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ABSTRACT. In the setting of the standard weighted Bergman spaces over the
unit disk, compactness characterizations for linear combinations of composition
operators have been known. One of those characterizations asserts that degen-
erate double differences, compared with each single difference, do not improve
the compactness at all in the sense that a degenerate double difference is compact
only when each difference is individually compact. Such a rigid phenomenon is
actually known to hold for a certain broader class of linear combinations. In this
paper we investigate into similar properties for Hilbert-Schmidtness with main
focus on double differences.

We first obtain a complete characterization for Hilbert-Schmidt double differ-
ences of composition operators. We then observe that double differences, com-
pared with each single difference, can improve the Hilbert-Schmidtness even
in the degenerate case, by constructing concrete examples of Hilbert-Schmidt
double differences with each difference not being Hilbert-Schmidt. We also in-
clude some remarks concerning connection between Hilbert-Schmidtness on the
standard weighted Bergman spaces and weak-to-strong boundedness on certain
vector-valued weighted Bergman spaces.

1. INTRODUCTION

Let H (D) be the class of all holomorphic functions on the unit disk D of the
complex plane C. Denote by S(D) the set of all holomorphic self-maps of D.
Given ¢ € S(D), the composition operator C, with symbol ¢ is defined by

Cof :="Ffop

for f € H(D). The main subject in the study of composition operators is to de-
scribe operator theoretic properties of C', in terms of function theoretic properties
of . We refer to standard monographs by Cowen-MacCluer [5] and Shapiro [12]
for an overview of various aspects on the theory of composition operators acting
on classical holomorphic function spaces.
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During the past three decades, initiated by the Shapiro-Sundberg Question raised
in 1990 (see [13]), many significant results concerning topics related to the topo-
logical structure of composition operators have been achieved in the literature. For
general historical remarks on the progress of the Shapiro-Sundberg Question, we
refer to [3] and references therein. One of such topics is to characterize compact-
ness for differences, or more generally, for linear combinations of composition op-
erators acting on the standard weighted Bergman spaces. As the first result in that
direction, Moorhouse [11] characterized compactness for differences of composi-
tion operators. Her characterization shows that differences of composition opera-
tors, compared with each operator, can improve the compactness by way of certain
natural cancellations.

Inspired by the aforementioned result of Moorhouse, Koo and Wang [9] char-
acterized compactness for the degenerate double differences, i.e., operators of the
form 2C,, — Cy, — Cy;. Quite unexpectedly, their characterization reveals a rigid
phenomenon asserting that such an operator is compact only when both C,,, —Cl,
and Cy,, — C,, are individually compact. Thus, intuitively speaking, degener-
ate double differences, compared with each single difference, do not improve the
compactness anymore. This rigid phenomenon was later extended to general linear
combinations under the so-called Coefficient Non-cancellation Condition(CNC),
which means that the whole sum of the coefficients vanishes, but any proper sum
does not; see [4, Theorem 1.2]. More recently, Choe, Koo and Wang characterized
(see [3, Theorem 1.1]) compactness for double differences, i.e., operators of the
form (Cy, —Cy,) — (Cyp, —Cy, ), and exhibited an explicit example demonstrating
that non-compact differences can form a compact double difference; see [3, Exam-
ple 6.4]. Note that CNC does not hold in general for double differences.

The purpose of the current paper is to study Hilbert-Schmidt analogues of what
have been mentioned in the preceding paragraph; see Section 2.3 for the notion
of Hilbert-Schmidt operators. We obtain a complete characterization for Hilbert-
Schmidt double differences. Using our result, we also exhibit concrete examples
demonstrating that the rigid phenomenon for compactness mentioned above does
not extend to Hilbert-Schmidtness.

Before proceeding, we first recall our function spaces to work on. For o > —1,
we denote by dA,, the normalized weighted measure defined by

dAo(2) == (a +1)(1 — |2]*)*dA(z), z€D

where d A denotes the area measure on D normalized to have the total mass 1. Now,
the a-weighted Bergman space A2 (D) is the space consisting of all f € H(D)

for which
1/2
1l ::{ /| \deAa} < o0,

As is well known, the space A2 (D) is a closed subspace of the Lebesgue space
L?(D) := L*(D, dA,) and thus is a Hilbert space. Also is well known that every
composition operator is bounded on A2 (D) thanks to the Littlewood Subordination
Principle. In case o = 0, we write A?(D) := A%(D) and L?(D) := L(D).
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We also introduce some notation to be used throughout the paper. Given ¢1, @2,
3, p4 € S(D), not necessarily distinct, we will save notation by setting
pij = p(pi, ¥j)
and
Mij := pij (IKp; laz + 1 Ky, a2 )

ford,j = 1,2,3,4 where || Ky, || 42 denotes the function 2 — [|K,,(.)|| a2 Here,
p denotes the pseudohyperbolic distance on D and K.y denotes the reproducing

kernel for A2 (D); see Sections 2.1 and 2.2, respectively.
In addition, we use the abbreviated notation

Ry := Mis+ M3y and Rsy := Mg + Moy. (1.1)
Using the function o to be specified in Section 2.1, we further set
oij := (i, @)
fori,7 =1,2,3,4 and put
4

D5, llaz,

Jj=1

+ (p12 + p34)(p13 + p2a)

R [Isol — 2 — 3 + 4]
3 = 1 D)
Zj:l(l_ lpil?)

3
= (|lo12 + o13] + pla + pis Z 1K o] a2 -

Finally, we put

Q= {z eD: 1<r£13]x<4pw( z) < 5}

for 0 < s < 1. For all the abbreviated notation specified above, the dependency on
the self-maps ¢;’s (and «) should be clear from the context.

We obtain the next characterization for Hilbert-Schmidt double differences.
Theorem 1.1. For @1, o, p3, @4 € S(D), put
T:=C, —Cp, —Cpy +C,.

Given a > —1, there exists a positive number so € (0, 1), depending only on «,
with the following property: T is Hilbert-Schmidt on A% (D) iff

/ (min{Ry, Ry})? dA, +/ R2dA, < o0 (1.2)
D\Q. s
for some/all s € (sg,1). Moreover, the above condition reduces to

/ R2dA, < % (13)
D

in the degenerate case p1 = 4.
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Note. Condition (1.2) can be replaced by a bit simpler one which is not sym-
metric; see Remark 3.6. Meanwhile, we have R4 ~ M3 when both ¢ = (4 and
w2 = 3 hold. Thus, the known characterization for Hilbert-Schmidt differences,
which can be derived from (2.9) and (2.8) below, is recovered by the degenerate
case of Theorem 1.1.

Applying Theorem 1.1, we also construct examples ¢1, 2, @3 € S(D) demon-
strating the following on A%(D):

¢ C,, — Cy, is not Hilbert-Schmidt for j = 2,3, but 2Cy, — Cypy — Copg is;

see Example 5.2. See also Example 5.4 for a more general example. So, in sharp
contrast to the rigid phenomenon for compactness mentioned above, we see that
double differences, compared with each single difference, can improve the Hilbert-
Schmidtness even in the degenerate case.

Our proof of Theorem 1.1 is supported by many technical lemmas and thus is
quite long. So, in order to help readers to keep up with the direction of the details on
the whole, it seems worth mentioning the overall scheme regarding the motivation,
the key steps, the subtlety, and the strategies.

Overall Scheme. The Hilbert-Schmidt norm of 7' is precisely the same (see
(2.9)) as the square root of the integral

/ 1K pre) = Kpa(e) = Ky + Kipu(o) [ 32 dAal2): (1.4)

The main difficulty is caused by the fact that the integrand behaves quite differently,
according as all the points ¢;(z)’s are hyperbolically close to one another or some
of them are apart.

To show the subtlety of our estimations, we briefly compare with the compact-
ness case where one needs to estimate (see [3,4,9]) (1—|a|)**2|| T K, Hii, or more

explicitly,

a 2
1 —al) +2/D | Koy (2)(a) = Kpy)(a) — Kopy(2)(a) + Ky (a)|” dAa(2).

For the sake of simplicity, consider the degenerate case (1 = 4. In [9] it is proved
that this quantity vanishes as |a| — 1 only when each of the integrals

|CL‘ a+2/ )chl(z) <,0 (z)( ) dAa(Z), Jj=2,3

does, which turns out to be equivalent to the compactness of corresponding differ-
ences of composition operators. This means that compactness cannot be achieved
through double cancellation in general.

On the contrary in the case of Hilbert-Schmidtness, it is possibly the case that
the integral in (1.4) is finite, but at the same time

[~ o

for (i,7) € {(1,2),(3,4)}. This demonstrates that double cancellation in a non-
trivial way may end up with Hilbert-Schmidtness. It is possibility of such double

dA() 00
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cancellation which causes the subtlety in studying Hilbert-Schmidtness of double
differences.

Eventually, the hardest and most crucial part in our proof of Theorem 1.1 is to
establish a sharp estimate of the integrand in (1.4). So, we are forced to establish a
sharp estimate of the ratio

”K21 - Ky — Ky + KZ4HA?1

4
Dz
j=1

for general z1, 2z2,23,24 € D in terms of the hyperbolic distances between the
points. Our approaches are quite different in two cases: (i) when all the points are
close to one another and (ii) when they are not. Both cases are quite delicate as
follows:

(1.5)

e Case (1), where cancellation occurs, is a bit more delicate to handle. Us-
ing the binomial expansions, we express |K,, (w) — K, (w) — K,,(w) +
K., (w)| as the sum of a major term and an error term, which might be
probably the only way in general one may think of. We estimate the inte-
gral of the major term and then use it to control the error term. Section 3 is
entirely devoted to Case (i).

e Case (ii), where no cancellation is expected, is not easy at all, either. The
difficulty is not only the presence of too many subcases to consider, but also
the need to devise right approaches depending on the subcases. Section 4
is entirely devoted to Case (ii).

We hope these preliminary information to help readers in understanding the long
and technical steps towards Theorem 1.1.

In Section 2 we collect basic known results to be used in later sections.

In Sections 3 and 4 we establish the aforementioned ratio estimate. For the case
when the four points are close to one another, see Theorems 3.5 and 3.7. For the
remaining case, see Theorem 4.6.

In Section 5, relying on the optimal ratio estimates, we prove Theorem 1.1.
Our proof actually produces optimal Hilbert-Schmidt norm estimates; see Remark
5.1. Applying our result, we exhibit an explicit example demonstrating that the
rigid phenomenon, analogous to the one for compactness mentioned before, fails
to hold Hilbert-Schmidtness; see Example 5.2. We also construct a more general
example demonstrating the same pathology; see Example 5.4.

Finally, in Section 6, for linear combinations of composition operators and re-
lated operators, we notice some remarks revealing the connection between Hilbert-
Schmidtness on A2 (D) and boundedness from certain weak to strong vector-valued
weighted Bergman spaces.

Constants. Throughout the paper various constants C' are used with no attempt
to calculate their exact values, which may change from one occurrence to the next.
Variables indicating the dependency of constants C' will be often specified in the
parenthesis. Given two non-negative quantities A and B, we write A < B to
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indicate that there exists some inessential constant C' > 0 so that A < C'B. The
converse relation A 2 B is defined in an analogous manner, and if A < B and
B < A both hold, we write A =~ B.

2. PRELIMINARIES

In this section, we collect some basic facts and preliminary results to be used in
later sections.

2.1. Pseudohyperbolic Distance. Put

a—>

o(a,b):= T

for a,b € D. The hyperbolic distance between a and b is given by
tanh™! p(a,b) where p(a,b) :=|o(a,b)|.

It is well known that p itself is a distance, called the pseudohyperbolic distance.
In most cases it is more convenient to work with this pseudohyperbolic distance
rather than the original hyperbolic distance.

The well-known identity

1—Jal?)(1 - [b?)
1— 2 b) = (
is straightforward. This yields an inequality
1— 2
—|a] <|1—ab| for |b] < |al, 2.1
21— p(a,b)

which is useful for our purpose. We also recall the following inequalities:

p(avb) < |(L—b’ < p(aa b)

: 22

T+ p(ab) = 1—Jaf = 1 pla.b)’ 22
1 - p(av b) 1 - |a|2 1+ p(a7 b)

< < : 2.

T+ p(ad) = 1= P = 1 pla.b)’ @

1— p( b)<1_’“|2<1+ (a,b) (2.4)

pla, STizan S p(a,b). .

These inequalities, which are well-known and elementary to prove, will be quite
frequently used later in our proofs.
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2.2. Reproducing Kernel. Given o > —1, subharmonicity yields

9(0)2 < /D 9(w) 2 dAq(w)

for g € H(D). Given z € D, applying this inequality to the function

a+2
g(w) :=(foo,)(w) (W) where o, :=o(z,-)

1—wz
and then making a change-of-variable, one obtains
(L= 2P f ()7 < M1F1e (2.5)

for f € H(D). In particular, this shows that each point evaluation is a continuous
linear functional on A2 (D). Thus, to each z € D corresponds a unique reproduc-

ing kernel K §“) whose explicit formula is well known as

o 1

We will use the abbreviated notation
K, =K go‘);

this will cause no confusion, because « is the only weight parameter we consider
throughout the paper.

Using the reproducing property, one may explicitly compute the norm of repro-
ducing kernels as
1

(1 —[z[?)+?
for z € D. As for the differences of reproducing kernels, we have the norm esti-
mates (see [2, Proposition 3.5])

I1K: — Kullaz = p(z,w) (”KzuAg + ||KwHAg) (2.8)

K% = Ko (2) = 2.7)

for all z, w € D; the constants suppressed above depend only on a.

2.3. Hilbert-Schmidt Operator. Let X be a separable Hilbert space with or-
thonormal basis {e,,}. A linear operator S : X — X is called Hilbert-Schmidt
if

1/2
18]l ms(x) = {Z IISenllﬁ} < 0.

The above Hilbert-Schmidt norm of S is known to be independent of the choice of
orthonormal basis {ey}. It is well known that every Hilbert-Schmidt operator is
compact and therefore bounded.

Given oo > —1, the Hilbert-Schmidt norm of a linear combination of composi-
tion operators on A2 (D) is known to be represented as an elegant integral. Namely,
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given a positive integer n, we have

n 2 n
c;Cy. —/ K, .,
; 7~ e; HS(42) b ; T pj(2)

forall¢y,...,c, € Candforall py,...,p, € S(D); see [2, Proposition 3.1]. So,
for the operators

2
dAq(2) (2.9)
A2

T:=Cyp —Cp, —Cpy +Cy,
being considered throughout the paper, we have

IT 175 a2) = /D 15 11%2 dAq (2.10)
where K := K, — Ky, — K,y + K,
3. THE RATIO ESTIMATE: PART 1

In this section we establish optimal norm estimates for the ratio (1.5) when the
points are close to one another. For that purpose we need several technical lemmas.
In what follows we denote by D, (a) the Euclidean disk with center a and radius 7,
1.e.,

Dy(a) :={2€C:|z—a| <7}
fora € Candr > 0.

Lemma 3.1. The inequality

A1 =M
(2)(|G1P1| + |azp2|) 3.1

holds for all A € (0,1) and a1, a2, p1,p2 € C.

|a1p1 + agpa| + |a1p1 X + agpaX?| >

Proof. For arbitrary A € (0,1) and aq, az, p1,p2 € C, we note

-1
aipr _ (1 1 a1p1 + azp2
azp2 AN a1piA + agpar? )
or said differently,
aip1 A—1 aip1 + azp2
AN —1 = .
( ) <a2p2> (—)\ 1 > <G1P1)\+ a2p2/\2>
This implies the asserted inequality. The proof is complete. U
Lemma 3.2. Forr > 0 the following assertions hold:
(a) The estimate
lz+w—&| + |22 +w? - = |z+w— €&+ |2w|

holds for z,w,& € D,(0); the constants suppressed in this estimate de-
pends only on r.
(b) The inequality

|23 +w? — €3] < 5r¥z 4+ w — €] + 4r| 2w
holds for z,w, & € D,(0).
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Proof. Note
|(22 4+ w? —€2) 4+ 22w| = |(z +w+ E)(z+w — &) < 3r|z +w — £
and thus
2|zw| — |2* + w? — ]| < 3r|z +w — ¢

for z,w,& € D,(0). This implies (a). Meanwhile, (b) is an easy consequence of
the identity

2B wd — 6 = —zw(z 4+ w+ 26)
+ (2 +w—&)(w? + 2% + € + 2€ + wé).
The proof is complete. O
Lemma 3.3. Let ) > 0. Then there is a constant C' = C(n) > 0 such that
5 w3 ¢3
T—2y  T—wy A=y

3
<C(rz+w— ¢ +r|zw|)

forall0 <r < % and z,w,& € D,(0).
Proof. Let0 <r < % and consider arbitrary z, w,§ € D,(0). Setting

AO::Z3+w3—§3,

=1 =2)" 4
A1 .—7(1_10)17 w-,
1
hei= 1= s - ),
(@ =27 B 1 3
Ao = [(1—@” (1—w>n}§ ’
we note
23 w? €3  Ag— Ay — Ay — A3
A=z " A-wp (-1 (d-2p
and hence
3 3 3
(1fz)n + (1_ww)n - (155)77 < Aol + [A1| + [Aa] + 143 (32)

For A, we have by Lemma 3.2(b)
[ Ao| S 7|z +w — &| + rfzuw]. (3.3)
For Ay, since |1 — (1 — 2)"| < |z|, we have

|A1]| < ]zw3| < r2]zw\. (3.4)
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For As, we have

(1= w)? — 1Ju? = &
1 —w|"

S r?fwlfw — ¢

<7 (|z +w — €| + |zw]). (3.5)

|Ag| =

For As, since |z +w — zw| < 2r + 12 < g, we have
(1=2)"1-w)"=(1=8"=[1-2-w+z2w)"—(1-¢)"|
<letw— g
and thus

(1—-2)"0 —w)?— (1 —-¢&)"
|A3| = |£|3 (1 _ 5)77(1 _ w)n
<Pz +w— 2w — €|
<3|z +w — €| + |zw)). (3.6)

One may check that all the constants suppressed so far depend only on 7. So, insert-
ing the estimates (3.3), (3.4), (3.5) and (3.6) into (3.2), we conclude the lemma. [J

Lemma 3.4. Letn > 0. Given z,w, £ € D, put
1 1 1
Ay:=1- —
N A (e I3
Ay :=z4+w—¢&,

Ay =22 +w? - &

Then there is a constant C' = C(n) > 0 such that

1
Ag +nA1 + 77(772HA2 < C’(T2\Z+w —&| + r|zw))

forall0 <r < %and z,w,& € D,(0).
Proof. Let(0 < r < % and consider arbitrary z, w,£ € D,(0). Put
1 1 1
A)=1-— —
9 =27 (=)t T (A=A

for A € D. Clearly, g is holomorphic in an open set containing D. Applying
integration by parts successively, we note

" 1
(1) = g(0) + ¢'(0) + 2 2(0) + ;/0 (1—X)2g"(N\) dA.

Noting that g(1) = Ay, g(0) = 0, ¢’(0) = —nA; and ¢"(0) = —n(n + 1) As, we
obtain

pot s 4 10+

max |g" (N\)|. (3.7)
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In conjunction with this, we note
53 w3 ¢3
+ — .
(1=2z)mt3 (1= Aw)rt3 (1= A3
Thus, for 0 < A < 1, we have by Lemma 3.3
NG (A)] < Cl(rA)? Az + dw — A¢] + rA[(Az) Aw) ]

g"(N) =—nn+1)(n+2)

for some constant C' = C'(n) > 0, i.e.,
19" ()| < C0?|z +w — €| + rlzw)).
This, together with (3.7), yields the asserted inequality. The proof is complete. [

We are now ready to prove the following optimal norm estimate for double dif-
ferences of kernel functions when the points are close to one another.

Theorem 3.5. Let o > —1 and 0 < s < 1. Given z1, z2, 23, 24 € D, put

L |2’1—22—23+Z4’

=)

and

B : = [p(z1, 22) + p(23, 24)][p(21, 23) + p(22, 24)].

Then there exists = (v, s) € (0,1) such that

4
1Ky — By — Koy + Koyllaz = (A+B) Y 1K g
j=1

whenever 1 — |z;| < 1 and p(z;,2j) < s fori,j = 1,2,3,4; the constants sup-
pressed in this estimate depend only on o and s.

Proof. Throughout the proof we use the notation
ci=c4:=1and ¢y =c3:=—1
for simplicity. For a large number N = N («, s) > 4 to be specified later, put

1
ri= .
ANV N

(3.8)

With such r, note |z;| > 3.

Consider arbitrary 21, 22, 23,24 € D such that p(z;, z;) < s for all 4, with
i # j. We also assume 1 — |z;| < r for all j. By symmetry and (2.3) it suffices to
establish

4 4
122521 65 llaz N | 25=1 6%l
f ~
> i 1K [ az L=z

where the hidden constants depend only on « and s.

+ p(z1, 22)p(21, 23) (3.9
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First, we proceed to establish the lower estimate. Put

4 S
2(Z; — 21
f:Zh&ﬂmma:gﬂ)
= — ZZ1
forj=1,...,4. Note f; = 0 and
4
Ko(2)) —~ T TG (3.10)
j=1
for z € D.
Put
b= (1-MNQ1-|zu*)=n (i=1,2) (3.11)

where M; := 1 and Ms := v/N. Note
1—|bi| = (1 = [21]) [1 + MiN|z1](1 + |21])]

and

1-b71 = (1= |a[*)(1 + MiN|z[*) (3.12)
for each ¢. This yields b; € D and

1= |bi| = MiN(1 = [z1]%) = 1 = bz1 (3.13)

for 7 = 1, 2; the constants suppressed here are absolute. Combining this with (2.5),
we obtain

\!é”rAAz (L 1621 — o1 )] £ b))
. 1 £ (bi)|
(MZ-N)O‘/2+1 | K2, (bi)]
1 |/ (6]

= (NN [, (b))

for i = 1, 2. Since

4
1Ko llaz = > 1K, lLaz by 23), (3.14)
j=1
we obtain
-1
4 1 )
K. > 3.15

the constants suppressed above depend only on o and s.
In order to estimate | AfG)l ( 1n (3.15) we first note

K.
bl(Zj —z) _ b (7 — =1)

)= = AP+ NP




HILBERT-SCHMIDT DOUBLE DIFFERENCES 13

and thus

. _ |balp(a1, 25) 11 — Z1z
[£3(b1)| = Lt NP I [af) (3.16)

We also have

filbs) 14+ N[zn[*>  1-NVN({—|z])

= <1, (3.17)
fibt) 14+ NVN|zn? 1-N(1-|zn]?)
So, since |z1| > %, we have by (3.16) and (2.4)
; ; < — ; A
502)] < 1500 < Fg 577021 29) (3.18)
for all j. In conjunction with this we take N so large that
12

N > (3.19)

1-s

so that | f;(b;)| < § by (3.18) for all i and j. Accordingly, setting py := a + 2 and
p2 = (a + 2)(a + 3)/2, we note by Lemma 3.4

fo) | |s ¢;
‘Kzl(bi) - ; (1= £;(b:))*"?
2 4
> 1 o> el 0]
k=1  j=2

(3.20)

4
- oo ;cj 13(00)] + [ £2000) 1300)

for i = 1,2 and for some constant C' = C(«a) > 0.
For the last term in (3.20), we note

[Fa(t2) f3(02)| < [ a0 £ 00)|

by (3.17). We now consider the remaining terms in(3.20). To begin with, we note

1— |z <2r= 2Ni/ﬁ' So, in conjunction with (3.17), put
1+ Nt 1-NVN(1-t 1
A(t) == + : Al ), 1-——<t<1
1+NVNt 1-N(1-t) 2NVN
For t as above, we have
1

531—N\/ﬁ(1—t)§1—N(1—t)31
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and thus

1+ Nt N(VN -1)

MO =] = 2(1+ NvVNt) (1+NVNH(1—N(1- 1))
. _1+N  NWN-1
~2(1+NVN) 1+NVN

N*(VN - 1)
L MWAN=1
=8NS
1
16VN’

Accordingly, setting \1(t) = 1 and A\a(t) = A(¢), we note from the equality in
(3.17)

>

(3.21)

i=1 k=1 j=2
1 2 4
> 32\/N; ;c][fj(bl)] by Lemma 3.1 and (3.21)
1 4
~ o ;cj £i(by) +‘ a(b1) fg(bl)’ by Lemma 3.2(a):

the constants hidden in the last estimate are absolute (recall | f;(b1)| < %). Mean-
while, we have

4 4

|21 — 20 — 23 + 24] |bi
§ (b)) = : < g ifi(b 22

j=2
for i = 1,2; note |b;| < |by| for the last inequality.

Combining the estimates observed in the preceding paragraph, we obtain

f(bi)
KZI (bl)

2

~ VN VN

for some constant C'; depending only on « and s; the constant hidden in this esti-
mate is absolute. Note from (3.22)

1 C 4
<1_ 1 ) >_eifilb)| + ‘f2(b1)f3(b1)’ (3.23)
j=2

=1

4
b ;2 — 2t 24

Jj=2
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the constants suppressed above depend only on V. Finally, in addition to (3.19),
requiring NV to be so large that

CIS

I

|
DO | =

o

we conclude the lower estimate in (3.
required.
We now consider the upper estimate in (3.9). By symmetry we may assume

) by (3.24), (3.23), (3.18) and (3.15), as

,O(Zb 22) S p('zla 23)'

Put

1—s)? 2
T = 7( 5) and n:= L
8 147

Consider the following subcases:

() p(z1,22) > m;

(i) 7p(z1,22) > p(23,24) or Tp(23,24) > p(21, 22);
(iil) 7p(21,22) < p(23,24) < —p(21,22) and p(21, 22) < 1 < p(21, 23);
(iv) Tp(21,22) < p(z3,24) < Lp(21, 22) and p(21, z3) < 1.

Now, we will save notation by setting
G=K, -K,,—-K,, + K,, (3.25)

for the rest of the proof.
In Case (i), we have p(z1, 22)p(21, z3) > 1* and thus

4
p(z1, 22)p(21, 23)
1Glaz < = D I [z
j=1

as desired.
Consider Case (ii). First, assume 7p(z1, 22) > p(z3, z4). We then have

|21 — 29 — 23 + 24| |21 — 29| B |23 — 24| _ 1—|23\2
1]z Tl 1Tl 1-faf
p(z1,22)  p(z3,24) 2
> — . by (2.2 d2.3
= 11s —s 1-s Y(@&2and23)
S p(z1, 22) 1 At
- 2 (1—s5)2
p(21, 22)

4
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It follows that
1Gllaz < 1Kz — Ky llaz + ([ Kz — Kayllaz

4
S(U+7)p(21,22) > 1K llaz - by (2.8)
j=1

4
|Zl —Z2—23—|—Z4|
<4(1+7) > I Lz
j=1

1—|z1]?

as desired. Since 1 — |z1| &= 1 — |z4] by (2.3), the case 7p(z3, 24) > p(z1, 22) can
be treated similarly.

In Case(iii), we have

p(21, 22) + p(z3, 24) <

A
Si=
—
—+
S
N———
s
—
N
c
S
N

1
< <1 + T) p(21, 22)p(21, 23)
and thus
1Gllaz < 1Kz — Kopllaz + |1 Ky — Kzyll a2
4
S [p(21,22) + p(z3, 24)] Z [ Kz llaz by (2.8)
j=1
1 1 4
< (102 e mdnten,) 3K s,
j=1
as desired.

Finally, consider Case (iv). Note from (2.4)

|2[|1 — 217 2
: 3.26
1—1|z| — 1_5/)(21,2]) (3.26)

|fi(2)] < plz1, %)
for z € D. So, since n < 7 and

p(21,24) < ,0(21723) +p(23,24) < 77+ g =T,

we obtain
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for all z € D and j. Thus, applying Lemma 3.4, we obtain

ORI o
’Km(z) - ;u £1(2)°7
2 4 4
SOl + | Do cihie)| + | RE)5kE)
k=1 |j=2 j=2
4
N chf] ‘f2 f3 ‘

<.
I|
¥

for all z € D; the last inequality holds by Lemma 3.2(a). Moreover, we have

. z b1Z1
fi(z) = b, 1— 27 ——fi(b1)
and
z 1-bz 1—bz|
bi 1—zz |~ [ba](1—|z1)

the last estimate holds by (3.12). Combining these observations, we obtain

4
K21(Z) N j;cjfj(bl) +’f2(b1)f3(b1)‘

for all z € D. This, together with (3.24) and (3.18), implies the upper estimate in
(3.9). The proof is complete. O

Remark 3.6. As a byproduct of the proof of Theorem 3.5, we see that the second
integral in (1.2) can be replaced by a bit simpler one. Namely, by (3.9) and (2.3),
we can replace R3 in (1.2) by the quantity

o1 — 02 — p3 + @4
1— |o1f?
While this quantity is not symmetric, it might be more useful in applications be-
cause of its simplicity.

+ p12p13-

When z; = 24, we have two additional optimal estimates as in the next theorem.

Theorem 3.7. Let o > —1 and 0 < s < 1. Given z1, z2, 23 € D, put
1221 — 29 — 23]
1 — |22

Let A = Ay or Ay. Then there exists v = r(s) > 0 such that

Ay = and A :=|o(z1,22) + o(z1,23)|.

3
12K, — Kz — Kogllaz = [A + 0 (21, 22) + p* (21, 23)} D IE |z
j=1
whenever 1 — |z;| < rand p(z;,z;) < sfori,j=1,2,3 withi # j; the constants
suppressed above depend only on o and s.
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Proof. Consider arbitrary 21, 22, 23 € D such that p(z;, z;) < s forall i # j. The
estimate for A = A; is immediate from Theorem 3.5 (with z1 = 24) and (2.3).
For the case A = As, we note

3 _
221 — 29 — 23 z])
1——|21\2 — [o(z1,22) + 0(21, 23)] ]ZO‘ zl,z] ‘ T (3.27)
and thus by (2.2)
13
2
’Al - AQ’ < E Zﬂ (Z1,Zj),
Jj=2
which yields
3 3
A+ Pz z) R A+ > P2, 7).
j=2 J=2
So, we also conclude the estimate for A = A,. The proof is complete. O

4. THE RATIO ESTIMATE: PART II

In Theorem 3.5 we established optimal estimates for the ratio (1.5) when the
points are close to one another. In this section we complete such estimates for the
remaining case, which are not covered by Theorem 3.5. We will split the remaining
case into four subcases and treat them one by one in separate lemmas.

Before proceeding, we first fix some notation. Given a positive number N > 2,
we put

=[1 =N~ la]*)]a

for a € D with 2N (1 — |a|?) < 1. For easier reference later, we note
1 —ayna=(1-la®)(1+ Nla|?). (4.1)
Meanwhile, since
1= lay| = (1 =al)[1 + Nlal(1 + |a])] = 1 — |al,
we note |ay| < |a| and thus
1—|an|*>1—|a]*. (4.2)

Also, since N > 2, we note |a| > 3 and hence |ay| > 1.
The following technical lemma will play essential roles in the proofs of subse-
quent four lemmas.

Lemma 4.1. Let o > —1, N > 2and 0 < € < § < 1. Then the following
assertions hold for a,z,w € D with 2N (1 — |a|?) < 1 and for some constant
co > 0 depending only on o

(@) If N(1 —€) > 6and p(a,z) < ¢ then

B K, (an)

1 p(a,z)
o = Ka(aN)’—C“'N(l—e)'

Ca N
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If, in addition, N(1 — €) > 2¢,, then

1+

(b) If || < |a| and

< = )
anlp(az) =8 *
then
a+2
‘KZ(aN)’<C Ny/1—-p(a,z) +
Kolan)| — 7\ lanlpo(a, 2) '
(© If ] < lal, p(z,w) < ¢ pla,w) > 6, M > 5 and
1— |w|? 1—e \?
T o< 4.4
1—lal* = _(\/1—5> ’ 4.4)
then
/2
Ku(ay) vi—o\'
- | <ot (7

Proof. Consider a € D with 2N (1 — |a|?) < 1 and let z,w € D. For simplicity
we put b := a throughout the proof. Recall |a| > 3 and [ax| > 1.
First, we prove (a). To begin with, we note

28 - [1 - bia__zz)] T [1 —bo(a,2) - 1:22] T as

In order to see whether the binomial expansion is legitimate for the last expression,
we need to estimate the size of \% |. Assuming p(a, z) < €, we have by (2.2)

1—|a|? 1
>lal—|z—a|>a) - ———=1—-1—|a*) 1+ —
2 2 la] = |z —a| > |af — ( ra\>(+1_€>

and thus

1 1 1
\z|z1—2N<1+ >21—

It follows that

—b 1 1
Nl s L (v .
1—|al? 2 1—e¢

This, together with (2.4), yields
1—z8 [l—za+z@-b)| _|edla—bl |1-zag
_ < <N
1= a2 —la2 " 1—a "T1-jap =" 1=

1—2b] _ |zlla—b] [1—za] _ 1 3
> — >—(N-— .
I—la? = 1—]al* 1—Ja]? — 2 1—e¢

and
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Now, further assuming N (1 — €) > 6 and applying (2.4) once more, we obtain

— -q —_1al2 _
1 2 > 11 ]a\izi‘ N(1—¢) Zi @.6)
1—2zb|  14+€ |1—2b 2N N(1-¢€¢)+1 " 7N
and
_ . 1402
' ! = = L1 \al < 2 < . @a.7
1—2b I—e¢ [1—2b " N(1—-¢) =3~ N(1-¢)
Note
- 1—-za 1-za 2
bo(a,z) - =| = |b|p(a, z = < =
(a,2) - T—| = lblpla, 2) | T—=| < 5
by (4.7). Accordingly, we may consider the binomial expansion of (4.5) to see that
K. (b) ‘ Ky(2) b(1 — za) 1—za
— =1|1- ~|o(a,z)——=>| =~ pla,z)|——=|;
Ka(b) Ko(a)| = 7@ g | e T

the constants suppressed in these estimates depend only on . So, combining this
with (4.6) and (4.7), we conclude the first part of (a). Since

K0, <Kz<b> B 1) m(b)’

Ka(b) Ka(b) K.(b)|

one may see that the second part is immediate from the first part.
Next, we prove (b). Note

1+ 1-

> 92—

K. (b 1—ba\*"
() _ a) . 4.8)
K, (b) 1—-0bz
To estimate the size of the right-hand side of the above, we note
1—-0bz b(a—z) b a—z 1—az
=1 =1 . . _
1—ba M- +1+\a|2N 1—az 1-—|af?
So, assuming |z| < |a| and (4.3), we obtain
1—bz - blp(a,z) |1 —az| )
1—-ba| ™~ 2N 1—lal?
b
AN /1 — p(a,z)
b
8N /1 —p(a,z)

This, together with (4.8), yields the asserted inequality.
Finally, we prove (c). To begin with, we note

Ky(w) [1 B b(z — w)rwr2
Ky(2) 1 —wb
as in the proof of (a). In conjunction with this representation, we note

zZ—w 1—wz 1—wa
= =o(z,w) — = .
1—wb (1—wa> <1—wb>

4.9)
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Now, assume |w| < |al|, p(z,w) < ¢, p(a,w) > 6 and (4.4). Since |w| < |al, we
have

|1 —wz| -

1 _1-fwP 2vT=3 <2<m>1/2_

1—wa| = 1—€e 1—]a]> — 1—e¢ ’

the first inequality holds by (2.4) and (2.1), and the second one by (4.4). We also

have

‘1—wa 1_w(a—b)‘Sl+]a—b\_ la|N(1+ |a|)
1—wb 1—wb 1 —|b] 1+ N1+ |al)

Combining these observations, we obtain by the second inequality of (4.4)

< 2.

_ 1/2
b(z—ui) <|zzw S4(\/1—5> Sigé
1—wb 1—wb 1-—ce¢ M~ 5
for M > 5. So, considering the binomial expansion of (4.9), we conclude the
asserted inequality as in the proof of (a). The proof is complete. ([

We now introduce several auxiliary notation and auxiliary numbers, which will
be used repeatedly in the rest of the paper.

Auxiliary notation. Let o > —1. Given z1, 22, 23, 24 € D, we continue using
the notation G specified in (3.25). We also put

Q1=K = Kollaz + 1Ky — Koyllaz,
Q2 : = HKZ1 - KzaHA% + HKZ2 - KZ4HA%'

For these abbreviated notation, the dependency on the points z;’s (and «) should
be clear from the context. Clearly, we have

|Gl az < min{@1, @2} (4.10)

We will see that this estimate can be reversed, except when the underlying four
points are all close enough to one another. To this end we introduce below certain
positive numbers, depending only on «. For the rest of the section, these notation
G, Q1 and Q2 will be used without any further reference.

Auxiliary numbers. Given o > —1, let ¢, > 0 be the constant provided by
Lemma 4.1 and pick 51 = 51(«) € (0, 1) such that

(2v/1=51)*"% < %. 4.11)
Take N1 = Ni(«) = Ni(ca, f1) > 2 such that
Ni(1— 1) > max{6,4c, }. (4.12)

This N7 will be required to have additional properties specified later in (4.29),
(4.31), (4.34) and (4.35), which are conditions depending only on « (but indepen-
dent of the choice of 33 below). For such a choice of Ny, choose 32 = (2(N1) €
(1, 1) with the following three properties:

VIZ B _ 1
B2 T AN’

(4.13)
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masc{ N2 y12) < ;%; (4.14)
a+2
o, (ANV1= B2 < L (4.15)
B2 4N,

Once #; € (0,1) satisfying (4.11) is given, one may find N; > 2 and (35 €
(51,1) satistying (4.12)-(4.15). Noting f; < B2 < 1, one may start with 32 in
place of 31 to find Ny > Nj and (3 € (f2, 1) such that Lemmas 4.2-4.5 hold with
(B2, N2, 33) in place of (31, N1, B2). Repeating the same procedure, one can find
(B3, N3, B4). Note that each [3; can be chosen as close to 1 as we want. Fix those
two triples (82, Na, f3) and (33, N3, 84) satisfying

2tanh ™! B3 < tanh ™! fBy; (4.16)
this will be used in the proof of Theorem 4.6 later. For the rest of the section, these
numbers c,, 3; and N; will be used without any further reference.

Lemma 4.2. Let o > —1. For z1, 22, 23, z4 € D, assume the following:

(1) ‘ZJ‘ S |Z1|f0rj = 27 37 4;

(11) ﬁl < p(zla Zj)forj = 27 37 4.
Then the estimate

1Gllaz = Q1 ~ Q2 = [ Kz [ a2
holds; the constants suppressed above are absolute.
Proof. Using (i) and (ii), we obtain by (2.7) and (2.1)
4

G(z G(z a
Sl 6l 5 S oyt

HKZ1H,24§ j=2

N | =

the last inequality holds by (4.11). So, we obtain by (2.5)

G (21)]
1G4z >
T K a2
Meanwhile, it is clear by (i) and (2.7) that

1Gllaz < Q5 < 4K a2 (4.17)

1
> §HKz1HAg~

for j =1, 2. So, the proof is complete. U

Lemma 4.3. Let o > —1. For z1, 22, 23, 24 € D, assume the following:
(i) 2N1(1 — |21]?) < land |zj| < |z1|forj = 2,3,4;
(i) p(21,21) < Bu;
(iii) either one of the following holds;
(iii-a) B2 < p(21,22) < p(21, 23).
(ifi-b) p(z1,22) < B1 and By < plz1, 23).
Then the estimate
1Gllaz = Q1 ~ Q2 ~ || Kz, || az

holds; the constants suppressed above depend only on «.
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23
Proof. Throughout the proof, we use the notation
bi=(21)n = [1 = Ni(1 = |1?)] 2 (4.18)
for simplicity. As in the proof of Lemma 4.2, it suffices to establish
HGHAg > CHKm ”AZ (4.19)

for some constant C' = C'(«) > 0.
To begin with, we note

(1— 22 |G)

> . by (2.5

Kalie GO
a . by (4.1) and (4.2
20T Mlappe? [K,p) YEDadE)
Kalle  1GO)

> a . 4.20

= @V K () (+:20
In addition, we note

G K0)| |Ka() | K.(0)
K, ()]~ ‘“ K., ’ NON Kzl(b)’
3 KZQ 23<> |
25 ‘ Ko (b))’ (2D

the second inequality holds by (4.12) and Lemma 4.1(a).

To estimate the quantity in (4.21), we first consider the case (iii-a). Note from
(4.13)

\/1—p(zl,zj) \/1—52 1 |b]

< —= 4.22)
p(z1,25) 5o 4N7 NY
for j = 2, 3; recall |b| > % for the last inequality. Thus we have by Lemma 4.1(b)
KZQ(b) 4(D) ‘ K,, b)‘ N ‘KZ3 ‘
K () | K., 0) (0)
24«
i le/ 2’1, ZJ)
=2 ‘b’p 215 Z]
4N1 /71 — 62 24«
S20 | ——F5—
B2
<L (4.23)
_— 4 .

the last inequality holds by (4.15). Combining this with (4.20) and (4.21), we
obtain

5 HKZ1 HA2
G e

161 > § - oy
and thus conclude (4.19) for the case (iii-a).
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We now consider the case (iii-b). Note that (4 22) is still valid for j = 3. Thus

Kz3 ‘
We also have by Lemma 4. l(a)
KZQ N 1‘ <eu plar,z0) 1.
Ni(1—p1) — 4
the last inequality holds by (4. 12). It follows that
Kall)  KalO) oy |l Ea0) 11
K, (b) K, (b) K., (0)| — 8
Combining this with (4.20) and (4.21), we obtain
1 HKzl ”A2
G LA Ay
161 > § - Gxyee
and thus conclude (4.19) for the case (iii-b). The proof is complete. O

Lemma 4.4. Let o > —1. For z1, 22, z3, 24 € D, assume the following:
(i) 2N1(1 — |z1/?) < 1 and |zj| < |z1| for j = 2,3,4;
(i) p(z1,22) < Bus
(iii) B2 < p(z1,25) for j = 3,4.
Then the estimate
[Gllaz ~ min{@1, Q2}

holds; the constants suppressed above depend only on a.

Proof. As in the proof of Lemma 4.2, it suffices to establish

|Gl 42 > Cmin{Q1, Q2} (4.24)
for some constant C' = C'(a, N) = C(«) > 0.
If
HKZ1 - KZQHA?I < } or ||K2’1 - Kzz”Ag > 9,
1Ky = Koy llag — 2 Koy = Kyl a2

then we have

Q1

HKZI - KZzHAg - HKzs - KZ4HA,2), < HGHA?! < Q2

and thus (4.24) holds with C' = %
We now assume

K., — K
H 21 ZzHAa <9 (4.25)
HKZ3 - KZ4HA3
for the rest of the proof. By symmetry we may further assume
EARSE (4.26)

for the rest of the proof. Setting
M := max{N*T NS}
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for short, we consider the following three subcases:

(@) plzs,24) < B and 1231 2 _
zZ3, 2. )
P\Z3;%24) = P1 1|z =
1-— |2:3‘2
() p(z3,24) < 1 and T=|mP > M;

(©) p(z3,24) > Pr.
For the rest of the proof, we keep using the notation specified in (4.18).

Case (a): Since

1 p 2\ 2+«
Ka] = Kalen) (20) <22
‘1 — 24[)’ «
and 1_3
M? < _717
T V1=
we obtain by Lemma 4.1(c)
Kz (b)
K 0) - )] = 1= 220 10
1/2
1=
o) (Y00 ) Il
1—p a
p(23, 24)
< PE 2 g 1K L
recall |z4| < |z1| for the last inequality. Meanwhile, since
[vien ¥
’Kzl (b)’ > (2N1)a+2
by (4.1), we note from (4.12) and Lemma 4.1(a) that
K, (b)
K 0) ~ Ka0)] = 1 0] 1= 225
p(z1, 2’2)
> WHK%”?%' (4.27)

Combining these observations and using M > N f‘+4, we obtain
|G(b)| > ’Kz1 (b) - Kzz(b)| - |Kz3 (b) - Kz4(b)|

1 a2

C
2 e Kl = ot | 628

where C' > 0 is a constant depending only on «. In addition, we have by (i) and
(2.8)

,0(21, zQ)HKZ1 HA% ~ HKZ1 - KZ2HA§'
Similarly, by (4.26) and (2.3), we have

p(z3, 2a) | Kz, || a2 = 1Kz — Koyl a2
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The constants suppressed so far depend only on « (and 31). Inserting these esti-
mates into (4.28), we obtain by (2.5) and (4.2)

IGllaz > (1 = |21[*)* >+ |G (D))

Cl CQ

> ok (150 = Kallag = P10~ Kol )
1 20,

> i (1252 ) 1 — g

where C; and C are positive constants depending only on «. Accordingly, choos-
ing N1 with

Ny > 405, (4.29)

we obtain
Cl Cl

Q2= [|Gllaz 2 W’\Kzl — Kollaz 2 GTlaJrngé

the last inequality holds by (4.25). So, we conclude (4.24) for Case (a).
Case (b): Using the elementary inequality (see, for example, [2, Lemma 3.2])
1 1 1 1
- <ds—dl| ¥
(1= A-=9° (I—gprt (1= fehr+t

valid for all £, € D and t > 0, we obtain

|23 — 24
|K.,(b) — K., (b)| < [ = [z "8 (recall |z4] < |23])
o p(23724) =
= A= [ B

p(23,24) 1— |23

: by (2.4
T (1 =zt 1P y (2.4)
1 p(z3, 24)
= ' : 4.30
1— 81 (1—|z3)2)at2 (4.30)
In addition, we have by (2.7) and the second condition in (b)
1 1— ’271|2 a/2+1
- K K.
(1 — [2)2)F2 (1 — |z [z (a2 [ B |2
< HKleAa”KZ‘gHA%
- N13(a+2)

[ Bz [z ([ F s || a2
< R
4 b
Nt

we have used o > —1 for the last inequality. Inserting this into (4.30), we obtain

ot < P e g Ky
| Z3( )7 24( )|N Nfé+4(1—51> )
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the constant suppressed here depends only on . Note that (4.27) is still valid. So,
combining the above with (4.27), we obtain

‘G(b)| > |Kz1 (b) - KZ2 (b)’ - |Kz3(b) - Kz4(b)‘

1521 [l a2 C
2 N1a+3 [ﬂ(21,22)IIKZ1\|Ag]\Mp(%zﬁ;)ll&g\lﬁ

for some constant C' > 0 depending only on «.. Thus, proceeding as in the proof
of Case (a), we obtain

Cs Cy
161 > 5o (1= ) Ve — Kl

where C5 and Cy are positive constants depending only on «.. Accordingly, choos-
ing N7 with

2Cy
Ny > , 4.31)
L1
we obtain
OF
Q2 2 |Gllaz = WQl
as in the proof of Case (a). So, we conclude (4.24) for Case (b).
Case (c): Taking jo € {3,4} such that
max {| Kz, (0)], | K2, (0)[} = | K, ()],
we claim
2\ /241 c
(1 —1[p[%) ey O < g 1K Lz (4.32)
1

for some constant C' = C'(«) > 0. To see this we consider two subcases

- 1
1*|ZJ'0| N ]Vl6

1-— ’Zjo|

—__ ol « N6,
1—p =1

(c1): and (c2):

In case of (c1), we have

(

1_ b a/2+1 Kz~ b <
(1= 2 i, 0] < e

1—- ‘Zj0|
< 71 K :
~ Nf(a+2) H ZSHAa’

recall |z4]| < |23/ for the second inequality. Since o« > —1, this yields (4.32). In
case of (c2), we note from (iii) and (4.13)

N 1_[)(21’2]'0) <4N1\/1_62 <i_
b p(21, 2j, ) - B2 - NY’
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recall |b| > % for the second inequality. It follows from Lemma 4.1(b) that

a+2
o ~ Nf(a+2) - Nf(a+2) 1— ‘b’
‘We thus obtain
1 1— ‘Z‘ ’ a/2+1 1
(1= o)/ ., (b)) < ()
jo N16(O¢+2) 1—|b| (1— ‘Zj0|)oz/2+1
KL
~ N3(a+2)

1

and thus conclude (4.32) as above.
Now, noting that (4.27) is still valid, we have by (2.5), (4.2) and (4.32)

1G4z = (1 = b*)*/2HG ()]
> (1= |21 )* 2K, (b) = Koy (0)] = 2(1 — [0/ | K, (b))

K 2] a2
Ny

p(z1, 22) | Kz [l az = € (4.33)

>
~ th-i-?)
for some constant C' = C'(«) > 0. In connection with this, we recall from (2.8)
and (2.3) (recall |z2| < |z1| and |z4] < |23])
P21, 22) | Koy [z, = (1K) = Kooy [lag ~ 1Ky — Koyllaz = ([ K a2
which, in turn, yields
p(z1, 22) |z [ 4z, = Q1 = ([ K| a2 -

The constants suppressed so far depend only on . Thus, combining the above
with (4.33), we obtain

Cs Cs
160 = 15 (1- 5 ) @

where C5 and C are positive constants depending only on «. Accordingly, choos-
ing N1 with

N1 > 2C%, (4.34)
we obtain
Cs
Q2 > HGHAg > WQL
So, we conclude (4.24), as required. This completes the proof for Case (c) and thus
the proof of the lemma. U

Lemma 4.5. Let o > —1. For 21, 29, 23, 24 € D, assume the following:
(i) 2N1(1 — |21?) < 1l and |zj| < |z1| forj = 2,3,4;
(i) p(21,22) < Bu;
(iii) p(z1,23) < B1and o < p(21, 24).
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Then the estimate
[Gllaz = Q1= Qo ~ || K2 || a2

holds; the constants suppressed above depend only on a.

Proof. We keep using the notation (4.18). Using (4.12), we obtain by Lemma
4.1(a)

1— sz (b) Ca
Kz ()|~ Ni(1 = 1)
for 7 = 2, 3. Meanwhile, using (4.13) and (4.15), we obtain by Lemma 4.1(b)
KZ4
4N1
It follows that
Ko (b)  Ky(0)| KL, (0)]
6o > 100 (|1 - 5240 - 20|
' K. (0) K, (0)] KL ()]
Ko, (b) Ko, (0) | |KL,(0)]
Z\Kz(b)\<1—'1— 2 ‘—‘1— 3 — 4
' K, (b) Ko (0)] K (b)]
HKZ1H,243 {1 2Cq, 1
- (N1+1)O‘+2 Nl(l—ﬁl) 4Ny
Hence, taking N7 with
2¢q 1 1
+ <=, 4.35
N1(1 — ﬂl) -2 ( )
we obtain by (2.5) and (4.2)
1K 1] a2
> (1 — [p|2)L+e/2 1
G > (1= B IG0) > g
By this and (4.17) we conclude the lemma. The proof is complete. U

Having established Lemmas 4.2-4.5, we now proceed to obtain optimal ratio
estimates for the remaining case, which are not covered by Theorem 3.5.

Theorem 4.6. Let o > —1. For z1, 20, 23, 24 € D, assume

By < 1<m<ax< p(zi, 2f) (4.36)

and
(1 -5 < = 437)
1r<ng124 “ 2Ny’ ’

Then the inequalities

Cmin{Q1, @2} < |Gl 42 < min{Q1, Q2}
hold for some constant C' = C(a) > 0.
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Proof. The roles of z; and z,4 are the same and the roles of z5 and z3 are the same
for the estimate of ||G||42. Moreover, the roles of {1,241} and {22, 23} can be
interchanged by taking —G. Therefore, we may assume

221?§><4|Zj| <la| and p(z1,22) < p(21, 23).

Note 2N5(1 — |21]?) < 1 by (4.37). We have

Cmin{Q1, @2} < [|Gllaz < min{Q1, Q2}; (4.38)

for some constant C' = C(51, N1, B2) = C(a) > 0 in the following four cases:
(a) 2211]1%14 p(z1,z;) > B1 (by Lemma 4.2);

(0) p(z1,24) < B1, p(z1,22) ¢ [B1,B2] and B2 < p(z1, z3) (by Lemma 4.3);
(©) p(z1,22) < Brand By < min p(z1,zj) (by Lemma 4.4);
J: b

(d) max p(z1,2j) < f1and fz < p(z1, z1) (by Lemma 4.5).
J=4

Recalling that tanh ™! p is the well-known hyperbolic distance on D, we have by
the triangle inequality
-1 )< -1 Y
| nax tanh™" p(z;,25) < 2 Joax, tanh™" p(21, 25)
Thus, we see from (4.16) and (4.36) that
< i)
Py < ;gjé@p(m,zg)

So, one may check that the following three cases are missing in the four cases listed
above:

(b1) p(z1,24) < B1 < p(21,22) < Boand B3 < p(21, 23);

(cl) p(z1,22) < B1 < p(21,24) < P2 and B3 < p(z1, 23);

(c2) p(z1,22) < B1 < p(21,23) < P2 and B3 < p(z1, 24).
Note that Cases (bl) and (c1) reduce to Case (b) with (32, 83) in place of (81, 52).
Case (c2) reduces Case (d) in the similar way. The proof is complete. O

5. HILBERT-SCHMIDT DOUBLE DIFFERENCES

In this section, applying the optimal ratio estimates established in the previous
two sections, we prove Theorem 1.1. We also provide explicit examples demon-
strating that the rigid phenomenon for compactness mentioned in the Introduction
is no longer available for Hilbert-Schmidtness.

In the proof below we will use the auxiliary sets I'; given by

Iy := {z eD: 11;1%14(1 —|pi(2)]) < t}

for 0 < t < 1. Also, we continue using auxiliary numbers specified in Section 4.
Proof of Theorem 1.1. Put sy = so(«) := 4. For s € (sg,1), letr = r(s) > 0

be a number provided by Theorem 3.5. Pick a sufficiently small ¢t = ¢(a, s) > 0
with the following two properties:

(i) t < min{zy, 5}
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(ii) p(a,b) > s whenever 1 — |a| < tand 1 — |b] > 7.
Note from (2.10)

sy = [+ [+ [ I 4.
D\Ft Ft\ﬂs TN

where K := K, — K, — K, + K,. First, note from (i) that Theorem 4.6 holds
with 2t in place of ﬁ Thus we see from Theorem 4.6 and (2.8)

IK|| 42 ~ min{R1, Ra} on Ty \ Q.

Next, note from (ii) that 1 — |¢;(2)| < r for all j and z € I';y N §25. Thus we see
from Theorem 3.5

| K[[42 = R3 on I'yNQs.

The constants suppressed so far depend only on v, s and ¢. Finally, since ¢;(D\I'¢)
is contained in the closed disk D;_+(0) for each j, it is clear that the integrals over
D\ T of HKH?43 (min{ Ry, R2})? and R3 are all finite. So, we conclude the first
part of the theorem.

Now assume 7 = (4 so that R} = Ry =: R. Note

R = (p12 + p13)| Ko [l az + p12l| Ko llaz + pral| Kpg | az - (5.1
Also, note by Theorem 3.7
Ry~ Rz on I'; NQy;

the constants suppressed in this estimate depend only «, s and ¢. Thus, as in the
proof of the first part, it suffices to show that

3
Rim) |Kglaz =R on D\ Qy (52)
j=1
the constants suppressed in this estimate depend only « and s. Since
s
p12 + p13 > max{piz, p13} > 5 onD \ s, (5.3)
the first estimate in (5.2) is clear. To see the second estimate, consider arbitrary

z € D\ Q. Using the inequality in (5.3), we may assume pi12(z) < pi3(z) by
symmetry so that p13(z) > 5. If p12(2) > 3, then it is clear from (5.1) that

3
R~ S 1K oz,
7=1

If p12(2) < 3. then we also have the same estimate by (5.1), (2.3) and (2.7).

Accordingly, we conclude the second estimate in (5.2). The proof is complete. [
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Remark 5.1. When (1.2) holds, closely looking at the proof of Theorem 1.1, one
may obtain the norm estimate

T sy~ | 1K1 dda
D\

Iy
+/ (min{Ry, Ry})? dAa+/ R2dA,.
Ft\QS thQS

Here, we use the same notation introduced in the proof of Theorem 1.1. Similarly,
when (1.3) holds, one may obtain the norm estimate

TATReS / IKI%; dAa + [ R3dA,.
D\Ft Ft

The constants suppressed in these norm estimates depend only on «, s and .

As is mentioned in the Introduction, non-compact differences of composition
operators cannot form a compact linear combination, when coefficients in that com-
bination satisfy CNC. In the next two examples we will exhibit explicit examples
demonstrating that such a rigid phenomenon for compact combinations does not
extend to Hilbert-Schmidt combinations. We take o« = 0 for simplicity. Recall
A?(D) = A3(D).

Example 5.2. Let 1 <6 < 1and 0 < e < 5. For p1(2) := =L, put
244

w2 =1 +e(l—91)*" and p3:=p1 — (1 — 1)

Put T := 2Ty — Ty — T3 where T := C,. Then the following assertions hold on
A%(D):
(a) T1 — 15 and T — T3 are not Hilbert-Schmidt;
(b) T is Hilbert-Schmidst.
Proof. To begin with, we note
1—|z?
- [P = - pa(a)? + L
and thus
- <l—@i <1— 1’ <2(1 - |p1]) (5.4)
for any § > 0. So, we obtain

[(1=le1]) = (@ = lp2])| < o1 — @2f < 26(1 = |g1])
and thus (recall 2¢ < 1)
1—[p1| =1 — g2l
In particular, 5 € S(D). We also note

6|1—g01|2+5 B |1_801‘2+6.
(1—|e1]?) 1 — €<p1(117‘?l)22+‘s L— g2
—I¥1

the last estimate holds by (5.4). Similarly, we have the same estimates with 3 in
place of .
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In summary, we have 3, p3 € S(D) and, in addition,

1— 244
1—|pjl~1—lp1| and pw‘Lﬂ onD (5.5)
1"@1’

for each j = 2, 3. This, together with (2.8), yields

1K i) = Koy la2 = p13(2) (IKops o La2 + 1K gL

=P
CPABIE
1 aP 4 Y2+
(1)

for z € D and j = 2,3. Here, z := Rez and y := Im z. For the last estimate

above, we used the inequality 5% < 1—|¢p1(2)|? < 1—xz. We note by elementary

calculus
4426 1
/ yzldA(z)%/ d7$3:oo;
p (1—2) 0 (1—2)27°

recall 6 < 1/2. Thus (a) holds by (2.9).
We now prove (b). Note

1= P10jl 1= lorf + el — [P
for j = 2, 3. So, since 21 = w2 + @3, we have

3 3 _ _
?1(1 —P19))
Zﬂ@l#’j) = 202(¢1,¢j)ﬁ by (3.27)
=2 =2 #1
3
€|1—901\2+‘5>
< p2‘(1+
jz:; Y 1— el

~ pia(z) + pis by (5.5)

and thus
3
Ry m (ply + pl3) 3 1K o)llaz ~ % by (5.5).
=1 (1= 1)
Now, since
Ri(z) ~ 11— o1(2)|"*H) ~ (1— )2+ 4 ﬂ
! (1—|ei1(2)])8 (1— )5
for z € D and
8+26 1
Y N dx
/D [ ap MA@ /0 [ gis < el s> 1/,

we conclude fD R2dA < oco. Thus (b) holds by Theorem 1.1. The proof is
complete. (|
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In fact Example 5.2 can be generalized to general linear combinations. To this
end we need the following lemma.

Lemma 5.3. Let o > —1and 0 < s < 1. Let n > 2 be a positive integer. Given
Z1y.0y2n € Dandcy,...,c, € C with Z?Zl ¢; = 0 and maxi<j<y |cj| = 1,
put

2 n k n
— “1 — 3 .
A= Z Z (7«“|2) and B := Zp (21, 2j).
=1 |j= Jj=2
Then there is a constant C' = C(«, s,n) > 0 such that

2j

<C(A+B ZHKZ | az
2
7j=1

whenever p(z1, z;) < s for all j.
Proof. Let z1,...,z, € D and consider cy,...,c, € C with Z?Zl cj = 0 and

maxi<j<n |cj| = 1. Assume p(z1, z;) < s for all j in the rest of the proof.
As in the proof of Lemma 3.5, we set

D
1—2zz1

f= chsz and f;(z) =
j=1

forj =1,...,n. We note

n

=K, (2)) —— 07 (5 (5.6)

j= 1
for z € D. Also, we note from (2.4)
2l — 2155 _ 2
1—|z1] “1-=s

1fi(2)] < p(21, 25) p(z1,2), z€D (57
for all j. In case p(z1,25) > % for some j, the desired estimate is trivial by the
triangle inequality. So, we may assume p(z1, z;) < 1% forall j so that | f;(2)| < 3
for all j and z € D. Thus, setting

_(a+2)(a+3)---(a+1+Ek)
Pr = il

fork=1,2,... and
oo
=> ",
k=3

we may represent the right hand side of (5.6) in the binomial series to obtain

Z()z Zpk’zcj f] ch f] (5.8)
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forall z € D;recall fi =0and 37, ¢; = 0. It follows that

2 n
|£€?l’)| <3 D ek +Z\h fi(2))| = I +1I;

k=1 |j7=2

recall |¢;| < 1. Itis clear that

<1+ a)?)

k=1 |j=

Since | f;(2)| < 3, we also have by (5.7)

2

H<er] P 5B

the constants suppressed above depend only on o and s. Combining these obser-
vations, we conclude the lemma. The proof is complete. U

The following example generalizes Example 5.2 to general linear combinations.

Example 5.4. Let <0< 5 and J be a set of finitely many real numbers con-

taining 0. For ¢o(z ) =z put

pp = o+ Be(l— o)™, BelJ
where € > 0 is chosen so that pg € S(D) forall 3 € J. Put Lg := Cy, and

L= Z cglg

BeJ
where cg’s are coefficients satisfying

Y g =) Beg=0 bur Y Bcs#0. (5.9)
BeJ BeJ BeJ

Then the following assertions hold on A?>(D):

(a) Lg — L is not Hilbert-Schmidt for all distinct 3,7y € J;
(b) L is Hilbert-Schmidt.

Proof. As in the proof of Example 5.2, we have

|1 — @o[*T

= lol
for all 3,7 € J with 8 # 0 and 3 # ~. Here, pg, := p(¢g, p~). Thus (a) holds
by the same proof of Example 5.2(a).

Pick s € (0,1) and choose t = t(s) € (0,1) as in the proof of Theorem 1.1.
Also, choose r = r(s) provided by Theorem 1.1. Shrinking r if necessary, we may
further assume that r plays the role of € in Lemma 5.3. Note that ¢3(2) tends to 1
as z — 1 for each 3. Also, note from (5.10) that pg.(z) and pog(z) tend to O as
z — 1 for all 8 and  under consideration. Thus, there is an open disk U centered

L—lpgl =1 —po| and pg, ~ pog ~ onD (5.10)
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at 1 such that U N D C I'y N Q. Accordingly, in order to prove (b), it suffices to
show
2

/ Y GK,,| dA<o (5.11)
UnD BeJ a2

by (2.9).
In order to see (5.11), put

= 26205 >0 and B::E:,o/%V

BeJ B<y

for short. Since » seg Beg = 0 by assumption, we note

ZZ% 500—806 Zcﬁ 800—806

77€2|1 _ 900|2(2+6)
(1= wol)?
~nB by (5.10) (5.12)

on D. Now, assuming maxg |cg| = 1 for simplicity and applying Lemma 5.3, we
obtain

NG| <SuBY 1Kl (5.13)
BeJ A2 BeJ

on I';y N Qg; the constant suppressed above depends only on s and the number of
elements of J. This implies (5.11) as in the proof of Example 5.2(b). Thus (b)
holds. The proof is complete. O

Remark 5.5. (1) In the notation of Example 5.4, we note that the operator con-
sidered in Example 5.2 is precisely 2Lg — L1 — L_;. More generally, double
differences of the form

Ly—Lg—L,+ Lgyy, with By #0 (5.14)
are covered by Example 5.4. Of course, one may find various examples of different
type. For example:
3Lo—Lg—L_~— Ly_g;
5Ly —2Lg — L 9y — 2L, _g;
5Lo—Ly—Ly—Lg—L_— L, g_3.

Except for a few exceptional choices of 5 and -y in each operator, one may check

that these operators are covered by Example 5.4. One may also check that these
operators satisfy CNC mentioned in the Introduction.
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(2) Note from (2.8), (2.10) and (4.10) that if
min{ Ry, R2} € L2 (D), (5.15)

then the corresponding double difference is Hilbert-Schmidt on A2 (D). So, one
may ask whether the converse also holds, or said differently, whether Condition
(1.2) can be reduced to Condition (5.15). The answer is no. To see it, closely look
at the proofs of Example 5.2(a) and Example 5.4(a) (for the operators as in (5.14)).

6. REMARKS

Recently, study of composition operators on vector-valued holomorphic func-
tions has been of growing interest. In this section we consider general linear com-
binations of composition operators, as well as related operators, and notice some
remarks on the Hilbert-Schmidtness of such operators. Our results involve com-
position operators between certain vector-valued weighted Bergman spaces which
are described below.

Given a (complex) Banach space X, let H(D, X) be the class of all X-valued
holomorphic functions on D. For o > —1, we denote by A% (D, X) the strong
X-valued a-weighted Bergman space consisting of all functions g € H (D, X) for
which

1/2
l9llaz ox) ::{ /| Hg(z)H?dia(z)} < o0

where || - || x denotes the norm on X. We also denote by wA? (D, X) the weak
X -valued a-weighted Bergman space consisting of all functions g € H(D, X)) for
which
9llwaz,x) == sup [[z" ogaz < 0.
T*EBx*
Here, X ™ is the dual space of X and Bx~ is the closed unit ball of X*.

The notion of composition operators naturally extends to the vector-valued set-
ting. To be more precise, we note g o ¢ € H(D,X) for all ¢ € S(D) and
g € H(D, X). We will use the same notation C, to denote the composition oper-
ator g — g o @ for g € H(D, X). With this convention we have

" (Cpg) =" 0ogop = Cy(x* og) (6.1)

forz* € X*andg € H(D, X).

We now recall the well-known notion of order-boundedness which is closely
related to the Hilbert-Schmidtness. Let X be a Banach space and p be a positive
finite Borel measure on D. A linear operator S : X — L?(u) is called order-
bounded if there exists a nonnegative h € L?(y) such that |Sg| < h [u]-a.e. for
each g in the closed unit ball of X; we refer to [6, Chapters 4-5] for more general
approach to order-boundedness and related facts. We recall the following well-
known result for a linear operator S : L?(u) — L?(p):

S is Hilbert-Schmidt iff it is order-bounded, (6.2)
see [8, Page 226].
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In what follows, we say that a linear operator S : A2(D) — A2(D) is order-
bounded if S : A%2(D) — L2 (D) is order-bounded. Recall L2 (D) := L?(D, A,).
The following is an easy consequence of (6.2).

Corollary 6.1. Let o > —1 and S be a linear operator on A%(D). Then S is
Hilbert-Schmidt iff it is order-bounded.

Proof. Let P : L2(D) — A2Z(D) be the Hilbert-space orthogonal projection.
Regard the operator SP acting from L2 (D) into itself. Then it is not hard to
verify that S P is Hilbert-Schmidt(order-bounded, resp) on L2 (D) iff S is Hilbert-
Schmidt(order-bounded, resp) on A2 (D). Thus the corollary holds by (6.2). O

Laitila, Tylli and Wang [10] first investigated the boundedness of composition
operators in the setting of the vector-valued Bergman spaces, revealing that the
spaces A% (D, X) and wA2 (D, X) are quite different for any infinite-dimensional
Banach space X. They noticed an interesting result (see [10, Theorem 3.2]): The
boundedness of composition operators acting from weak to strong vector-valued
weighted Bergman spaces is equivalent to their Hilbert-Schmidtness (or equiva-
lently, to the order-boundedness by Corollary 6.1) on the corresponding scalar-
valued weighted Bergman spaces.

Inspired by the ideas of [10], Guo and Wang extended the aforementioned result
of Laitila-Tylli-Wang to the difference of composition operators; see [7, Corollary
3.5]. Such a result actually extends to general linear combinations of composition
operators as in the next theorem.

Theorem 6.2. Let o > —1 and X be an infinite-dimensional Banach space. Let T’
be a linear combination of composition operators. Then the following assertions
are equivalent:

(a) T : A%2(D) — A2(D) is Hilbert-Schmidt/order-bounded;

(b) T :wA2(D, X) — A%2(D, X) is bounded.

Proof. First, we prove that (a) implies (b). So, assume (a). By Corollary 6.1 we
may assume that 7 : A2(D) — A2(D) is order-bounded. Pick a nonnegative
h € L (D) such that |Tf| < hl| f]| 42 almost everywhere on D forall f € A%(D).
We will complete the proof by showing

1T]waz (D, x)—42@,x) < Pllz2; (6.3)
the left-hand side denotes the operator norm of 7' : wA2(D, X) — A2(D, X).
Consider arbitrary g € wA2(D, X). Let 2* € Bx«. Note z* o g € A%(D)
by definition of the space wA2 (D, X). Using the aforementioned property of the
function A, we also note
ITg(2)llx = sup [a"[Tg(2)]|
QJ*EBX*

= sup [T(z"og)(z)| by(6.D)

CE*GBx*
<h(z) sup |z%ogllaz

< h(2)|9llwaz (D, x)
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for almost every z € D. We thus obtain

17913 o) = /D IT9(=) 1% dAa(z) < 11122 1912 42 (D1

Since this holds for arbitrary g € wA2 (D, X), we conclude (6.3), as desired.
Now, we prove that (b) implies (a). So, assume (b). By Corollary 6.1, it suffices
to show

1T rs a2 )y < IT1% 42 (D, 30042 (D, x)- (6.4)
In order to prove this, one may modify in a straightforward way the proof of the
implication (a) = (h) in [7, Theorem 4.3] based on Dvoretzky’s Theorem and
obtain

R — )
1714200, 30 42030 2 s 2 [ 1Tl e
(1+e? = Jp
1 2
(1+6)2HT||HS(A3)

for arbitrary € > 0 where wy, is the A2-normalized monomial of degree k. Thus
we conclude (6.4), as desired. The proof is complete. (|

Let u € H(D) and ¢ € S(D). For a non-negative integer n, the weighted
differentiation composition operator Dy, , (with weight v and symbol ¢) is defined
as

Dy f=u-(fMop), [feHD).
Givenu; € H(D) and p; € S(D) for j =0,1,...,n, put
n
we =Y Dl . (6.5)
j=0
In the setting of the weighted Bergman spaces, the order-boundedness of these

operators has been recently characterized by Acharyya and Ferguson [1]. We may
extend their result to the vector-valued setting as in the next theorem.

Theorem 6.3. Let o > —1 and X be an infinite-dimensional Banach space. Given
a positive integer n, let T} 5 be the operator given in (6.5). Then the following
assertions are equivalent:

(@ Tig: A2 (D) — A2(D) is Hilbert-Schmidt/order-bounded;

(b) T} 5 : wA%(D, X) — AZ(D, X) is bounded;

(©) D, : A2(D) — AZ(D) is Hilbert-Schmidi/order-bounded for each j;
(d) Dl p; : wAZ(D, X) — AZ(D, X) is bounded for each j;

(e) u; and @; satisfy

|uj’2 dA, < >
b (1 — [p;]2)a+2+2] o

for each j.
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Proof. For the Hilbert-Schmidtness, the equivalence of (a), (c) and (e) is due to
Acharyya and Ferguson [1, Theorem 1]. So, we deduce from Corollary 6.1 the
equivalences (a) <= (c) <= (e). The implication (d) = (b) is trivial. Follow-
ing the argument in the second part of the proof of Theorem 6.2, one may derive
the implication (b) => (a). Now, in order to complete the proof, we show below
the implication (e) = (d).
Fix j and consider an arbitrary g € wA? (D, X). For z € D, note
199G = sup 2" [gV(2)]| = sup [(@ o g)(2)].
T*EBx*

T*EBx*

In addition, by the Cauchy Estimates based on (2.5), we have

* 2 2
o)t g 29 9l 0,
e e (e e A

for z* € Bx~. It follows that

102 0,9 iz ) = [ 19 00) sl

< ol ] e e

~ 91lwA2 (D, x) — | [2)ot2F2i ’

As a consequence, we conclude that (e) 1mphes (d). The proof is complete. (]
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