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SEQUENCES OF ZEROS OF ANALYTIC FUNCTION SPACES AND
WEIGHTED SUPERPOSITION OPERATORS

SALVADOR DOMINGUEZ AND DANIEL GIRELA

ABSTRACT. We use properties of the sequences of zeros of certain spaces of analytic
functions in the unit disc D to study the question of characterizing the weighted
superposition operators which map one of these spaces into another. We also prove
that for a large class of Banach spaces of analytic functions in D, Y, we have that
if the superposition operator S, associated to the entire function ¢ is a bounded
operator from X, a certain Banach space of analytic functions in D, into Y, then the
superposition operator S, maps X into Y.

1. INTRODUCTION

Let D = {z € C: |z| < 1} denote the open unit disc in the complex plane C and
let Hol(ID) be the space of all analytic functions in D endowed with the topology of
uniform convergence in compact subsets.

Given an entire function ¢, the superposition operator

Sy« Hol(D) — Hol(D)

is defined by S,(f) =¢o f.
More generally, if ¢ is an entire function and w € Hol(D), the weighted superposition
operator
Spw @ Hol(D) — Hol(D)
is defined by

Sew(f)(2) = w(z)p(f(2)), f€Hol(D), =2€D.
In other words, S, ., = M, oSy, where M, is the multiplication operator defined by

M,(f)(z) =w(z)f(z), feHolD), =zeD.

Note that S, = S, ,, with w(z) =1, for all z € D.

The natural questions in this context are: If X and Y are two normed (metric)
subspaces of Hol(D), for which pair of functions (¢, w), with ¢ entire and w € Hol(D),
does the operator S,, map X into Y? When is S,, a bounded (or continuous)
operator from X to Y7

Let us remark that we are dealing with non-linear operators. Consequently, bound-
edness and continuity are not equivalent a priori. However, Boyd and Rueda [6] have
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shown that for a large class of Banach spaces of analytic functions X and Y, bounded
superposition operators from X to Y are continuous.

These questions have been studied for different pair of spaces (X,Y'), specially in
the case of superposition operators. Let us mention that Camera [10] considered the
case when X and Y are Hardy spaces. Camera and Giménez [9] characterized the
entire functions ¢ so that S, maps a Bergman space into another. The superposition
operators acting between various spaces of Dirichlet type were studied in [7, [§]. Super-
position operators between weighted Banach spaces of analytic functions were studied
in [4, 5 22]. Alvarez, Marquez, and Vukoti¢ [1] studied the superposition operators
between a Bergman space and the Bloch space in both directions.

If X is a subspace of Hol(D), a sequence of points {z;} in D is said to be an “X-
zero-sequence” or a “sequence of zeros of X7 if there exists a function f € X which
vanishes precisely in that sequence (counting multiplicities).

It has been shown in [13][14] that information on the zero-sequences of certain spaces
X,Y of analytic functions in ID can be an useful tool to characterize the superposition
operators mapping X into Y. Our main objective in this paper is to find new appli-
cations of these ideas in the more general context of weighted superposition operators.
We shall present these applications and some further results in sections 2 and 3.

2. WEIGHTED SUPERPOSITION OPERATORS BETWEEN THE BLOCH SPACE AND
BERGMAN SPCES

For 0 < p < 0o and a > —1 the weighted Bergman space AP consists of those
f € Hol(D) such that

I (0 ) [01- |z|2>a|f<z>|pdA<z>)”” -

Here, dA stands for the area measure on D, normalized so that the total area of D is

1. Thus dA(z) = %di dy = %rdr df. The unweighted Bergman space Af is simply

denoted by AP. We refer to [12, 17, 24] for the notation and results about Bergman

spaces.
A function f € Hol(D) is said to be a Bloch function if

£l < 1£0)] + sup(L— [2f%)| /()] < oo.

The space of all Bloch functions is called the Bloch space and it will be denoted by B.
We mention [2] as a classical reference for Bloch functions.

One of the main results in [1] was showing that if 0 < p < co and ¢ is an entire
function, then the superposition operator S, maps the Bergman space A? into the
Bloch space B if and only if ¢ is a constant function. The proof of this result given
in [I] uses in a very precise way properties of the conformal mapping of the disc onto
a sector. We shall use completely different ideas to prove the following more general
result.

Theorem 1. Suppose that 0 < p < oo and o > —1. Let w be a non-identically zero
analytic function in D and let ¢ be an entire function with ¢ #Z 0. Then the weighted
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superposition operator S, ., maps AP into the Bloch space B if and only if w € B and
© 15 constant.

When o = 0 and w = 1, Theorem[I] reduces to the just mentioned result of [I].
Before embarking in the proof, we shall recall some results about the sequences of
zeros of the spaces AP and B. Horowitz proved in [19] the following result.

Theorem A. Suppose that 0 < p < co and a > —1.
(i) If g € AP, g(0) # 0, and {z} is its sequence of zeros then

L
2.1 — = O (nta)/ry .
(2.1) ,!:ll P (i)

(ii) The statement (i) is sharp in the following sense: For any given € > 0, there
exists a function g € AP with f(0) # 0 whose sequence of zero zeros {z}
satisfies

(2.2) H Lk (OG0

Actually, Horowitz proved these results for o > 0 and Sedletskii [23] proved that
they remain true for all @« > —1. Arguing as in the proof of [15] Theorem 1], we obtain
that O (n179/?) can be replaced by o (n'+)/?) in 2.1).

Girela, Nowak and Waniurski proved in [15] that if f is a Bloch function with f(0) #
0 and {&} is its sequence of zeros then

(2.3) H e, ((logn)“/?).

Later, Nowak [21] proved that O ((logn)'/?) cannot be replaced by o ((logn)'/?).
Now we are in disposition to prove Theorem[I]

Proof of Theorem[dl. 1t is trivial that if ¢ is constant and w € B then S, ,(AE) C B.
If ¢ is constant, not identically 0, and S,,, maps AP into B then it is clear that
w € B.
Suppose now that w # 0, ¢ is not constant, and S, ., (A-) C B. Take a € C such
that ¢(a) # 0 and let f be the constant function defined by f(z) = a, for all z € D.

Since f € AP it follows that

Sew(f) = ¢la)-w €B.

This implies that w € B.

Next we take ¢ > 0 and use Theorem[2T](ii) to pick a function g € A? with g(0) # 0
such that its sequence of zeros {z;} satisfies (2.2)). It is clear that ¢ o g is not constant.
Set F' = S, .(9) — ¢(0) - w. Since w and S, ,,(g) are Bloch functions, it follows that

F = 5pu(g) = ¢(0) - w = wlpog = »(0)] € B.
Now, it is clear that F' #Z 0 and that all the zeros of g are zeros of F. In other words,
the sequence {z} is contained in the sequence {{;} of zeros of F. Since {z} satisfies
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(22), it follows that that {{} does not satisfy (Z.3]). This is in contradiction with the
fact that F' € B. U

Let us turn now our attention to the weighted superposition operators which map
a weighted Bergman space into the Bloch space. We shall prove the following result
which is related to [I, Theorem 3].

Theorem 2. Suppose that:
(i) 0<p< o0 and a > —1.
(i) w € A} for some B with —1 < 8 < a.
(iii) o is an entire function of order less than one, or of order one and type zero.
Then the weighted superposition operator S, ., is a bounded operator from B into AP.

Proof. Set M(r) = max;<, |f(2)| (0 <r < oo). Condition (iii) implies that
log M (r)
r

(see [18, Chapter 14]). Take K > 0 and let f be a Bloch function with norm at most
K. It is easy to see (see [2], for example) that there exists an absolute constant C' > 0
such that

(2.4) — 0, asr— o0

C

(2.5) If(2)] < ||f!|610g1_7‘z|-

By (24), there exists 9 > 0 (which depend only on ¢ and K) such that
log M(r) < Q- 6]

r - Kp
Thus, using ([2.5]), we see that whenever |f(z)| > ro we have

S0 = e < exp (22100

o — C
Rl i=r)

= D(1 - |2|) ",
with D = C@=8)/? Then it follows that

(2.6) /If(Z)>ro(1 = [2)*lw(2)[PISe (F)(2)[" dA(2) < D”/D(l— 2w ()" dA(2).

If | f(2)| < ro then, by the maximum principle, |S,(f)(2)] < M(ry). Combining this
with (Z0]), we obtain

/D(l = [2)*w(2)[P1S,(f) ()P dA(2)
gDp/D(l — |2])?|w(2)|P dA(z) + M(To)p/D(l — [2))*w(z) [ dA(z).

This is a positive number which depend on ¢, w, p, o, 3, and K, but not on f. Thus
we have shown that S, ., is a bounded operator from B into AJ. []

’ TETO-
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3. SOME FURTHER RESULTS

The arguments used to prove Theorem[] actually lead to the following result.

Theorem 3. Let X and Y be two spaces of analytic functions in D satisfying the
following conditions.

(i) X contains the constant functions.
(ii) There exists a function f € X with f(0) # 0 whose sequence of zeros {z} is
not a sequence of zeros of Y.

Let w be a non-identically zero analytic function in D and let p be an entire function
with ¢ #Z 0. Then the weighted superposition operator S, ., maps X into Y if and only
if weY and ¢ is constant.

There are a lot of possible choices of the spaces X and Y in Theorem[3] and each one
of these choices leads us to a concrete result. Let us mention just a couple of them.

Just as in [4], in this paper a weight v on DD will be a positive and continuous
function defined on D which is radial, i.e. v(z) = v(|z|), for all z € D, and satisfying
that v(r) is strictly decreasing in [0,1) and that lim,_,; v(r) = 0. For such a weight,
the weighted Banach space H;° is defined by

H>® = {f € Hol(D) : || fllo % supv(z)|f(2)] < oo}.

z€D

We refer to [4] for the origin and relevance of these spaces and for examples of weights
on D.
We recall that a sequence {z;} C D is said to be a Blaschke sequence if

> (1=lz) < oo

Blaschke sequences are the zero sequences of any of the Hardy spaces H? (0 < p < 00)
and also of the Nevannlinna class N (see [L1]). Actually, using Jensen’s formula it
follows that if f € Hol(D) and f # 0 then its sequence of zeros {z;} satisfies the
Blaschke condition if and only if
1 21 "
sup — log | f(re™)| dt < oo.
0<r<1 2T 0

We can state the following result.

Corollary 4. LetY be a space of analytic functions in D such that all the sequences
of zeros of Y are Blaschke sequences and let v be a weight on D. Let w be a non-
identically zero analytic function in D and let ¢ be an entire function with ¢ # 0.
Then the weighted superposition operator S, ., maps Hy° into Y if and only if w €Y
and  is constant.

Proof. By Theorem[3] it suffices to show that there exists a function f € H°, f # 0,
whose sequence of zeros {z;} is not a Blaschke sequence.

Set ¥(r) = 1/v(r) (r € [0,1)). Then ¢ is a positive, continuous, and increasing
function in [0, 1), and lim, 1 ¥(r) — co. Using Lemma2 in p. 80 of [I2] we can choose
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an increasing sequence of positive integers {ny}¢>; such that

o

1
Zr"k < §log¢(r), 0<r<l.

k=1

Then the function f constructed in p.94 of [12] with this sequence {n;} belongs to
H>* and its sequence of zeros is not a Blaschke sequence. [J

-1
When v is the weight defined by v(z) = <log ) (z € D), the space H.° is the

space of those functions f € Hol(ID) such that

e
1-|2|

(3.) ) =0 (toe 1

This is the space which was called A° in [I5] and Hg in [16] and in [3]. The space Hpy,
and the Bloch space are closely related. It is well known that any Bloch function f
satisfies (B.1). Hence, B C Hy%. Since the function f(z) = log = is a Bloch function,
the growth condition (B]) is the best one possible for the Bloch space. Bao and Ye
[3] have identified the space Hyy, as the dual of a certain Luecking-type subspace of Al
and they have shown also that the Bloch space is not dense in H?. Using Theorem[3]

log*
and [I5, Theorem 2] we obtain the following result.

), as |z| — 1.

Corollary 5. Let w be a non-identically zero analytic function in D and let ¢ be an
entire function with ¢ # 0. Then the weighted superposition operator S, ., maps Hyg,
into the Bloch space if and only if w € B and ¢ is constant.

Let us recall that the order and type of an entire function ¢ are the same as those
of its derivative (see, e.g., [I8, Chapter 14]). Bearing this in mind and looking at the
results in I, 4], Bl 6] [7, &8, O 10 13 14], we see that for a good number of pairs of
spaces of analytic functions in D, (X,Y’), we have that if the superposition operator
S, maps X into Y then so does the operator S,/. Then it is natural to look for general
conditions on the pair (X,Y’) which imply this fact. We shall prove a result of this
kind when Y is one of the weighted Banach spaces H:°.

Theorem 6. Let v be weight on D and let (X, || - ||) be a Banach space of analytic
function in . Let ¢ be an entire function. If the superposition operator S, is a
bounded operator from X into HJ°, then Sy maps X into H°.

Proof. Take f € X and z € D.

Suppose first that [f(z)] < 1. Set A = supj¢<; |¢'(§)]. Then we have
Av(0)
v(z)

Suppose now that | f(z)| > 1 and set R = 2|f(z)|. As usual, if F' is an entire function
and 0 < r < oo, we set

1Sp()(2)] = [¢'(f(2)] <A <

M(r,F) = sup |F(2)|.

|z|=r
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Using Cauchy’s integral formula for the derivative and some simple estimates, we obtain

So NG = 18U = |5 /< R ol

L, o MEIELE) ML)
S R TB]
<5 M), 0)

Take now 6 € R such that
MQ@[f(2)l, @) = |@ (27 f(2))]

and set

9(&) = 2" f(€), £eD.

Then we have

(3.2) 1Se (N2 < 5 lelg(2))] = %ISgo(g)(z)l-

Now, since f € X we also have that g € X and ||g|| = 2||f]|. Since S, is a bounded
operator from X into H:;°, there exists a positive constant L such that

Li|f]
S,
soel < 2L,
Using this in (3.2)), we obtain

N —

¢ eD.

LI/l
20(z)’

1S (f)(2)] <

Putting both cases together, we obtain
C
/ < —
‘SQO (f)(Z)‘ — U(Z)7

with C' = max (A’U(O), %) This gives that S,/ (f) € H. O

for all z € D,

If v is a weight on D, we define DH*° as follows
DHX ={f € Hol(D): f € H’}.
The space DH;° is a Banach space with the norm || - || p,, defined by
1 lpw = 1FO) + Lo

We have the following result.

Theorem 7. Let v be a weight on D and let (X, || - ||) be a Banach space of analytic
function inD. Let ¢ be an entire function. If the superposition operator S, is a bounded
operator from X into DH°, then Sy maps X into DH®.

This result can be proved with arguments very similar to those used in the proof of
Theorem[d, we omit the details. Notice that when v(z) = (1 — |z|) the space DH®
reduces to the Bloch space. Hence, as a particular case of Theoreml[7] we obtain.
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Corollary 8. Let v be weight on D and let (X, || - ||) be a Banach space of analytic
function inD. Let ¢ be an entire function. If the superposition operator S, is a bounded
operator from X into the Bloch space B, then S, maps X into B.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

REFERENCES

V. Alvarez, M. A. Méarquez and D. Vukotié¢, Superposition operators between the Bloch space and
Bergman spaces, Ark. Mat. 42 (2004), 205-216.

J. M. Anderson, J. Clunie and Ch. Pommerenke, On Bloch functions and normal functions,
J. Reine Angew. Math. 270 (1974), 12-37.

G. Bao and F. Ye, The Bloch space and the dual space of a Luecking-type subspace of A', Complex
Var. Elliptic Equ. 63 (2018), no. 10, 1438-1443.

J. Bonet and D. Vukoti¢, Superposition operators between weighted Banach spaces of analytic
functions of controlled growth, Monatsh. Math. 170 (2013), no. 3—4, 311-323.

C. Boyd and P. Rueda, Superposition operators between weighted spaces of analytic functions,
Quaest. Math. 36 (2013), no. 3, 411-419.

C. Boyd and P. Rueda, Holomorphic superposition operators between Banach function spaces, J.
Aust. Math. Soc. 96 (2014), no. 2, 186-197.

S. M. Buckley, J. L. Fernandez, and D. Vukoti¢, Superposition operators on Dirichlet type spaces.
In: Papers on Analysis: a volume dedicated to Olli Martio on the occasion of his 60th Birthday,
41-61. Rep. Univ. Jyvéaskyld Dep. Math. Stat. 83, Univ. Jyvéaskylé, Jyvaskyla 2001.

S. M. Buckley and D. Vukotié¢, Univalent interpolation in Besov spaces and superposition into
Bergman Spaces, Potential Anal. 29 (2008), no. 1, 1-16.

G. A. Cdmera and J. Giménez, The nonlinear superposition operator acting on Bergman spaces,
Compositio Math. 93 (1994), no. 1, 23-35.

G. A. Camera, Nonlinear superposition on spaces of analytic functions. In: Harmonic analysis and
operator theory (Caracas, 1994), 103-116. Contemp. Math. 189, Amer. Math. Society, Providence,
Rhode Island, 1995.

P. L. Duren, Theory of HPspaces, Academic Press, New York-London, 1970. Reprint: Dover,
Mineola-New York, 2000.

P. L. Duren and A. P. Schuster, Bergman Spaces, Math. Surveys and Monographs, Vol. 100,
American Mathematical Society, Providence, Rhode Island, 2004.

P. Galanopoulos, D. Girela and M. A. Marquez, Superposition operators, Hardy spaces, and Dirich-
let type spaces, J. Math. Anal. Appl. 463 (2018), no. 2, 659—-680.

D. Girela and M. A. Marquez, Superposition operators between Q) spaces and Hardy spaces, J.
Math. Anal. Appl. 364 (2010), no. 2, 463-472.

D. Girela, M. Nowak and P. Waniurski, On the zeros of Bloch functions, Math. Proc. Cambridge
Philos. Soc. 129 (2000), no. 1, 117-128.

D. Girela, J. A. Pelédez, F. Pérez-Gonzélez, and J. Rattyéd, Carleson measures for the Bloch space,
Integral Equations Operator Theory 61 (2008), no. 4, 511-547.

H. Hedenmalm, B. Korenblum and K. Zhu, Theory of Bergman Spaces, Graduate Texts in Math-
ematics 199, Springer, New York, Berlin, etc. 2000.

E. Hille, Analytic Function Theory, Vol. II., Ginn and Co., Boston, Mass.-New York-Toronto,
Ont. 1962.

C. Horowitz, Zeros of functions in the Bergman spaces, Duke Math. J. 41 (1974), 693-710.

R. J. Malavé-Malavé and J. C. Ramos-Fernandez, Superposition operators between logarithmic
Bloch spaces, Rend. Circ. Mat. Palermo, II. Ser (2018). https://doi.org/10.1007/s12215-018-0345-

y

M. Nowak, On zeros of normal functions, Ann. Acad. Sci. Fenn. Math. 27 (2002), no. 2, 381-390.
J. C. Ramos-Fernandez, Bounded superposition operators between weighted Banach spaces of an-
alytic functions, Appl. Math. Comput. 219 (2013), no. 10, 4942-4949.

A. M. Sedletskii, Zeros of analytic functions of the classes AP, in Current problems in function

(e}

theory (Russian) (Teberda, 1985), Rostov. Gos. Univ., Rostov-on-Don (1987), 2429, 177.



SEQUENCES OF ZEROS AND WEIGHTED SUPERPOSITION OPERATORS 9

24. K. Zhu, Operator Theory in Function Spaces, Second Edition, Math. Surveys and Monographs,
Vol. 138, American Mathematical Society, Providence, Rhode Island, 2007.

ANALISIS MATEMATICO, FACULTAD DE CIENCIAS, UNIVERSIDAD DE MALAGA, 29071 MALAGA,
SPAIN

E-mail address: sdmolinal6@hotmail.com

E-mail address: girela@uma.es



	1. Introduction
	2. Weighted superposition operators between the Bloch space and Bergman spces
	3. Some further results
	References

