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Hausdorff operators on some classical
spaces of analytic functions

Huayou Xie and Qingze Lin

Abstract. In this note, we start on the study of the sufficient conditions for the boundedness of
Hausdorff operators

) = [ KO0 f(n(2)du(w)

on three important function spaces (i.e., derivative Hardy spaces, weighted Dirichlet spaces, and Bloch
type spaces), which is a continuation of the previous works of Mirotin et al. Here, ¢ is a positive Radon
measure, K is a y-measurable function on the open unit disk D, and 0y, (z) is the classical Mgbius
transform of ID.

1 Introduction

Denote by D the open unit disk in the complex plane, and let 0D = {z : |z| = 1} be the
unit circle. Define H(ID) as the space of all analytic function on D.

The set of all conformal automorphisms of D forms a group which is called the
Mobius group and is denoted by Aut(ID). It is well known that ¢ belongs to Aut(ID)
if and only if there exists a real number 6 and a point a € D such that

9(2) = e"0u(2),

where 0,(z) = (==, Vz e D.
Let u be a positive Radon measure, and let K be a y-measurable function on D,

the Hausdorft operator H, ,, is defined by
()@ = [ K()f(on(2)du(w).

The original Hausdorff operator on the real line R was introduced by Georgakis
in [10]. Since then, the boundedness of such operators had attracted lots of attentions
of analysts from harmonic analysis (see the survey article [2] for some developments
in the theory of Hausdorft operators). In [18, 19], Lerner and Liflyand investigated
the boundedness of the multidimensional Hausdorff operators on real Hardy spaces
over R" (see [20-22] for more research on this line). Some of the above results were
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Hausdor{f operators on some classical spaces of analytic functions 769

generalized to locally compact groups by Mirotin [28]. Among them, Mirotin found
that for the circle group T, this definition leads to Hausdorff operators being almost
trivial due to the almost triviality of Aut(T). Therefore, Mirotin [29] introduced a
new definition of the Hausdorff operator (it is such operator we study here) on the
unit disk and discussed the boundedness of this operator on some classical function
spaces, including Hardy spaces, Bergman spaces, and Bloch spaces. Quickly later,
the boundedness of such Hausdorft operator on all Mébius invariant spaces in the
unit disk was investigated in [30]. Later, Karapetyants and Mirotin [16] continued
to study the Hausdorff operators and presented the boundedness, compactness, and
nuclearity of these operators on some Banach spaces of analytic functions on the unit
disk. In addition, they called these operators “Hausdorft-Zhu operators” because their
definitions are similar to those of the Hausdorft-Berezin operators introduced by
Karapetyants, Samko, and Zhu [17]. Following the works of them, Bonet [1] discussed
the continuity of Hausdorff operators on weighted Banach spaces of holomorphic
functions of type H*. For some applications of the Hausdorff-Zhu operators, we refer
the readers to the interesting paper [14].

Motivated by the works mentioned above, we mainly investigate the boundedness
of the Hausdorff operators on some important function spaces in this paper, which is
a continuation of the works of Mirotin et al. The content structure of this article is as
follows.

In Section 2, we give some definitions of function spaces and collect some lemmas
that will be used throughout the paper.

In Section 3, we explore the boundedness of the Hausdorff operators on weighted
Dirichlet spaces (see Theorem 3.1). Meanwhile, we also show sufficient conditions for
the boundedness of such operators between different weighted Dirichlet spaces (see
Theorem 3.3).

In Section 4, we consider the Hausdorff operators on derivative Hardy spaces.
The boundedness of such operators on derivative Hardy spaces and between different
derivative Hardy spaces will be shown in Theorems 4.1 and 4.3.

In Section 5, we discuss the boundedness of the Hausdorff operators on Bloch type
spaces. We consider two cases for the spaces B*: 0 < « <1and 1 < a (see Theorem
5.1). For boundedness of Hausdorft operators between different Bloch type spaces,
see Theorem 5.2.

Throughout this paper, for any two positive functions f(x) and g(x), we write
f 5 gif f <Cgholds, where C is a positive constant independent of the variable x.
We write f ~ ¢ whenever f < g < f. Moreover, the value of C may vary from line to
line but will remain independent of the main variables.

2 Preliminaries

For 0 < p < oo, the Hardy space H? is the space consisting of all analytic functions
f € H(D) such that

1 2 ;
Hf”i{p = sup . /(; |f(re 9)|Pd9 < oo.

0<r<1
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If p = co, H* is the space of bounded analytic functions f in H(ID) with

|fleo = sup{|f(2)[: 2z ¢ D}.
The derivative Hardy space S? is defined by

§P={f e HD): | flse :=|f(O)] + | f [ < 00}

For more results about the derivative Hardy spaces, we refer the readers to [3-5, 7, 15,
23,25, 27, 32] and the references therein.

For 0 < p < oo and —1< & < oo, the weighted Bergman space A% consists of all
functions f analytic in D such that

1915, = [ If0)lPdaa(w) <o,

where dA(w) = (1/m)dxdy is the normalized Lebesgue area measure on D and
dAs(w) = (1+a)(1-|w*)*dA(w) is the weighted Lebesgue measure (see [8] for
more information about Bergman spaces).

For 0 < p < oo and —1 < a < oo, the weighted Dirichlet space D% consists of those
functions f analytic on DD that satisfy

1/
g = (1F@F + [ 17 nlFdann) <o

It is clearly that f € DY, ifand only if f’ € AL. When p < « + 1, the weighted Dirichlet
space DX coincides with the weighted Bergman space A‘f,",p with equivalence of
norms. If p > a + 2, then the weighted Dirichlet space D is contained in the space
H® (see [33, Theorem 4.2]). Readers who interested in weighted Dirichlet spaces are
referred to [9, 11-13] .

For « > 0, the Bloch type space B“ is defined to be the space of analytic functions
f on D such that

[ le = sup{(1=[2I*)"|f"(2)] : z € D} < +o0.

It can be easily verified that | - | /5. is a complete semi-norm on B¢, and B* can be
made into a Banach space by introducing the norm

| flse = 1£ O+ f]%5a-

When a =1, B! = B is the classic Bloch space. Readers who interested in Bloch type
spaces are referred to [35].

First, we state the following lemma, which is one of the key tools to prove the
boundedness of the Hausdorff operators.

Lemma 2.1 28, Lemma 2] Let (X, m) be a measure space, F(X) be some Banach
space of m-measurable functions on X, let (Q, p) be a o-compact quasi-metric space
with positive Radon measure y, and let F(w, z) be a function on Q x X. Assume that:

(i)  the convergence of a sequence in norm in F(X) yields the convergence of some
subsequence to the same function for m-a.e. z € X;
(i) F(w,-) € F(X) for y-a.e. w e Q;
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(iii) the map w — F(w,-) : Q - F(X) is Bochner integrable with respect to .

Then for m-a.e. z € X, one has
() [ Feyaun) @ = [ Fon2dun).

Remark 2.2 Indeed, by examining the proof of [28, Lemma 2] carefully, we can see
that [28, Lemma 2] is also true for quasi-Banach spaces (see [34, p. 31] for related
definitions). In particular, when p € (0,1), it is easy to verify that | - |£, is a quasi-
norm, so does for the case of weighted Dirichlet spaces.

Next, the estimations of the growth rates of functions on D%, S? and B¢ are given
in the following lemmas, respectively, which are needed in the later proofs of the main
results.

Lemma 2.3 [24, Lemma 4.1] Let0< p < oo and a > 1. If f € DX, then:
71
W 1f(2)] s — 2, whenever p < o +2;
(-lz) 7
=
@ [f@)5(log ) " Iflop wheneverp=a+2;
G) f@I<|f]oe whenever p > o + 2.

Lemma 2.4 [25,26] Let1< p < oo. For any f € S?, then |f(2)| < 7| f|se, z€D. If
0< p<1l,then

| f1lse
If(2)] < A= [yt
Lemma 2.5 [31] Let0 < a < oo. If f € B, then:

1) f0<a<y|f(z)|s|flee
@ ifa=1 || ||z log2p;

@) fa>l If2)]s gl

We need two more lemmas which are concerned with the boundedness of the
composition operators on Hardy spaces and Bergman spaces.

Lemma 2.6 [36, Theorem 11.6, p. 308]  If ¢ : D — D is analytic and p > 0, then

1+|p(0)[\
[ 1fto@nPda < (wm) [@PFdade)

for all analytic functions f on D.

Lemma 2.7 [36, Theorem 11.12, p. 317]  If ¢ : D — D is analytic and p > 0, then

m ei@ P 1+|(P(O)| 2 eiO p
S, et pras < ;=8 [ (a0

forall f e HP.
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3 The Hausdorff operators on weighted Dirichlet spaces D%,

In this section, we will be concerned with the boundedness of Hausdorft operators
on weighted Dirichlet spaces DE. For the conditions in Lemma 2.1, we shall consider
the case when X = Q = D, m = dA and p is positive Radon measure (the same case is
discussed in the next two subsections). The main results read as follows.

Theorem 3.1 Let 0 < p < oo and a > —1. If the function K satisfies
K
/ %dﬂ(w) <00,
A=)
then the operator H, , is bounded on D¥ (D). Moreover,

(1) forp<a+2,
K(w
Pl 5 S duo
wl) 7

(2) fC] F > 2;
K"M D D ]._ |W| ’

Proof  First, we need to show that all the conditions of Lemma 2.1 are satisfied for
F(X) = D} and F(w,z) = K(w) f(0,,(2)). To this end, we split the proof into three
cases.
Casel: p<a+2.

Let f, € DP and lim,_, oo fu = 0 in the norm of DX. Then by Lemma 2.3, we have

1fall o
|fn(z)|< a+2p _)0)
(1-2*) 7
as n — oo. Clearly, (i) in Lemma 2.1 holds.
By Lemmas 2.3 and 2.6, we obtain

If o oulhy = If o (@) + [ |f'<aw<z)>|f’|o:v<z)\PdAa<z>
-

=
) [uenran)

~ [l + [ If ()
1115 (1+|w

S a-wp)

1712, s
S - |W|29;;+2-p + (ii :w) fD If'(2)[PdAq(2)

< L (L)
Ay T\ 1o 0y

which ensures that (ii) and (iii) in Lemma 2.1 hold true.

dAoc (2)

1= |wl
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From Lemma 2.1, we know that for dA-a.e. ze D

(1) Heuf (2) = (B) [ K(w)f o owdu(w)(2),

where the right-hand side is an analytic Bochner integral since f is analytic. Thus, we
need to show that the left-hand side of (3.1) is continuous (and so Hk, , f € H(DD)).
By Lemma 2.3, we have

o)) — ot
(1-lo ()

Since
=P[R

[1-wz?

1-low(2)]? 2 (1= w) (A2,

it follows that

Fon(2))] 5 Moy
A=) 5 (= o)

Thus, by choosing an arbitrary point z; € D and a compact neighborhood S c D of zy,
we have

K)If o)) s —S gy KONy

1= W) (-

for all z € S. According to the hypothesis and Lebesgues’s dominated convergence
theorem, it follows that the left-hand side of (3.1) is continuous; and therefore,
H K, yf e H (D)

At last, we conclude that

[Huuflpr < fD (KW 1S © 0wl prdu(w)

+lw pta+2 %
‘ [D|K(w)|l(1_|w|12)a+2p+(1_:wl) l 240l

1 1 3
S [D) |K(W)| [ (1—|w|)e+>»p + (1- |W|)p+a+2] d‘u(W)Hf”Dﬁ
$ [ IKODI—— e dA) |l

(1=fw])

which completes the proof of Case 1.
Case2: p=a+2.

The proof is almost identical to Case 1, with the main change being the utilization
of the following inequality:

-1
2 )7 T | £l . | £l
1-|z? f Dg (1—|z|2)(P—1)/P ~ (1_|Z|2)(p+a+2)/p

)l (log

for any f € D,
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Case3: p > a + 2.
The proof is also analogously to Case 1. Unlike the previous two cases, we can
obtain a more precise estimate of the norm in this case. By Lemma 2.1, we have

%k flog < [ KO0 Lf o 0l ppdus(w)

pra+2 %
: fDK<w>|l1+(if:1j:) ] auw)|fl;.

This finishes the whole proof. [ ]

A natural question comes to mind: how to characterize the boundedness of Haus-
dorff operators between different weighted Dirichlet spaces? To solve this problem, we
need to use the following lemma, which shows the sufficient and necessary conditions
for the boundedness of weighted composition operators between different weighted
Bergman spaces.

Lemma 3.2[6, Theorem1]  Let u be an analytic function on D, and let ¢ be an analytic
self-map of D. Let 0 < p< g<oo, and a, B> -1 Then the weighted composition
operator uC, is bounded from Af, into A% if and only if

1- |61|2 (2+0‘)‘1/P
su —_— u(w)|1dAg(w) < oo.
o [ (ago) a0
Theorem 3.3 Let0< p<gq<oo,a, 3>—1 Assume that

(2+a)q

sup [ oy, (2)|? L la” " da (2) <
B —— Q.
ue]g p " [1-ao0,(2) f

(1) Forp < a + 2. Ifthe function K satisfies [, |[K(w)|(1— |w|)~(«**P)/Pdu(w) < oo,
then the operator Hy, , : DE(D) - Dg (D) is bounded.

(2) For p = a+ 2. If the function K satisfies [;) [K(w)| -|log(1— |w|)|P~D/Pdu(w) <
oo, then the operator Hy , : Db (D) — iDz (D) is bounded.

(3) For p > a + 2. If the function K satisfies [, |K(w)|du(w) < oo, then the operator
Hi, u: DE(D) - DZ(]D)) is bounded.

Proof  The proof can be accomplished by using Lemma 3.2 and the similar proof
of Theorem 3.1, so we leave it to the interested readers. [ ]

4 The Hausdorff operators on derivative Hardy spaces $?(D)

In this section, we obtain sufficient conditions for the boundedness of Hausdorff
operators on derivative Hardy spaces.
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Theorem 4.1 Let 0 < p < oc. If the function K satisfies
K
[ ) < o,
P A-wh)
then the operator Hx, , is bounded on SP (D). Moreover,
(1) forl<p<oo,

l+7p
I+|w|)?
tcalsrs [((150) "+ omancn
(2) for0<p<],
K(w
culse s [ XN dpo.
D (1

—|wl)7

Proof  Since the proofs for cases 1 < p < co and 0 < p <1 are similar, we only give
the proof for case 1 < p < oo.

First, we need to verify that (i) of Lemma 2.1 is satisfied for (X, m) = (D, dA) and
(Q,p) = (D, ). Fix f, € S*(D) and f,, — 0 strongly, then we see that for any z € D,

lim |f,(2)| < lim 7|50 = 0

by Lemma 2.4, which implies that (i) holds.
Next, we need to show that (ii) and (iii) both hold. It is easy to see that |1 - wz| >
1 - |w]| for any z € D. By Lemmas 2.4 and 2.7, we obtain

I£ o 6ulsr =17 @ aw (O)] + 1(F o 3 1
2 . . 1/p
1+ (5 [ IF e )Pl (e o)

1 |W|2 P 1/p
S7Tf|sz’+(2ﬂf0 | (o (e))IP m dG)
w ; /p
snfhw(iilwi) L yras)
1 m 1/p
<alfle+ (1 ) L 71 ra)

1+ Jw L
Sl’”(l—w) ]Iflsp.

This yields that (ii) and (iii) hold.
According to Lemma 2.1, it follows that for dA-a.e. z € D,

(@ ¥, ()= ((B) [ K(n)f o oudu(w) (2),
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where the right-hand side is an analytic Bochner integral since f is analytic. Thus, to
show that H_ , f is analytic, it suffices to prove that Hx_ , f is continuous.
Applying Lemma 2.4, we have

[f(ow(2)] < 7] fse,

which gives that for any z € D,

[K(wW)IIf (o (2))] < 7] £ 5o [ K (w)].

Since

K(w)
L IKedutn < [ o <

L= |w])

it follows that Hy, , f is continuous.
By the definition of Hausdorff operators, we get that

[Hrufllse < fD [K(W)[ - [Lf o owl[srdp(w)

: [D|K(w>|{n+(if:‘;:) ” ]du<w)|f|sp,

which is the desired result. [ |

Moreover, we also give the sufficient conditions for the boundedness of Hausdorff
operators between different derivative Hardy spaces. However, we need to use the
following lemma to complete our proof.

Lemma 4.2 [6, Theorem 4] Let u be an analytic function on D, and let ¢ be an
analytic self-map of D. Let 0 < p < g < oo. Then the weighted composition operator uC,
is bounded from H? into H1 if and only if

aeD 1—ap(w)P?

where do is the normalized arc length measure on JoD.

1- ‘a‘z a/p
sup | ( lu(w)|ido(w) < oo,

Theorem 4.3 Let 0 < p < q < oo and assume that

1-|af?

[1-40,(z

alp
sup | oy, (2)]? ( )|2) do(w) < oo.

aeD
(1) Forl< p < oo. If the function K satisfies [ |[K(w)|du(w) < oo, then the operator
Hi,u: SP(D) — $1(D) is bounded.
(2) For0 < p <1 Ifthe function K satisfies [, |[K(w)|(1- [w|)/?~'du(w) < oo, then
the operator Hx , : SP(D) - S9(ID) is bounded.

Proof  Following the ideas in Theorem 4.1 and combining them with Lemma 4.2,
we can complete the proof of the theorem. Since the proof is similar, we omitit. m
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5 The Hausdorff operators on Bloch type spaces B*

In this section, we investigate the Hausdorff operators on Bloch type spaces B®.
However, we only need to focus on two cases. For the case «a =1, this is given in [29,
Theorem 1].

Theorem 5.1 Let 0 < a < oo. Then the following statements are true:
(1) Ifl< a < oo and the function K satisfies
[K(w)]
du(w) < oo,
f D (1= |w[)«!

then the operator Hy, , is bounded on B*.
(2) If0 < « <1and the function K satisfies [; |[K(w)|du(w) < oo, then the operator
Hx,y is bounded on B,

Proof  Since the proofs of (1) and (2) are similar, we only give the proof of (1). For
any f, € B%, if f, strongly convergence to 0, then by Lemma 2.5, we have

|fon | e
[fu(2)] S =[Py

as n — oo. This shows that the condition (i) in Lemma 2.1 holds for (X, m) = (D, dA),
F(X) = B*(D), and F(w, z) = K(w) f(0,,(z)). According to the definition of B, it
follows from Lemma 2.5 that

|f o owllme =[f (W) + sup(1 - l21*)*1f " (0w (2))] |07, (2)]
| £l | fll e

-0

Syt RO ED g, e 1)
Sy I e

_ Az
T

This implies that the condition (ii) holds.
For (iii), by Lemma 2.5, we get that

flse . Iz
(1=ow(2)2)* ™ (1= [22)* (1 = jw])*1
Hence, all conditions of Lemma 2.1 hold true.
Note that for dA-a.e.zeD

Hcuf(2) = ((B) [ K)f o audu(w)) (@),

where the right-hand side is an analytic Bochner integral since f is analytic. Thus,
to show that Hx, , f is analytic, it suffices to prove that Hy , f is continuous, but its
proof is just similar to the previous ones and we leave it to the interested readers.

f(ow(2))] 5
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At last, we have

|Hu e < [ KOOI 1f © 0 sedu(w)
Sl [ oo dum),

[w[2)e1
which completes the proof. ]

In the following, we show the sufficient conditions for the boundedness of Haus-
dorff operators between different Bloch type spaces.

Theorem 5.2  Let 0 < a, 3 < oo. Suppose that for any w € D,
|1 _WZ‘Za—Z .
su 00
reb (1= W)= (1= [e)e P
(1) If1< a < oo and the function K satisfies
K
/ (1| (w)) du(w) < oo,

wl)et!

then the operator Hy , : B* — BF is bounded.
(2) If @ =1and the function K satisfies

/|K(w |10g | |dy(w)<oo

then the operator H,, : B* — BF is bounded.
(3) If0< a <1and the function K satisfies [ |[K(w)|du(w) < oo, then the operator
H,u : BY > BF is bounded.

Proof  The idea of the proof is analogous to that in Theorem 5.1, so we only give
some key steps. For any f € B¢, if a > 1, by Lemma 2.5 and the assumptions,

£ o owlpe =If (w)] +sup(1- |21 1f (0 ()] - [, (2)]

[f]l5e g Nflse /
T +SUP(1 [2) e Lo (@)
(1= [wl)e (1=low(z)P)* ="
_ Al 1wzl
b Ba SU
@y IS e ey
RAEX
SW + [ fl5e
| f]5e
T fwp)et
For a = 1, Lemma 2.5 now gives
2
Ifoouwlws 5 £l plogr— | B [ fllze s IIwalogm-
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When 0 < « < 1, we have

|foawlss SIflse +1flpe S| f]5e

Then the standard procedures, analogous to the previous ones, finish the proof. m
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