), A € D.

Proof. We prove (b) and (c). The proof of (a) is similar to (b).

(b) Fixn € Nand f € Mult(D%(]D)). Then by Lemma 4.1 Ty, 4f €
Mult(H?). If f € C,(Dx-1 (D)), then there is a sequence of polynomials
{p;} such that p;f"*! 2—> f™ in D%(]D)). Then for each j we have
q; = Tiap; is a polynomial and by Lemma 4.1

(Thapi)(Thaf)"™ = Toalp; *) = Tha(f") = (Teaf)"

in H?. Hence Ty qf € C,(H3).

Conversely, if Tyqaf € C,(Hj7), then there are polynomials ¢; €
Mult(H3) such that ¢;(Tyaf)""™ — (Thaf)™ in Hi.

For n € Ny define a,, = (n,...,n,0,...,0) € N¢, where the first
k components of a,, equal n and the remaining components are 0. If

¢;(z) = X, d;(a)z%, then let Pyg;(2) = 3,50 dj(an) [Thzy 2t Note
that Pyq; = T} qp; for some polynomial p; and that

(45 — Poay)Tra(f™) L (Pegj) Toa(f™) = Tra(f™)
by the orthogonality of the monomials in H2. Hence
s f™ " = "Dy e = 1 Tea®i ") = Tialf™) Iz
= (Pra)) Tea(f™) = Toa( £z
< (g = Pegj) Tea(f DI + 1(Pegj) Teal( ™) = Tealf") 2
= llaj(Teaf)""" = (Tiaf)" 72 — 0

as j — 00. Thus, f € Co(D(r-1)/2)-
(c)If f e D%(D) is an outer function, then

dt

2
log (0)] = [ logl/(l5T

Let z € OBy, then (Ty 4f).(e") = f(e*'14(2)) and hence

o it dt _ o ikt dt
| ol @15 = [ o lfenolg

= log | f(0)| = log [(Tk,af)-(0)].
Hence (T} qf). is outer. [ |
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Example 4.3. If 1 < k < 3, f(2) = 1 — 2, then T} 4f is cyclic in
H3. Furthermore, the set Z (T} 4f) N 0By equals an embedded &k — 1
dimensional cube.

It is well-known that f is cyclic in D, (D) for a < 1, see [14]. It
also follows from the second part of Theorem 3.5, which will be proved
later. Hence the cyclicity of T} 4f follows from Lemma 4.2 (a). The
statement about the zero set is also easily seen. For example, if k = 3,
then

Z(Thaf) N OBy = {37Y2(e, e, e7 ) 0, ... ,0) : t,s € [0,27]}.

Similarly one sees that for k£ > 4 the set Z (T qf) N OB, embeds a
cube of dimension k—1 > 3, hence it will follow from Theorem 4.8 that
Tyaf is not cyclic for any k > 4. Alternatively, that will also follow
from part (b) of the following proposition.

Proposition 4.4. (a) If d > 2, then there is non-cyclic f € H3 such
that every slice function f. is outer in H*(D).

(b) If d > k > 4n > 0 and p(z) = 1 — z, then the polynomial
Teap ¢ Co—1(H3). Hence Cypapie|2] € Cro1(HJ).

Proof. (a) By Lemma 4.2 it will be enough to show that there is a
noncyclic outer function f € Dj/5(ID), because then 75 4f will be the
required example. The existence of the required function is known; let
us briefly describe the ideas that go into the construction. The proof
uses Carleson sets and a-capacity for a = 1/2. Indeed, using Theorem
3 of Section IV of [16] one constructs a "generalized Cantor" set F with
positive 1/2-capacity (also see [22], Section 4). Generalized Cantor sets
are Carleson sets. Thus, by results of Carleson for any n € N there is
an outer function f € C™(D) N Hol(D) such that f = 0 on E ([15]).
Then f is not cyclic in Dy, see e.g. [22] Theorem 1.1.

(b) If d > k > 4n > 0, then 51 > 2n — 1. Then, as noted in
the Introduction, it follows that f — fU)(z) defines a bounded linear
functional on D(;_1)/2(D) for all z € oD and all j =0,1,...,n—1. But
then the functional of evaluation of the n — 1-derivative at 1 annihilates
every function in [(1—2)"], but it does not annihilate (1 —2z)""!. Hence
(1—2)"' ¢ [(1—2)"]. This implies that 1 — z ¢ C,—1(D(—1)/2(D)).
Then part (b) of the proposition follows from Lemma 4.2. [ |

The second way to embed D_1)/» in Hj is given by the following
lemma.

Lemma 4.5. Let 1 < k < d. Then the operator Sy : D%(]D) —
H2 Sif(z) = f(O2F_, 22) is bounded and bounded below.

j=17]
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Proof. As above, using the embeeding H? C H? it suffices to prove the
case k =d. If f(A\) =>"" a,\", then

d

Saf(z ianz,zf Z Z |a|' 2(20)
n=0  j=1

|lal=n

Then

1Saf 7z = Z Ian|2 Z

Thus we have to prove that

/e (nl)? 2a)!
(n+1)D2 ~ ((2n))! Z Eal))2

where the implied constants may depend on d, but not on n. For n =0
we have equality, so it will be enough to consider n > 1. We will prove
the statement by induction on d. For d = 1 the statement holds with
equality, and we will also explicitly verify the case d = 2. Note by
Stirling’s formula we have that (n!)?/(2n)! & \/n/2?" for n > 1. Then

~ 24+
22 = (k1)* ((n — k)1)?
n—1 1
~2+n
\/_kzl Vhvn —k
1
~\/n
1<k<n/2 \/E n—k
1

¢
l
3

Now assume that d > 2 and the statement holds for d. We will show
that it also holds for d + 1. Note that for each n > 0 we have

{BeN 1|8l =n} ={(a,n—a]) : « € N§,0 < |a] <n}
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and hence by the induction hypothesis

(n!)? (26 (2a)!(2(n — k))!
el 'Z S P (RaE

Nd+1 18|=n k=0 eNd la|=k
(n1)? (2(n — k))! d—1)/2
(m)!z k;! ? n—k)!)Q(k+1)( /
1?2 ! (2(n —k))!
d 1/2 (n!)
<(n+1) |Z PNTE—TE
~ (n+ 1) ”Wﬁé (n+1)d/2,

where we applied the case when d = 2 in the last step. Thus, we have
the required upper bound. For the lower bound note that by symmetry

"L (2K)! (2(n — k))! 41/
2%21«!))2 o+ 0

n

2k)! (2(n — K))!

S((k+ D)2 4 (n — k4 1)072)

(]

1)
2 ()2 ((n— )1
") 20— ) 1 e
23 e (e

=0

and now we can substitute this into the previous formula and obtain
the lower bound with a similar calculation as before. [ |

Example 4.6. If d > 3, then p(z) =1 — (27 + 22 + 23) is cyclic in H3
and Z(p) N 0B, is a 2-dimensional cube.

Again we note that for £ = 3 we have D;_1)/2(ID) = D is the classical
Dirichlet space and the polynomial 1 — z is cyclic in D. Hence the
statement follows from Lemma 4.5 with arguments that are analogous
to the proof of Lemma 4.2 (a) by use of Lemma 4.1. In this case

Z(p) N 0B, = {(costcos s, costsin s, sint,0,...,0): ¢ s € [0,2n]}.

To complete this section, we will follow the ideas of Brown and
Shields [14] (see also [44] for a By-version) to obtain a necessary con-
dition for cyclicity in HZ, proving that the zero set of a cyclic function
f € H2NC(By) cannot embed a 3-dimensional cube. To prove this we
want to construct bounded linear functionals of the form

f—= fdp, fe HinC(By),
By
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for appropriate finite Borel measures p on 0B,, such that these func-
tionals annihilate nontrivial multiplier-invariant subspaces. The argu-
ment applies directly to Hilbert function spaces whose kernel has the
form (1 — (z,w))™®, but here we shall focus on H?.

Lemma 4.7. Let pu be a finite Borel measure on 0By and

) = [ T ydnt). =€

(i) If

(4.) W= [ [ e te)dn:) < s.

then f, € H? and Hf#||H3 E(p).
(ii) If E(p) < oo and f € H2N C(By), then

(Ffg = [ S
Proof. (i) For fixed r € (0,1), the Hj— valued function u,(2) = k.
is continuous on the closed unit ball B;. For a measure g as in the

statement, consider the Bochner integral f urdp. Evaluating at z € By
and using elementary properties of Bochner integrals yields

([ wan) @)= [ k= £,602) = (50,62

But then the same properties of the Bochner integral yield for f € H3

(1.2) o5y = [ S

In particular, for f = (f,), we obtain

0 = [ [ =y dntwdnte)
< T 21 dp(w)dp(z).
=

1
|1 _ngl Z §|1 _C|7

Now let » — 1, use the inequality

together with the dominated convergence theorem to conclude that

limsup || (£, % < E().
r—1
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Since (fu)r(2) = fu(2), z € By, it follows that f, € H7 and ”f“”lzqﬁ <
E(p), which proves (i). Part (ii) follows from (i) and (4.2), since

/ Fodit = (f (F)) = s fo.

If f € H2N C(B,;) we obtain the result letting r — 1. |

Given a set S C C? and an integer m > 0, we say that S contains
an embedded cube of dimension m if there exists a diffeomorphism ¢
from (—1,1)™ into S.

Theorem 4.8. Let f € H2NC(By) and assume that Z(f) N OBy con-
tains an embedded cube of dimension m > 3. Then f is not cyclic in
2.

Proof. Let ¢ : (—1,1)" — U C Z(f)N 0B, be a diffeomorphism. Then
¢ satisfies for some ¢ > 0 that

(4.3) 0(t) — ¢(s)| = clt —s], t,s€(=1,1)™
Consider the pushforward measure
WE) = An(¢~(ENT))

on OB, where ), denotes the m—dimensional Lebesgue measure on
(—1,1)™. According to Lemma 4.7 it will be sufficient to show that
(4.2) holds. Indeed, in this case part (ii) of the lemma gives that
fu € [f]*, and clearly f, # 0. To demonstrate this, we observe that

2
11— (z,w)| > Re (1 - (z,0)) = % 2w € OBy,

to obtain that

2 1
Epg—/ / ———dM\,(8)d)\,, (1) < 00,
(1) < - i e =3P (s)dAm(t)

since m > 3. [ |

5. RADIALLY WEIGHTED BESOV SPACES

Throughout this section, w will denote an admissible radial measure,
see Section 2.



18A. ALEMAN, K.-M. PERFEKT, S. RICHTER, C. SUNDBERG, AND J. SUNKES

5.1. Lemmas about ratios of multipliers. We start with a lemma,
which is basically from [4], and which says that all radially weighted
Besov spaces satisfy the "multiplier inclusion condition" with constant
1.

Lemma 5.1. For each k € N the space Mult(BF) is contractively con-
tained in Mult(B*=1), that is,

||90||Mu1t(313—1) < ”SOHMult(ng) Jor all v € MUlt(Bf)-

Proof. 1f the measure dw(z) = du(r)do(w) is such that p is absolutely
continuous, then this follows directly from Theorem 1.2 or Corollary 3.4
of [4]. But the proof given in [4] actually applies to the more general
situation considered here, where p is not assumed to be absolutely
continuous. Indeed, it follows from (2.3) that the reproducing kernel

K* for BY is given by

1 = 1
Kk — "
( ) (Bd) + ; anwn <Z7 U)>
Thus, we can use Proposition 3.3 of [4] with the sequences {a,} and
{b, } where ag = by = m, a, = n%w and b, = —i—forn > 1. W

For us, the multiplier inclusion condition is important because the
following lemma is now elementary.

Lemma 5.2. We have that ¢ € Mult(BE) if and only if p € Mult(B*1)
and Ry € Mult(B*, B¥=1). Furthermore,

(5.1) e llnussr) < Q(HSDHMult(BZZ*l) + ||R80||Mu1t(35,35*1)> and

(5.2) 1Rl tecms, i1y < 2l @llmasz)

Proof. Since f € BE if and only if Rf € B*! we see that ¢ €
Mult(BEF), if and only if (Ry)f + ¢Rf € BX! for each f € B. Thus,
if o € Mult(B*!) and Ry € Mult(B%, BE=1)| then ¢ € Mult(BF).
Conversely, if ¢ € Mult(B*), then by the multiplier inclusion condi-
tion ¢ € Mult(B*!), and hence the identity (Ry)f = R(of) — oRf
implies that Ry € Mult(B*, B¥~1). That argument can be used to get
the estimates. Let f € B, Then by equation (2.2) we have

lof Iy = wBa) (0O + [(Re)f + oRS 2+
< 1l g iy B FO)
201 R sy | 1 + 11 sy 1RSI0
< 2| Rl sy 1002 11
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This proves (5.1). Furthermore, since all functions in (Ry)f = R(pf)—
@R f are 0 at the origin we have

[(Bo) fll g1 < [1R(e)l gr-r + RS || g
< llefliss + llelvase 1R gr-r
< (lelhmaesr) + lelhmasss-1) 1115
< 2||<P||Mu1t(35)”f||357

where the last inequality followed from Lemma 5.1. Hence (5.2) holds.
[

The following lemma is key to proving Theorem 3.1. Note that it
immediately implies Theorem 3.2.

Lemma 5.3. If M > 0 and p,v € Mult(BY) with

(1) Nellmuesyy: [Pl syy < M and
(i) £ € H>*(Bg) with |3 < 1,

then for all s € N and integers k with 0 < k < N we have *D;;k €
Mult(BE) with

s+k
¥

7 < 8% (s + k)FM*

Mult(BE)

(5.3) ‘

Furthermore, if the functions @, are nonzero in By, then the conclu-
sion and inequality (5.3) hold for all real s > 0.

Proof. Note that if s is a positive integer or if the functions ¢, are
nonzero in By and s € (0,00), then ¢*/1* € H*(B;). This is the only
place that the different hypotheses on s and ¢, are used, and in the
following we will treat these cases simultaneously.

We start by noting that Lemma 5.1 implies that ||¢||yur) < M
and [|9|[yae(pry < M for all k with 0 < k& < N and hence by Lemma
5.2 we have HRQOHMult(ng,Bﬁ—l) < 2M and HRwHMult(B]j,Bf,_l) < 2M, if
1<k<N.

We will now establish the lemma by induction on k. Since Mult(BY) =
H*>(B,) it is clear that the case k& = 0 holds. Now suppose that
1 < k < N and the inequality (5.3) holds for k£ — 1 for all s > 0
and for some @, that satisfy (i) and (ii). Then in particular for a
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fixed s it also holds for s + 1, that is,

s+k—1
‘ ¥ 5 < 8k:—1(8 +k— 1)k—1Mk—1 < 8k—1<8 + k,)k—le:—l
Mult(BE™1)
H 7 ey S5 S RITIME
Mult(BE™1)
We compute
s+k s+k—1 s+k
¥ ¥ ¥
R =(s+k) Ryp —s Ry,
v v P
and hence
s+k s+k—1
¥ ¥
HR 5 < (s+k) 5 ||R90||Mu1t(Bg,B[3‘1)
(G Mult(Bk,BE~1) (G Mult(BE~1)
gDs—f—k:
R _
+ § ¢8+1 Mu“;(BLIZil) H w“Mult(BZE,BZE 1)

< (25 + k)8 (s + k)M 2M)
= 2(25 + k)8 (s + k)t M*E

by the induction hypothesis as stated above. Hence by inequality (5.1)
and the induction hypothesis we obtain

‘ (H s+k 1

< 2(M8*- 1(3 +R)IME 4225 + B)8M T (s + k)MTTME)
< 2(142(2s + k)8 (s + k)t M*
< 8%(s 4 k) M*

et

+2(25 4+ k)8 (s + k)’HM’“>

Bk—l

5.2. The proof of Theorem 3.5. If f € Hol(B;) and 0 < r < 1, we
write f.(z) = f(rz).

Theorem 5.4. Let N € Ny. If M > 0 and ¢ € Mult(BY) such that
p(z) # 0 for each z € By and || =l < M for all 0 < r < 1, then
("] = ["*1], that is, ¢ € Cn(BL).

Proof. By hypothesis - € Mult(B)), and thus % € [N for each
r. By Lemma 5.3 with ¢» = C'¢,, k = N, and s = 1 there is a constant

N+1

K > O such that HS"—HMult (gy) < K for all 0 < r < 1. This implies
that £ T — oV weakly in BY, and thus that oV € [p™*1]. [ |
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Theorem 5.4 applies to polynomials in Cgaple|2], and thus implies
the first part of Theorem 3.5. In order to prove the remaining part of
Theorem 3.5 we need estimates for p"/p, and its derivatives for n > 1.
We will prove the needed results by looking at slice functions. Thus,
we start with a single variable lemma (see Lemma 1 of [31] for the case
n=1).

Theorem 5.5. Let n,m € N. There is a constant ¢ = c¢(n,m) such
that whenever p is a polynomial of degree < m that has no zeros in D,
then for all 0 < r < 1 we have

k n
ddzk E )) <c|pO)*™" forall0<k<n,zeD, and
/ d" (Z)n QdA(Z) <ec ‘p(0>’2n72.
|2|<1 dz" p(rz) ™

Proof. The statement is obviously true for constant polynomials, thus
we may assume that the degree of p equals m > 1. By dividing through
by p(0) we may also assume that p(0) = 1. Then there are A;,... A, €
D such that

n

(11— Aj2)n
:HM, zeD, 0<r<1.
Ajrz)

j=1

Write ga,(2) = ((1 ;4‘2 then by the multi-product Leibniz formula

we have for each 0 < k S n

n

THL-Y '“?'H

|la|=F

The Theorem will follow, if we show that there is ¢ > 0 that is
independent of A € D and 0 < r < 1 such that | gfj),,(z)| < ¢, whenever

0<j<nandz€D,and [, |g (”)( )24 < ¢

Note that |gfg)7ﬂ(z)| = |g£{T(Az)Aj| < |g§]2(Az)| Hence it suffices to
prove the statement for A = 1. If 0 < r < 1/2, then the function
(i f,)z and all of its derivatives are rational functions with poles in
{|z] > 2} that are continuous as functions of the parameter r, hence
by compactness there is ¢ > 0 such that |91,r( 2)| <cforall 0 <j<n,
|zl <landall 0 <r <1/2.
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Now let 1/2 <r < 1. For z € D set w =1 —rz. Then

gLT(z) _ ((7" —r12w+ w)n

1 n
- (N) (7, _ 1)n—kwk—1
rm «Q
k=0

_ L (ﬂ + q(r, z))

rn 1—rz

where ¢(r, z) is a polynomial expression in the variables r and z.
Let 0 < j < n and take the j-th derivative

T rapr) + gtlr)

<o (Tl 1 20t

By compactness the expressions |88—;q(7“, z)] < C, where C' is indepen-
dent of 0 < j < mn, |z] <1and 1/2 < r < 1. Furthermore, if j < n,
then % < (n — 1)}, hence the boundedness statement follows in
those cases. Finally, we have that

/D‘g@(zw%@) <9.9 (/D (nN)2(1 — )2 dA(2) +02) < o)

1 —rz|2 2 g

—n

99 (2) =7

see for example [28, Theorem 1.7]. |

We can now prove the second part of Theorem 3.5. For convenience
we restate it here.

Theorem 5.6. Let N € N and let w be an admissible radial measure of
the type dw(w) = u(r)2rdrdo(z), u € LOO(O 1). Then every polynomial
p without zeros in By satisfies [pN 1] = [pV] in BY, that is, Cytaple|2] C
Cy_1(BY).

Proof. Let f € Hol(B,), and let f = >~ f, be the representation as
sum of homogeneous polynomials of degree n. For A € C let f,(\) =
f(Az) be a slice function at z € 9B;. Write Dy = A, then for

F=>"0fnwehave Rf(Az) =5 7 nf,(2)N" = Dyf,(A\). Then

N

k
RYF02) = Y e O )

k=1
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for some coefficients aq, ..., ay, and

1 2T ) dt
/ RN f2duw — / / BN F(ret )2 2L () 2rdrdtdo()
OBy, 0 27

2
< k
o)l /a . / Zm a3

dA(N)
< NHwHoo

do(z)

™

T AW

™

——do(z).

(9)\k

8By

Hence, by the lemma,

[M

This implies that p — pN71 weakly in BY as r — 1, and therefore
that pV~1 € [pV]. [ |

2

N N
RVE| dw < Njwlloe Y las] clp(0)*¥2
k=1

T

5.3. The proof of Theorem 3.1. In Lemma 5.3 we proved that for
@, € Mult(BY) with ¢/v € H* we have oVF/y* € Mult(BY).
That immediately implies that V% € [¢*]. We will now take ad-
vantage of the fact that w is a radial measure to show that actually
eNTE=L € [¢*]. That is, we will prove Theorem 3.1. We start with
some preliminaries.

Lemma 5.7. Let N > 1.For any f € BY we have
If = fellpy— < (L =7)|Ifllpy, 0 <7 < 1.

Proof. Let f =" fn be the expansion of f into a sum of homoge-
neous polynomials of degree n. Then for 0 < r < 1 we have

1F = frlly— = Z 1L =) ful 2y

<SRl
n=0
< (L= fll By

Lemma 5.8. Let k > 0 and ¢ € Mult(B¥). Then

||<P||Mu1t(ng)

| Ror [nmae ey < 1,2
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Proof. For A € D,z € B, define F(\)(z) = ¢(Az). Then F' : D —
Mult(BY) is an analytic function with || F(A)lvass) < ll@llvnss) for
all A € D. Then by the Cauchy formula we obtain ||F'(A)||yuecsr) <

JﬂIIQ' The Lemma follows, because (Ry,)(z) = rF'(r)(z). |

Lemma 5.9. If N > 1 and if f,g € BY such that ¢ = f/g €
Mult(BY™Y), then for all 0 < r < 1 we have

lergllmy < 3llelusy -1 l9llsy + 11y
and hence f € [g], since o,.g — f weakly in BY.
Proof. We have

lergllzy < ller(g = go)llsy + llergellsy < ller(g — go)llsy + || fll5x-

Since g — g, vanishes at the origin we have [|0,(9— g, )|/ sy = [[R(¢r(g—
9r))|lgy-1. Using the previous two lemmas, we have

1R(¢r(9 — 9:)ll gy < (g — gr) Rorl| gy + llor R(g — g0) || gy

ey
< T(l - 7“)||9||Bg,V + ||90||Mu1t(35y*1)||3(9 - gr)”B{f,V*1
< 3l @llanascmy -1 9l sy

concluding the proof. [ |

Proof of Theorem 3.1. Let N € N and ¢, € Mult(BY) with ¢/ €
H>. Let k € N, and set f = V"1 and g = ¢*. Then by Lemma
5.3 we have 5 = “"qu:_l € Mult(BY~1). Hence Lemma 5.9 implies
VTR € [h]. u
5.4. Cyclicity and zero sets. If f : U — R is a function, then let
Z(f) ={x € U: f(x) = 0} be the zero locus of f. As in [31] we will
use the Lojasiewicz inequality from real algebraic geometry, (see [36],
Chapter IV.7 ).

Lemma 5.10. Let U C R?* be open, and let f: U — R be a real
analytic function such that Z(f) # 0. Then for every compact set
K C U there are positive constants p and C' such that

dist(z, Z(f))? < C|f(z)| for all x € K.
We obtain the following.

Lemma 5.11. Suppose that f, g € Hol(By) such that

(1) f(2) #0,9(2) # 0 for all z € By, B
(i) f extends to be analytic in a neighborhood of By,
(iii) g satisfies a Lipschitz condition of order o > 0.
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Let Z(g) C 0By denote the zero set of the Lipschitz extension of g.
If Z(f) N OBy C Z(g) N OBy, then there is a constant C' > 0 and an
integer 7 > 0 such that

9(2)l < C|f(2)]
for all z € B,.

Proof. If Z(f) N 0By = (), then |f| is bounded below on By and the
conclusion of the lemma follows with j = 1. Thus, we assume Z(f) N
OB,y # (. Since f has no zeroes in By we have

d
1= |zf* < 2dist(z, Z(f) N OBy) for all z € By,

i=1

Then by the Lojasiewicz inequality applied with K = By there is an
even integer n and a C; > 0 such that

d n
(1 — Z |zi|2> < 2ndist(z, Z(f))" < C1lf(2)]?, =z € By

Next we apply the Lojasiewicz inequality to the function

r(z) = [f(2)2 + (1 = rzﬁ) ,

i=1
and we find that there is an integer m and C5 > 0 such that for all
A Bd

dist(z, Z(f) N OBa)™ < Cor(z) < Co(1+ C1)|f(2)|*

On the other hand, by the Lipschitz property of g, we have that there
is C5 > 0 such that

lg(2)| < Csdist(z, Z(g))* < Csdist(z, Z(f) N OBy)” for all z € By.

This proves the lemma with j > 7*. [ |

Proof of Theorem 3.6. Let f,g € Mult(BY) as in the hypothesis of the
theorem. Then by Lemma 5.11 there is j € N such that g7j € H*°. Then
Theorem 3.1 implies that for each k € N we have g/(N =1 ¢ [f¥] C [f].
This proves the first part of the theorem with n = jN. If g is a

polynomial, then [¢"] = [¢™] for all m > N. Hence taking k = N we
obtain g% € [g"] = [¢/®" V] C [FV]. m
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6. COMPLETE PICK SPACES

6.1. Cyclic subspaces. The aim of this subsection is to show that for
radial Besov spaces which are also complete Pick spaces there is variant
of Theorem 3.1 which refers to functions in H rather than multipliers.
To this end, we will use frequently a direct application of Theorem
2.6 which asserts that each complete Pick space H is contained in the
corresponding Pick-Smirnov class

NT(H) = {o/1 : ¢, € Mult(H), ) cyclic},
see Lemma 6.1 below.

We begin by listing three observations regarding subspaces of the
form [f].

Lemma 6.1. Let ‘H be a separable Hilbert function space on X. If

f=v/(1—v¢) €M, where ¢, € Mult(H) and o # 1, ||¢||muer) < 1,
then 1 — 1 is cyclic in H and [f] = [¢].

Proof. This is a is a straightforward combination of Lemma 2.3 of |2]
and Lemma 3.6 (a) of [5]. |

Lemma 6.2. Let ‘H be a separable Hilbert function space on X. If
f=1% =73 € N"(H), where u,v,ur,v1 € Mult(H), v, v cyclic, then

[u™] = [u?], for all n € N.

Proof. We have u™v} = v"uf, hence u™v} € [v"u}] C [u}]. Since vy
is cyclic, so is v}, and since u" is a multiplier, it easily follows that
u™ € [uf]. By symmetry u} € [u"], hence [u"] = [u]]. |

Lemma 6.3. Let H be a complete Pick space. If f =+ € H, where
u,v € Mult(H) and v is cyclic, then [u] = [f].

Proof. Let f = *. By Theorem 2.6 there are ¢, € Mult(#) such that
Y|y <1, 9 # 1, and f = ﬁ. By Lemma 6.1 we have [f] = [¢],

hence we have to show [u] = [¢] and that follows from Lemma 6.2. W

With these lemmas in hand we can turn to the main result of this
subsection, which contains Theorem 3.7 as a special case.

Theorem 6.4. Let N € N, and let BY be a radially weighted Besov
space that is also a complete Pick space. Let f,g € BY be such that

flge H®.
If f =%, where u,v € Mult(BY)), v is cyclic, then u™~'f € [g]. If
u € Cp(BY) for some 1 <n < N, then u" 1 f € [g].

Proof. Write f = %, g = § with a,b,u,v € Mult(BY), v and b cyclic.
By Lemma 6.3 we have that [f] = [u] and [¢g] = [a]. Theorem 3.1 with
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k =1 gives us that b™u” € [va] = [a], and thus that vV € [a] = [g].
Now Lemma 6.3 implies uN ! f = % e [uM] C [g].

If u € C,(BY), then u" € [u™**] for all nonnegative integers k, and
hence u™ € [u"] C [g]. As above this and Lemma 6.3 implies that

u" 1 f € [g]. [

6.2. Inner factors of slices. As usual, for a function v : B; — C and
z € 0B, the corresponding slice function u, : D — C is given by

u(A) =u(Az), XeD.
The following simple observation follows directly from Lemma 2.5.

Lemma 6.5. Let N € N, and let BY be a radially weighted Besov
space that is also a complete Pick space. Then there is ¢ > 0 such that
whenever f € BN, then every slice f. € H*(D) with

| fllm2y < el fllgy, 2 € 0Ba.
Proof. Let f € BY, 2 € OB;. By Lemma 2.5 we have for all A € D
’fz()\)|2 < 2Re<f> k/\wf> - HfHQa

for a suitable equivalent norm on BY and the induced scalar product.
The right-hand side is harmonic in A and its value at 0 equals || f]|?.
Thus |f.|? has a harmonic majorant in the unit disc, that is, f, €
H*(D) with || f2[|}2m) < [1f1I* < cll f[|5y . Where the constant ¢ appears,
because of the equivalence of norms. [ |

An application of the lemma yields the following result.

Proposition 6.6. Let N € N, and let BY be a radially weighted Besov
space that is also a complete Pick space. If p € C(BY) for somen > 0,
then every slice ., z € OBy, is an outer function in H.

Proof. By assumption we have that there is a sequence (uy) in Mult(B2)
such that (u,e™™) converges to ¢" in BY. Then Lemma 2.5 implies
that for every z € 0Bgy, (ux).p"" — ¢” in H*(D). Since (uy), € H*®,
this shows that ¢, € C,,(H?*(D)), i.e. it is outer. [

It is natural to ask whether this result continues to hold under the
weaker assumption that the multiplier ¢ belongs to Co.(BY)? Of course
the answer is affirmative in the one variable case. However, it turns out
that this is no longer the case when d > 1. Our counterexample is based
on the following result about the structure of the Drury-Arveson space
H?. Tt is a precise version of the decomposition used in the remarks
after Theorem 4.3. of [24]. For n > 0 let C,, be the space of analytic
functions on the unit disc with reproducing kernel ky (z) = (1—Xz)™"1.
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Lemma 6.7. Letd € N, d > 1. Fora € NI', 2 = (21,...,24.1) €
CL let eq(z1, ..., 20-1) = 1/ 12:2%. Then the map from Ko to H3,

laf!

fr=9, 9(2) =ealz1,.. ., 2a-1)f(2a),

1s an isometry, and
2
Hi= @ ek

ozGNBl*l
Proof. A direct computation reveals that for all £ € N, we have

1wy = llealzrs - - za-1) 74l 3

and since normalized monomials form an orthonormal basis in iy, the
first assertion follows. It is also clear that the subspaces e, K|, C H?
are pairwise orthogonal and since their sum contains all monomials it
must equal the whole space H3. [ |

It is important to note that Ky = H?, while for |af > 0 Ky is
a weighted Bergman space with K; = L2?, the unweighted Bergman
space on the unit disc. In particular, if v € H* then the function
v(z1,. .. 2q) = u(zq), (21,...,24) € By,
is a multiplier of H? with
[0l a2y = [l
Finally, for the result below we shall use the well known fact that there

exist singular inner functions § € H* such that 6 is cyclic in each of
the spaces K)o, || > 0 (see [28], Ch. 7, theorems 7.3 and 7.12).

Proposition 6.8. Let 6 € H*> be singular inner such that 0 is cyclic
in each of the spaces Ko for |a] >0, and for d > 1 set

(21,0, 2q) = 0(zq),  (21,...,2q) € By,
Then
(6.1) ("] = ¥ e,..00Ko & (HF © €o....0)Ko)-

In particular, ¢ € Coo(H2) but for z = (0,...,0,1) € OB, we have that
©.(A) = 0(N) is an inner function.

Proof. The statement is self-explanatory, since p"e Ky is contained
and dense in e,/KCjo| when |a| > 0, which immediately leads to (6.1).
Clearly,

ie. v € Co(HY). [ |
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7. FURTHER QUESTIONS

We start with the obvious question that we have left open if d = 3
ord>>.

Question 7.1. Ifd € N, then what is the smallest n such that Cyapie|z] C
Cn(H3)?

We think of functions in the classes C,(H) as H3-analogues of func-
tions without inner factors. With this in mind we formulate a weakened
form of the Brown-Shields conjecture for H3, see [14].

Question 7.2. Gwen d € N, is there is N € N such that whenever
f € C.(H3) for some n, then f € Cy(H3)?

There are natural related questions.

Question 7.3. If f € Mult(H3) such that every slice f, is outer, then
is [ € Cy(H32) for some N ?

We mentioned in the introduction that the analogous questions for
the Dirichlet space D have a positive answer. We finish by providing
some further evidence that this might extend to H3. Let A®(D) =
{f € (D) : f|D analytic}. Then A>(D) C Mult(D,,) for all a € R.

Proposition 7.4. If f € A®(D) is outer and if 1 < k < d, then
Tyaf € Co(H3) for every n > 5L,

Proof. Let 1 < k < d, n > %, and let f € A*(D) be outer. By
Lemma 4.2 it suffices to show that f € C,(D(—1)/2(ID)). The choice of
n implies that Dy, (D) C D,—1y2 with [|gl[p,_,,, < [l9]lp,.m) for all
g € Dy, (D). Hence it will be enough to show that f € C,(Ds,(D)).
For the spaces Ds, (D) Korenblum determined the invariant subspaces,
[32]. Indeed, each invariant subspace that contains an outer function
is of the form

I(Ey, By, ...,By 1) ={f € Dyy(D) : f9(2) =0for 2 € E;,j <n—1},

where 0D D Ey D F; DO --- D E,_; are compact sets such that Ej is a
Carleson set and Fy\ E,,_; is discrete. If E = {z € dD : f(z) = 0}, then
it follows that [f"] = [f"™'| = I(E, ..., E). Hence f € C,(Ds,(D)). W
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