COMPOSITION OPERATORS ON SMALL SPACES

BOO RIM CHOE, HYUNGWOON KOO, AND WAYNE SMITH

ABSTRACT. We show that if a small holomorphic Sobolev space on the unit
disk is not just small but very small, then a trivial necessary condition is
also sufficient for a composition operator to be bounded. A similar result for
holomorphic Lipschitz spaces is also obtained. These results may be viewed as
boundedness analogues of Shapiro’s theorem concerning compact composition
operators on small spaces. We also prove the converse of Shapiro’s theorem if
the symbol function is already contained in the space under consideration. In
the course of the proofs we characterize the bounded composition operators
on the Zygmund class. Also, as a by-product of our arguments, we show that
small holomorphic Sobolev spaces are algebras.

1. INTRODUCTION

Throughout the paper ¢ denotes a nonconstant holomorphic self-map of the unit
disk D in the complex plane C. Associated with ¢ is the composition operator C,
defined by

Cof =Ffop
for f € H(D), the space of all functions holomorphic on D. It is clear that C,
takes H(D) into itself.

The main subject in the study of composition operators is to describe operator
theoretic properties of C,, in terms of function theoretic properties of ¢. A recent
book [3] of Cowen and MacCluer is a good reference for the theory of composition
operators. In the present paper we are mainly concerned about composition opera-
tors on holomorphic Sobolev spaces Af,  defined in terms of fractional derivatives.
We will define these spaces and briefly review their basic properties in Section 3.
Also, we refer to Section 3 for definitions of the well-known weighted Bergman
spaces AP and the Hardy spaces H? = A ,.

By the equivalence property (3.3) below, we have A, & ~ Ag_sp for sp < a4 1.
It is a well-known consequence of Littlewood’s Subordination Principle that every
composition operator is bounded on AP, for every p > 0 and a > —1. So, every
composition operator is bounded on A} ;. whenever sp < o+ 1. This boundedness
property extends to parameters p > 2, s > 0 and a > —1 with sp = a+1. Moreover,
for parameters other than those mentioned above, some composition operators fail
to be bounded on AL, .. These are recent results of the authors [2].

For the boundedness of composition operators and other related properties, ex-
tensive study in special cases such as weighted Hardy spaces Ai)s and Dirichlet-type
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spaces AZJ has already been done; see [3]. However, characterizing when a compo-
sition operator is bounded on general A%, | is wide open. The authors [2] tried such
a general approach and obtained various partial results concerning boundedness.
Roughly speaking, parameters there are restricted at most to sp < o+ 2 + p.

A main motivation for the present paper is a result of J. H. Shapiro [12] (also,
Theorem 4.5 of [3]) asserting that the condition ||p||,, < 1 is necessary for C, to
be compact on a “suitably small” Banach space. In [12] four axioms are required
for suitably small spaces; two are minimal axioms concerning norm naturality and
nontriviality of the spaces. The other two axioms are those which control the size
of the spaces. That is, suitably small spaces are small by the boundary regularity
axiom (continuous extension property up to the boundary), but not “too small” by
the automorphism-invariance axiom. See [12] or [3] for details.

We want to apply Shapiro’s result to the spaces AL , even when 0 < p < 1
and A?, _ is not a Banach space. In this case, however, the functional || - Hig isa
p-norm on AL , meaning that it is subadditive and homogeneous of order p, and
the induced metric is complete. Even though the result in [12] mentioned in the
previous paragraph is stated for Banach spaces, it remains valid in the context of
p-Banach spaces with the same proof. What needs to be observed is that the tools
used in [12], such as the Closed Graph Theorem and the spectral radius formula,
are valid in the p-Banach space setting; see [6, Satz 5.7], [14] and [11, Chapter IV].
We are grateful to Joel Shapiro for discussions regarding this material.

The spaces AL, ; in general satisfy all the axioms from [12] except the boundary
regularity axiom; see the remark after (3.2) below for the automorphism-invariance.
So, AP, _ is a suitably small space if and only if A? _ is contained in C'(D). Based on
the Sobolev-type embedding theorem (3.6) and the Privalov theorem (3.8) below,
the parameter range that ensures boundary regularity is as follows:

either ® sp>a+2;

1.1
or e sp=a+2, 0<p<LIl (1.1)

We write (s,p,«) € R when (1.1) is satisfied. Thus, when restricted to holomorphic
Sobolev spaces, Shapiro’s result is as follows.

Theorem 1.1 (Shapiro). Suppose (s,p,a) € R. If C, is compact on AL, ., then
el < 1.

Recall that when sp > « + 1, some composition operators are not bounded on
AP .. The reason is very simple; the proof of Theorem 4.4 of [2] shows that there
exists p ¢ AL .. Moreover, our example in Section 4 shows that some ¢ € Af
fail to induce a bounded composition operator on A? ; even for sp > « + 2. This
demonstrates that some suitably small spaces are too large for ¢ in that space to
induce a bounded composition operator.

Thus, in view of general philosophy underlying Theorem 1.1, one may expect
(as we do) that if a small space X is not just suitably small but “very small”, then
the trivial necessary condition ¢ = C,z € X would be also sufficient for C, to be
bounded. Positive evidence for such an insight comes from a result of Zorboska
[15], who worked on weighted Hardy spaces. Here, H? = A%, _.

Theorem 1.2 (Zorboska). Assume s > 3. Then C,, is bounded on H? if and
only if o € H2.
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Note that H2 C A,_, /2 by (3.6) below. Here, A, denotes a holomorphic Lipschitz
space of order a > 0 described in Section 2. So, when s > %, the space H? is not
just a suitably small space, but also has additional boundary smoothness of order
at least 1, which suggests a plausible condition for very small spaces. The following
result on such holomorphic Lipschitz spaces themselves provides another positive
evidence.

Theorem 1.3. Let a > 1. Then C, is bounded on A, if and only if ¢ € A,.

The embedding theorems (3.6) and (3.8) below indicate that the parameter range
that ensures the boundary smoothness of order at least 1 is precisely (s —1,p, ) €
R. Thus, we are eventually led to the following result for holomorphic Sobolev
spaces. Our proof actually gives a bit more; see Theorem 3.3.

Theorem 1.4. Suppose (s —1,p,a) € R and assume that s is a positive integer if
a=—1. Then Cy, is bounded on A%, . if and only if ¢ € AP, ..

a,s

It would be quite surprising if Theorem 1.4 would fail to hold for some fractional
s in case a = —1. But, we do not have a proof. The difficulty is that we cannot use
(3.3) below (unless p = 2) to get an isomorphism with a space of functions defined
in terms of full derivatives.

An example will be presented in Section 4 showing that in Theorem 1.4 the
restriction on the parameters is sharp. However, the less restrictive condition sp >
a + 2 in Theorem 1.1 suggests that a version of Theorem 1.4 with “bounded”
replaced by “compact” may be valid for this greater range of parameters. This, as
well as the Lipschitz analogue, turns out to be correct.

Theorem 1.5. Let a > 0. Then C, is compact on A, if and only if p € A, and
[leplloo < 1.

Theorem 1.6. Suppose (s,p,«) € R and assume that s is a positive integer if
a = —1. Then C, is compact on A?, , if and only if p € AP _ and [|p]| < 1.

a,s a,s

As in the case of the boundedness result, this again recovers a result of Zorboska
[15] for weighted Hardy spaces H?2. The sufficiency of the above theorem, which is
our contribution, is actually true for sp > a + p; see Theorem 3.7.

Section 2 is devoted to the study of holomorphic Lipschitz spaces. We prove
Theorem 1.3 and Theorem 1.5. In the course of the proof, we obtain the char-
acterization of bounded composition operators on the Zygmund class (Theorem
2.2). Section 3 is devoted to the study of holomorphic Sobolev spaces. We prove
strengthened versions of Theorem 1.4 and Theorem 1.6; see Theorem 3.3 and The-
orem 3.7 respectively. As a by-product of our proofs, we show that holomorphic
Sobolev spaces with parameters in R are algebras; see Theorem 3.5. Finally, in
Section 4, we construct various examples showing that our results are sharp in the
sense that the range of parameters cannot be improved.

2. LIPSCHITZ SPACES

We recall well known holomorphic Lipschitz spaces. For 0 < e < 1, we let A,
denote the space of all f € H(D) N C(D) such that
£ (z) = f(w)]

||f’|AfSUI>7|Z_w|E < o0 (2.1)
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where the supremum is taken over all z,w € 9D, z # w. For € = 1, we let A;
denote the space of all f € H(D) N C(D) such that

||fHA1: sup |f () 4+ f(e;:e_h)) —2f(e)] < 0

where the supremum is taken over all ¢’ € 9D and h > 0. Of course, these are
semi-norms since they do not distinguish between functions differing by a constant
(0 < € < 1) or by a linear polynomial (¢ = 1). As usual, they may be made
into norms by adding | f(0)| or |f(0)] 4+ |f'(0)]. All of our results are valid for the
normed spaces, though we will continue to work with the semi-norms to simplify
our exposition.

Comparing with the Lipschitz space Lip; corresponding to e = 1 in (2.1), we
have Lip; C A;. The notion of holomorphic Lipschitz spaces extends to arbitrary
order in a standard way. For a positive integer n and 0 < € < 1, we let A, 4. denote
the space of all f € H(D)NC™(D) such that f(™ € A.; the semi-norm of f € A,
is given by

111, = 171

A AL (2.2)

There are two classical results characterizing these spaces in terms of the growth
rate of derivatives. The first one, due to Hardy and Littlewood, is the characteri-
zation of A, 0 < e < 1:

£~ sup = )"~ (2)] (2.3)

for f € H(D). See Theorem 5.1 of [4] or Theorem 4.1 of [3]. Here and below we
use the abbreviated notation A < B to mean A < C'B for some inessential constant
C>0,and A~ Bif ASB<A.

The second one, due to Zygmund, is the characterization of Aj:

[ £1]4,% sup| £ (2)|(1 = [2]) (2.4)
zeD

for f € H(D). See Theorem 5.3 in [4]. For this reason, the space A; is often called
the Zygmund class. Note that we have by (2.4)

7 - P OIS Sl Jox (=) #eD 25

The following result is due to K. Madigan [10] (also, see Theorem 4.9 of [3]).

Lemma 2.1. Let 0 < e < 1. Then C, is bounded on A if and only if

/ 1- ‘Z| e
sup|¢(2)] (1 - Iso(Z)I) <00 (26)

Also, it is well known that C, is bounded on Lip, if and only if ¢’ € H>.
However, we are not aware of any published characterization of when a composition
operator is bounded on the Zygmund class. Here, we provide a characterization.
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For that purpose, consider the following three conditions on ¢:

wup 190 s (27)] () <o e

PRI _
T e 28)

2

jg}g l¢”(2)|(1 — |2]) log (1—|<p(z)|> < o0. (2.9)

We then have the following characterization.

Theorem 2.2. The following are equivalent:
(i) C, is bounded on A;.
(ii) (2.7) and (2.9) hold.
(iii) (2.8) and (2.9) hold.

Proof. We first prove the implication (i) = (ii). So, assume that C, is bounded
on A;. We then necessarily have ¢ € A; and thus

- S WElsos (). D @0

by (2.4) and (2.5). We now use test functions f¢ defined by

&=t KO=f0) =0, (eop.

It is clear that ch”m < 1 for any ¢ by (2.4). Thus, the boundedness of C,, on A;
yields || fe(¢)lla, S 1. Note fi(z) = log(1 — {z)~'. It follows from (2.5) and (2.4)
that
el @) S = el ()] S log (1= (211)
ey Sty ety Sl 77 :

for z € D and ¢ € 9D. Now, fix z and take ¢ such that (p(z) = |p(z)|. First, we
obtain from the second inequality in (2.11) that

|¢(2)] log (1190(2)|> < log (12|Z|> : (2.12)

which, together with (2.10), yields the estimate (2.7). Note that we have
Ll LLOF | 1+l0)
T eGP = = e~ L [20)

by the Schwarz-Pick lemma. Therefore7 it follows from (2.12) and (2.13) that

e {log (=) /o (=) } S e R

the second estimate used the elementary facts that h(z) = x[log(1/2)]? is an increas-

ing and concave function of = positive and small, so that h(z) < h(Cz) < Ch(x)
for C' > 1. We can now deduce from the first inequality in (2.11) and (2.14) that

) 1 /(= |1—|Z|)
- Btog (= ) S A 1S

(2.13)
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This, together with (2.10), completes the estimate (2.9).

The implication (ii) = (iii) was proved above in showing that (2.12) implies
(2.14).

Finally, we prove the implication (ili) = (i). So, assume that the conditions
(2.8) and (2.9) hold. Let f € A;. We wish to prove f(p) € A;. To this end, it is
sufficient to show that

Sgg’ )N (2)|(1 = |z]) < oo (2.15)

Note that ¢ € A; by (iii) and (2.4). Thus, we may assume f/(0) = 0. Therefore,
we have by (2.4) and (2.5)

£ O] < £ ()@ + 1F (2(2) || (2)]

5||f||m{ ’“"f;L e >|1°g<1—|1@<z>|>}

for z € D. This, together with (2.8) and (2.9), implies (2.15). The proof is complete.
]

In what follows, given a function space X C H(D), we let M(X) denote the
pointwise multiplier algebra of X. More explicitly, we let

M(X)={g9e HD): fge X for any f € X}.

The pointwise multiplier algebras of holomorphic Lipschitz spaces are easily iden-
tified. Note that the containment M(A,) C A, is clear. The converse containment
Ay C M(A,) is also immediate from (2.3) and (2.4). In summary we have

M(A) = Ay, a>0. (2.16)

We are now ready to prove Theorem 1.3 and Theorem 1.5. Here, we restate them
for convenience.

Theorem 2.3. Fora > 1, C, is bounded on A, if and only if ¢ € Aq. Fora >0,
Cy is compact on Aq if and only if ¢ € Ay and ||¢||s < 1.

Proof. First, we consider the boundedness. Since ¢ = Cy,z, the necessity is clear.
We now prove the sufficiency. So, assume ¢ € A,. First consider the case 1 < a < 2.
Note that ¢/ € C(D). By Lemma 2.1, we see that C,, is bounded on A,_; for
1 < a < 2. For a =2 we have ¢’ € A; and thus ¢” is at most of logarithmic growth
as in (2.5). So, we see from (2.13) that

1~ o () £ 0= kD e (12 } <1

for z € D. Meanwhile, since ¢’ € C(D), we have

' (2)P(A — |2])

<1 llos -
1—[p(2)| -

2, z€D (2.17)
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by the Schwarz-Pick lemma. It follows from Theorem 2.2 that C, is bounded on
A4 for a = 2. Accordingly, by (2.16), we obtain

LNy, = 1L @14,
S @A, e
S|
=[]

Aa—1

Aot | |90,‘ |Aa,1
¢l

Aq Ao

for each 1 < a < 2.

Now, we proceed by induction on the range of a. So, suppose the theorem is true
for n < a < n+1 for some integer n > 1. Consider the next range n+1 < a < n+2.
By induction hypothesis, C, is bounded on A,—;. Meanwhile, since ¢ € A,, we
have ¢ € Aq—1 = M(Ay—1) by (2.16). Thus, proceeding as above, we conclude
that Cy, is bounded on A, for n +1 < a < n + 2, as desired.

Next, we consider the compactness. As usual, the necessity of ¢ € A, comes
from the observation that ¢ = C,z, while the necessity of [|¢]lc < 1 is clear
since A, is a “suitably small” Banach space satisfying the four axioms required
for Shapiro’s theorem discussed in the Introduction. For the sufficiency, assume
v € Ay and ||¢|loc < 1. We first consider the case 0 < a < 1. Let {f,} be a
bounded sequence in A,. To see that C,, is compact on A,, we must show that
{C,fn} has a convergent subsequence. Now {f,} is a normal family on D, so
consider a normal limit f of some subsequence, which for convenience we continue
to denote by {f,}. It is easy to check that f € A,, so by subtracting f from each
term we may assume that {f,} converges to 0 uniformly on compact subsets of D.
Then

[(fno @) (A=) = (@) 1€/ ()11 = 2D S 1 (e(@)] - el

which converges to 0 uniformly on D as n — oo, by the uniform convergence to 0
of {f}} on ¢(D). Hence {C, f,} converges to 0 in A,, which completes the proof
in the case that 0 < @ < 1. The proof in the case a = 1 is similar, using (2.4) in
place of (2.3). We omit the details.

As in the proof of boundedness, we now proceed by induction on the range of a.
So suppose the theorem has been proved for a < n, where n > 1 is an integer, and
consider a with n < a < n + 1. Notice that the chain rule (f o ) = f'(¢) - ¢’ can
be written

DC, = M, C,D,

where D and M, represent the linear operators of differentiation and multiplication
by ¢'. Note that C, is bounded on A, by what we’ve just proved above. From
(2.2) we see that D is an isometry of A, onto Aq_1, and so C,, is compact on A, if
and only if DC, = M, C,D : A, — A,_1 is compact. In the term M, Cy,D, My
is acting on the space A,_; and is bounded by (2.16), while C, is acting on A,_;
also, and so is compact by the induction hypothesis. Hence M. C,D is compact,
and the proof is complete. (I

Note that the proof of Theorem 2.3 shows that ¢ € A, with 1 < a < 2 induces
a bounded composition operator on A,_;. In fact we have the following corollary
as a consequence of Theorem 2.3.
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Corollary 2.4. If C, is bounded (compact) on A, for some a > 0, then C, is
bounded (compact) on Ay for 0 < b < a.

Proof. The result for compactness is immediate from Theorem 2.3. For bounded-
ness, the case 0 < a < 1 is clear by (2.13) and Lemma 2.1. Next, assume that C,,
is bounded on A;. Then we have (2.7), or equivalently (2.12), by Theorem 2.2(ii).
So, given 0 < € < 1, a similar argument to the estimate in (2.14) leads to (2.6)
and thus C, is bounded on A.. Finally, let a > 1 and assume that C, is bounded
on A,. If 1 < b < a, the result is immediate from Theorem 1.3. Next we consider
the case b = 1, and note that Theorem 1.3 allows us to assume 1 < a < 2. Since
¢ € Ay_1, we have by (2.3) and (2.13)

[ D tos (o) £ 0= o (2 ) 51

This, together with (2.17) and Theorem 2.2, shows C, is bounded on A;. It remains
to consider 0 < b < 1 < a. We just showed that this implies C, is bounded on Ay,
which was shown earlier in the proof to imply that C, is bounded on A, whenever
0 < b < 1. This completes the proof. O

3. SOBOLEV SPACES

Following [1], we define the s-fractional derivative for f € H(D) by
Rf(z) = Z(l +n)’a,z", zeD
n=0
provided each a,, is the n-th Taylor coefficient of f at the origin.

In order to introduce holomorphic Sobolev spaces of fractional order, we first
recall well-known function spaces. Given o > —1, let dA, denote the weighted
measure dA,(z) = (1—|z|?)* dA(z) where dA is area measure on D. For 0 < p < oo
and @ > —1, the weighted Bergman space AZ, is the space of all f € H (D) for which

141 = /D F()P dAu () < oo,

Also, the Hardy space HP is the space of all f € H(D) for which

2T
1£]/%=sup / Fre®) P db < oo,

0<r<1Jo
We often use the following notation to allow unified statements:
AP = HP.
This notation is justified by the weak-star convergence of (a+1) dA,(z)/7 to df/2n
as a — —1.
Now, for p > 0, s > 0 and a > —1, the holomorphic Sobolev space A% ; is

defined to be the space of all f € H(D) for which R*f € AP. Again, we often write

HP = A? | | as mentioned earlier. The norm of f € A%, _ is given by

1711z, = IR #] 4p-

Of course, we are abusing the term “norm”, since || - || 4z . does not satisfy the
triangle inequality for 0 < p < 1, but in this case (f,g) — |[f — g[|";» defines
a translation-invariant metric which turns AP . into a complete topologiéal vector

«,s
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space. In case of integral order, the Sobolev norm can be naturally computed in
terms of full derivatives. More explicitly, we have

s s—1
[1£11az = DI ag = X1 F O]+ 1] 4 (3.1)
k=0 k=0

for each positive integer s; see Theorem 5.3 of [1] for the first equivalence and
Proposition 2.2 of [2] for the second one. The case p = 2 is much simpler to handle
due to the Hilbert space structure. Namely, the estimates can be done by means
of Taylor coefficients. Note that, given f € H(D) with Taylor series expansion
f(z) =>  anz™, we have

11165, = 200+ 02anf? [ Je(1 = 2)” aace

P(n+1)l(a+1)
— 1 2s 2

~ Z(n + 1)257a71‘an‘2
by Sterling’s formula. Thus, we have

AL R HD (fi1y)2 (3.2)

Here, we extend the notion of Hardy-Sobolev space H? to any real number s. So, as
a corollary of Theorem 1.4, we recover Theorem 1.2 mentioned in the Introduction.

Remark. Bergman-Sobolev spaces can be identified with those spaces defined in
terms of full derivatives by (3.3) below. So, it is clear from (3.1) that Bergman-
Sobolev spaces of any order and Hardy-Sobolev spaces of integral order are auto-
morphism invariant. For the remaining Hardy-Sobolev spaces of fractional order,
one may use theories developed in [1] to prove the same automorphism invariance.
Since we do not need such automorphism invariance in any significant way in this
paper, we omit the details.

We briefly review some basic properties of holomorphic Sobolev spaces. So, let
the parameters p > 0, a; > —1, s; > 0 (j = 1,2) be given. First, it is a general
phenomenon that the order of differentiation and the weight can be canceled out
as long as the weight remains bigger than —1. More precisely, for a1, as > —1, we
have the following equivalence property:

ay —ag =p(s; — s9) = AP ~ AP (3.3)

1,81 Q2,82°
That is, these spaces are isomorphic and have equivalent norms. This equivalence

does not extend to Hardy-Sobolev spaces. However, we have an embedding property
of the Littlewood-Paley-type:

a1+ 1=p(s1 —s2), p<2 = AP C H? ; (3.4)

1,81 S9?
the direction of this embedding is reversed for p > 2, but we do not need it here.
We now recall various embedding theorems which will be repeatedly used in our
arguments. The first one is the embedding theorem between holomorphic Sobolev
spaces:
a1 +2 ax+2
p1 P2

=81 =82, p1<ps = AL . C AR (3.5)

1,51 2,52
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and the next one is the holomorphic version of the well-known Sobolev embedding
theorem:

sp>a+2 = Ab  C Ai_(at2)/p- (3.6)

In the critical case we have
sp=a+2 = AL . C VMOA; (3.7
see [5] for the definition and related facts about the space VMOA. All the em-
beddings above are continuous. We refer to Section 5 of [1] for details of all the

equivalence and embedding properties mentioned above. There is yet another con-
tinuous embedding property we are interested in:

sp=a+2, p§1:>AZ7SCH11CC(ﬁ)ﬂA (3.8)
where A denotes the class of functions absolutely continuous on dD. The first

embedding holds by (3.5) and (3.4), while the second one is a classical theorem of
Privalov (Theorem 3.11 of [4]).

We now proceed to the proof of Theorem 1.4, but first we need more notation.
For a multi-index or m-tuple of nonnegative integers Jp, = (j1,...,jm), we let

|l =J1+J2 + -+ Jm
and

ng — [g/}jl [g//} J2 [g(m)]jm
for g € H(D). With this notation higher order derivatives of composite functions
can be expanded as in the next lemma. The proof is an elementary induction and

thus omitted. One can find various versions of this expansion formula with explicit
coefficients in [8].

Lemma 3.1. Given a positive integer s, there exist coefficients c(s, J,) such that

S

[F@)) =Y flemmt(p) S els Im)e

m=1 [|Tm||=s
| Jm |=s—m+1

for functions f € H(D).

The following lemma provides the key estimate used in the proof of Theorem
1.4.

Lemma 3.2. Suppose (s — 1,p,a) € R and assume that s > 2 is an integer. Let
m < s — 1 be a positive integer and let ¢ be any holomorphic self-map of D. Then
there is a constant C = C(p, s,p,a, m) such that

172)%|| < 11 L

a,m—1

Jm
gl

for functions f € AY, .1, g € Ab, ; and multi-indices J, with |Jp| = ||Jm || —m+1.

S

Proof. Fix f € A? g € A?  and a multi-index J,, with [J,| = ||Jp || —m + 1.

a,m—1»
Since (s — 1,p, @) € R by assumption, we have two cases to consider:
(i) (s—=1)p>a+2;
(ii)) (s—1)p=a+2and p< 1.
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The proof is somewhat long and thus divided into these two cases.

Case (i): Since s — %‘2 > 1, there exists a unique integer n > 1 such that
2
n<s—ﬂ§n+1. (3.9
p
Note that we have
AP C Ay (at2)p CCM(D) (3.10)

by (3.6). So, decompose J,, = J + J2 where J}, = (j1,...,5n,0,...,0) and
J2 = Jn, — JL. Then we have g/= € C(D) by (3.10) and thus

Jl
oS Nl

H gJ}n

Accordingly, it suffices to show
1721

2
1£(2)g” lall 2. (3.11)

Since every composition operator is bounded on AP, when J2, = 0 this is a conse-
quence of (3.1). So, assume J2, # 0. Note that m > n + 1. We introduce auxiliary
exponents o by

s S N1l

a,m—1

I p(s — k)
— = 1l———-7>" = 1,...,m. 12
it R e ] S SRS R (312)

From (3.9) we have 0 < o, < oo for each k > n + 1. Motivation for introducing
these exponents is the embedding

1<o,<oo = AL C AP, (3.13)

which come from (3.5). Also, the embeddings are continuous. With regard to these,
note that we have

2
or =00 <= ji=0 or k=n+l=s— 2" (3.14)
by (3.9). We choose a positive o (possibly oo) such that
g
g k=n+1 Tk
We introduce one more auxiliary exponent A by
1 p(m —n)
S R A kL
A a+2
Since n +1 <m < s — 1, using (3.9) we see 1 < A\ < co. We also remark that
A<oo = AP C ARA (3.15)
2
)\:oo<:)m:s—1:n+a+ (3.16)
by (3.5) and (3.9). Next, put
_q_Pbls=n)
Ap = at2’
and note that a,, < 0 by (3.9). Also, note that
1 .
— =k g (s—k)+k—n).

o  S—n
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It follows that

(s—n)(l—i>:|an| S dnls—k)+(s—n)— > jrlk—n)

k=n+1 k=n+1
= lan| Y dels —k) 45— 1Tl + |[I5]] + 0 (170 = 1)
k=n-+1
(3.17)
Meanwhile, we have
s—n
3o wmon)+(s—m) (3.18)

=an(m—n)+s—||Jml[ + [Jm| — 1.
We now deduce from (3.17) and (3.18) that

(s —n) (1—},{) =|an{ 3 jk<s—k>+<m—n>}

k=n-+1
+ [Tl | = 1Tl + (e = 1) (172 = 1)

zm{ 3 jk<s—k>+<m—n>}

k=n-+1
>0

where strict inequality holds, because m —n > 1. Accordingly,

1~6—1<1
oA

and, in particular, ¢ > 1. Let ¢’ be the conjugate index of o. Note that o’ < A.
We separate the proof into two sub-cases for convenience: (a) 0,11 < oo and (b)
Op41 = OQ.

Sub-Case (a): In this case we have A < j,110n41 < 00, because m < s — 1 and
Jn+1 > 1. We also have 0 < 0,41 < 0o. Note that we have

[7t0a™] |, <17 g

by Holder’s inequality. Now, using (3.1) for the first inclusion and (3.15) for the
second one, we have

g J727 (3

(3.19)

po
AOL

A 1 C ’
Al 1 C AL C AP C APT 5 APC

a,m—n

with all embeddings and C,, continuous. This yields
1F @t S MLz (3.20)

1
Thus, in order to prove (3.11), it is sufficient to prove

977 | < a1z (3.21)

To see this, we first note that

o || TT |01

o <00
n+1<k<m

POy
AOL
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by Hélder’s inequality using ;" 0/0x = 1. On the other hand we have
G

for each k with n +1 < k < m and o, < oo; the inequalities hold by (3.1) and
(3.13). Recall that 0,41 < co. Also, for n +2 < k < m, note that o, < oo if
and only if jr > 1 by (3.14). Thus, combining the above two observations, we have
(3.21), as desired.

Sub-Case (b): In this case we have 0,41 = oo. This time we apply Holder’s
inequality in a slightly different way to get that

AP, < Hf(SD) [g("+1)]jn+1

e = 81 een S ol e S ol

2

[Excorad

|97 ] age

Are’
where J3 = (jn+2, .-, Jjm). Since Y, ,1/0) = 1/0, we have

197" [[ pse S 125"

for 0 < oo by exactly the same argument used to prove (3.21). Moreover, it
vacuously holds for 0 = oo, because in that case we have J3, = 0 by (3.14). It
remains to prove

[£@ g™ 01| S WAl Naltp (3.22)

If A < oo, then we have j,y+1 = 0 by (3.14) and (3.16), and so estimate (3.22) was
established in (3.20). So, assume A = co. We then necessarily have by (3.16)

!
po
Al

a+ 2
m=s—1=n+——

and so (3.6) and (3.7) show that
Al(i,m—l C A(S,Q),(QJFQ)/p =A,_1 C VMOA, (323)

where Ag = VMOA (recall n > 1). Both embeddings above are also continuous.
Since s — % =n+ 1, we also have by (3.1) and (3.7)

gt e AP .1y C VMOA. (3.24)
Before proceeding, we recall the well-known continuous embeddings
VMOA C H? C A}
valid for any 0 < ¢ < oo and # > —1. So, using (3.23) we have
AP CVMOA C A Ze are’
and thus obtain

F O oo SN Maz

a,m—1
which is (3.22) for j,+1 = 0. For j,4+1 > 1, we may use continuity of both

Ap

a,s—(n+1) C VMOA C Aipo',jn+1 and Ag,m—l c VMOA Aipgf Ce Aip"/
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(the first one is given by (3.24)) to conclude from (3.24) and (3.1) that

@1 < U o || Lo

’ ’
po 2po
Ax Aa

Jn+1
S 1Lz |

g(n—i-l) ‘

2po’j 1
AT I

Jn+1
S 4

a,m—1

g

(n+1)‘

Az,sf(n«i»l)

Jn+1
Ag,s ’

Sl llg
as desired. This completes the proof of Sub-Case (b) and the proof of Case (i).

Case (ii): While the proof is much simpler, general scheme of the proof is the same.
Since s — D‘T'f2 =1 and p < 1, this time we have by (3.8)

Ar . c C'(D) (3.25)

in place of (3.10). We introduce decomposition J,, = J} + J2 and auxiliary
exponents o;’s, o, A adjusted to this setting. This time we let J! = (j1,0,...,0),
and as before we may assume J2, # 0 and we define

;:jk{1—p$;§)}:j’“ik11), k=2,...,m. (3.26)
Also, we put
}_ii_llJmH—Um\_m—l
o =0k s—1 s—1
and
1_. pm=-1) . 1
A a+2 o

Note that 1 < o, A < 0o and AL | C AP}, Also, note that o}, < oo if and only if
jk > 1 for each k =2,...,m. We may thus follow the proof of Sub-Case (a) above
and see that the previous estimates (3.19), (3.20) and (3.21) are still available.
Meanwhile, we have by (3.25)

()Y | oS Mol -
This completes the proof of Case (ii) and the proof of the lemma. (]

Now we are ready for the proof of Theorem 1.4. We actually prove a bit strength-
ened version as in the next theorem.

Theorem 3.3. Suppose (s —1,p,a) € R and assume that s is a positive integer if

a=-1. Ifpe Al ., then C, is bounded on Ai’sfk for all non-negative integers k
less than or equal to s. In particular, Cy, is bounded on A,  if and only if o € AP ..

Proof. If a > —1, we choose a positive integer n > s, and note that AP . ~
Ai+p(n—s),n by (3.3) and (n — 1,p,a + p(n — s)) € R. Thus, without loss of
generality, we may assume that s is a positive integer. It suffices to prove that if
pe AP ., 0<k<s,and k is an integer, then C, is bounded on Ag’k.

«a,s’
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There is nothing to prove when k& = 0, since every composition operator is
bounded on AP. Let k > 1. From the norm equivalence (3.1) and the expansion
formula given by Lemma 3.1, it suffices to show that

1D @) || gy S IFllaz Jillig™ s m=1,..k (3.27)

for f € A? , and J,, with |J,,| = k —m + 1 and ||.J,,|| = k. So, consider such f
and J,,. '

First consider the case that m < s — 1, in addition to 1 < m < k. Then from
Lemma 3.2 and (3.1) we get that

LFE= 0 (@)™ g S IS Lar

a,m—1

k—
SIFllaz el ™

so that (3.27) holds when m < s —1.

It remains to consider the possibility that m = s. Since also 1 < m < k < s,
we have m = k = s in this case. Note that AZ,S_l C As_1—(at2)/p Dy (3.6) in
case sp > a+2+pand AY, | C H{ by (3.8) otherwise. In either case we have
[l e A%, ., € C(D) with continuous embedding. Also, note that ¢’ = ©). Thus

k—
lelllz™*

17 g S 1 o1 4 S 1111z,

SDHA&S )

which is exactly (3.27) when m = s. This completes the proof that C, is bounded
on Agk and the proof of the theorem. O

Corollary 3.4. Suppose (s —2,p,a) € R and assume that s is a positive integer
if o = =1. If C, is bounded on AP, ,, then C, is bounded on Az’t for allt < s.

a,s?

Proof. First consider ¢ such that s —1 <t < s. If C, is bounded on AJ ., then
Coz = ¢ € AP C A} ;. Note that (t —1,p,a) € R, because t > s — 1. So, an
application of Theorem 3.3 yields that Cy, is bounded on Agt for this range of .
Since any ¢t < s can be written t = r—k, where s—1 < r < s and k is a non-negative

integer, the result for the full range of ¢ now follows from Theorem 3.3. O

As a by-product, we have the following result showing that A?,  is an algebra if

(s,p,a) € R. The case p = 2 has been long known from the work of Taylor [13]. It
is interesting to see that this can be viewed as the Sobolev analogue of (2.16).

Theorem 3.5. Suppose (s,p,a) € R and assume that s is a positive integer if
o= —1. Then M (A%, ) = AP _.

Proof. Since AP, ; contains constant functions, M (A7 ,) C A% _is clear. Now, we
prove A%, . C M (AL ). So, let f,g € A% .. As in the proof of Theorem 3.3, we

may assume that s is a positive integer. Note that AE . C C(D) by (3.6) and (3.8),
because (s,p, @) € R. So, it suffices to show

||f(sfm)g(m)||Ag,§ ||f||Afi<

9llaz., (3.28)

form=1,...,s—1.
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Let G be a primitive of g. Then, for 2 < m < s, it follows from (3.1) and Lemma
3.2 that

Hf(s—m+1)g(m—1) ’ ’Ag _ Hf(s—m+1)G(m) ’ ‘A{;
S NGl

S Mz,

which is (3.28). The proof is complete. O

g”Aﬁ,@

We now turn to the proof of Theorem 1.6. To this end we need an analogue
of Lemma 3.2. Note that the restriction p < 1 for sp = a + 2 is removed in the
hypothesis of the next lemma.

Lemma 3.6. Suppose sp > a + 2 and assume that s is a positive integer. Let
m < s be a positive integer. Then there is a constant C = C(s,p,a,m) such that

Im
< Cllgllz!

Im

g

for functions g € AL, . and multi-indices Jp, with |Jm| +m —1 = ||J5]| < s.

Proof. Fix g € AL . and a multi-index J,,, # 0 with |J,,[ +m — 1 = [[J,,]| < s.

Note that |J5| = 1 if m = s, because ||.J,|| = s, and thus g’ = g(*). Thus the case

m = s is easily treated by (3.1). So, assume m < s — 1 for the rest of the proof.

Also, note that the case sp > o+ 2 + p is covered by Lemma 3.2 with f = 1. It

remains to consider a+2 < sp < a+2+p. Even in such a case the proof is parallel

to and simpler than that of Lemma 3.2. Details are included for completeness.
First, consider the case where

2
0<5f0‘7<1. (3.29)

1:jk{1—p(8_k)}, k=1,...,m
o

Ok

and the corresponding o is given by
m

z o

-1 %k

< 0, we have by (3.17) that

1 .
s (1 - 0_) > |ao| ZM(S — k)= lao||Jm| > 0.

k=1
Thus, 1 < 0 < co. Note we have by (3.29) that

a+2

p
In the case where 07 < oo or j; = 0, we have the desired estimate by the same
argument using Holder’s inequality as in the proof of Sub-Case (a) of Lemma 3.2.
In the case where 07 = oo and j; > 1, we apply Holder’s inequality as before to get
that

op=00 < jr=0 or k=1=s— (3.30)

< It

[lg" A, Az’ AzT
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where J/, = (j2,...,Jm) and ¢’ is the conjugate index of o. On one hand, we have

HgJﬁn,HAgaSJ IIQI\l,A]éfl

as in Sub-Case (b) of the proof of Lemma 3.2 (vacuous if ¢ = c0). On the other
hand, since s — %2 =1 by (3.30), we have

g € AL ., C VMOA
by (3.1) and (3.7). So, using continuity of the embedding Af, . ; € VMOA C
AP7'i | we have by (3.1) that
167 gz = 19" Pagersn < 1 [P S Mol -

These two estimates combine to finish the proof of thls case.
Next, consider the case sp = a + 2. We use the same o}’s and ¢ introduced

above. However, since s = O‘Tﬂ, they reduce to
1 k‘]k S

—=—— (k=1,...,m) and o= > 1.
o s ) A

Now, since o = oo if and only if ji = 0 for each k, we conclude

Jm
s = H H (k) . APk ~ H ||g| AP%Jk ~ Hg”l l

Ge>1 Jr>1

g™ .4z, % Mg 1]

by Holder’s inequality, (3.1) and (3.13). The proof is complete. O
We now prove a bit strengthened version of Theorem 1.6 as in the next theorem.

Theorem 3.7. Let sp > a+ 2 and assume that s is a positive integer if o = —1.
If o € AL and ||l < 1, then Cy is compact on A%, ., for all non-negative
integers k less than or equal to s. In particular, for parameters with (s,p,a) € R,
C, is compact on AP, _ if and only if ¢ € AP, _ and ||p]| <1

LS »S

Proof. As in the proof of Theorem 3.3, we may assume that s is a positive integer.
The proof of sufficiency employs standard arguments, with Lemma 3.6 used for a
key estimate. Let ¢ € A} | be such that ||| < 1. Let & < s be a non-negative
integer. We need to prove that C,, is compact on AZ - Every composition operator
C,, with |l¢|lec < 1 is compact on AP which covers the case k = 0. So, let k > 1.

Suppose {f,} is a bounded sequence in Aﬁ) x- To show C, is compact on AZ) .
we must show that {Cyf,} has a convergent subsequence in A? ;. Since {f,} is a
normal family (see [2]), it has a subsequence (which for simplicity we continue to
denote {f,,}) that converges uniformly on compact subsets of D to some f € A? &
Thus, by subtracting f from each term in the sequence, we may assume that {f,,}
converges uniformly to 0 on compact subsets of D, and we must show that {C,, f, }
is norm convergent to zero in A7 ;. By (3.1) and Lemma 3.1, it suffices to show
that

1A (@)™ |4, =0, m=1,... .k (3.31)
for Jy, with |Jp| =k —m+1 and |[J,]| = k. But ||f(k m+1)( )|| — 0, from the
uniform convergence to 0 of {f,} on ¢(D) C D, and [|p/™ || 4» < H<p||k M from

Lemma 3.6. These observations combine to give (3.31).
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The proof of necessity with (s,p,a) € R is easy: If C, is compact on Af ,
then from Theorem 1.1 we get that ||¢]lc < 1. Also, since a compact operator
is bounded, Cyz = ¢ € AP ., which completes the proof of the necessity and

«,s?

completes the proof of the theorem. (Il

By an argument similar to the proof of Corollary 3.4, we have the following.

Corollary 3.8. Suppose (s — 1)p > a+ 2 and assume that s is a positive integer
if o = =1. If Cy, is compact on A?, ., then Cy is compact on Ag’t for allt < s.

a,s?

We now close this section with a question. It has been noticed that the bounded-
ness of a composition operator on a smaller space often implies the same on larger
spaces. The embedding property (3.6) is a good example. It is known that the
boundedness of C, on Af . with o +2 < sp < a + 2 + p implies the same on
As_(a42)/p; see Theorem 3.2 of [2]. Note that the same property (trivially) con-
tinues to hold for sp > a + 2 + p by Theorem 1.3 and Theorem 1.4. So, the only
parameters missing from this discussion are those with sp = a + 2 + p. Thus we

are led to the next problem.

Problem 3.9. Let sp = a+2+p and suppose that Cy, is bounded on A?, ;. Does it
follow that C, is bounded on A1 ? We do not know even for the special cases A§_2’2

and H§/2.

Note that the compact analogue holds by Theorem 1.5 and Theorem 1.6. Also,
note that we have A%, & C Lip, for p <1 by (3.8). In that case, using Theorem 3.3
we see that the boundedness of C, on AL | implies the same on Lip;. A related

question is raised by the relation Lip; C Ay: If ¢’ is bounded, then does (2.9) hold?

4. EXAMPLES

Recall from the Introduction that when sp < a4 1 every composition operator is
bounded on A?, , and from Theorem 1.4 that when a + 2+ p < sp, C, is bounded

«,S?

on Ap if and’only if ¢ € AP ;. In this section we give several examples that

illustrate what can happen in the intermediate range o+ 1 < sp < a+ 2+ p.

4.1. The case sp = a+ 2+ p. From Theorem 1.4, we know that if sp = a+2+p
and p < 1, then Cy, is bounded on A  if and only if ¢ € Af, .. Here we present an
example that shows this result does not extend to any p > 1. We use the following
elementary lemma, which can be proved by changing to polar coordinates centered
at z = 1.

Lemma 4.1. Let o > —1.

| log(1 — 2)|°

T dAq(z) <

D
if and only if B < —1.

Example 4.2. Let sp = a+ 2+ p with p > 1, and let s be an integer if « = —1.
Then there exists p € AL, o such that Cy, is not bounded on AP ..

«,s
Proof. We assume a > —1; for @ = —1 proof is similar. Since AL ; = AZ+(k_8)p7k
by (3.3) for some positive integer k, we may assume that s is an integer. Note also

that s > 2, since s =14 (a«+2)/p > 1. For t € (0, 1), define g; by
t
g0(2) = (1 — 2)[1 — log(1 — 2)]",
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and let ¢ = ¥(g;) where ¥(2) = (1 — 2)/(1 + z). It is easy to check that g, : D —
{#z: Rz >0}, and so ¢ : D — D. Note that we have

¢ (2)] = 1g¢' ()] = |log(1 — 2)[* (4.1)
and

|log(1 — 2z)[t !

g0 ()| & LB s (4.2)
11— 2|

Here, and in the rest of the proof, all the estimates are for z € D sufficiently

close to 1. Thus we see from Lemma 3.1 that the major term in the expansion of

0™ = [1h(g¢)]™ is the term gt(n) and thus

n |log(1 — 2)|"!
™ (2)] ~ Tt n=2. (4.3)

And in particular, from (3.1) and using that p(s — 1) = « + 2 and s > 2, we obtain
that

. | log(1 — 2)[7¢=V
el ol =~ [ i7" o~ [ EEE=2lG— asa(o)

From Lemma 4.1 we now see that ¢, g: € AP _ if and only if p(t — 1) < —1, or

a,s

equivalently t < 1 — 1/p. We now fix ¢ such that
1
0<t<l—- <2,
p

so p,g¢ € AP, .
We now prove Cyg; ¢ AF, .. First, note that

[log(1 — ¢(2))| = [log gi(2)| ~ |log(1 — 2)|. (4.4)

Also, we have |1 — p(z)| = |g+(2)|. So, for 1 <m < s — 1, we have by (4.2)

og(1 — p(2))|t~1
‘g(sfm+1)(@(z))‘ ~ |1 g(l 90( ))'

' 1= p(z)[=m
. ogg:(2)["™"
lg:(z)[*=™
[log(1 — )"

T = 2] [log(1 = 2) [
|10g(1 _ Z)|2t—1—t(s—m+1)

- 1 — z[s—m

Also, for a multi-index J,, = (j1,...,Jm) as in Lemma 3.1, we have

|10g(1 - Z)|(t71)‘]2 ‘ log(]_ — Z)‘(til).jm
1—2[@-Diz 1= z[(n—Dim

77 ()] | log(1 = ) =0

[ log(1 — z)[r =1 (s=m+1)
B |1 — Z|m—1
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Combining these two estimates, we get
s—m 1 1og ]_ — 2z (2t71)+(j17|‘]m‘)
|gt( n+ )(QD(Z))| . |<me(Z)| ~ | ( )| —
12
|log(1 — 2)*~*
for 1 <m < s — 1. Meanwhile, for m = s, we see from (4.1), (4.3) and (4.4) that

44(6() - 6 2) % o1 = o))+ B2 o Lot I

This shows that the major term in the expansion of [g;(¢)](*) behaves like the last
quantity above and thus

|log(1 — =[P~
/ ’(gtow)(S)‘PdAaz/ TEEGE dA.(2).
D D

Since 2t > 1—1/p, we have p(2t —1) > —1, and so this integral diverges by Lemma
4.1. Thus Cypg: ¢ Ab, ; by (3.1), and the proof is complete. |

4.2. The case o + 2 < sp < o + 2 + p. Here we show that Theorem 1.4 does
not extend to this range. We use another elementary lemma which can be seen by
changing to polar coordinates centered at z = 1; see Theorem 1.7 of [7].

Lemma 4.3. Let € > 0. Then (1 —z)~¢ € AP if and only if ep < o + 2.

Example 4.4. Let a+2 < sp < a+2+p and let s be an integer if « = —1. Then
there exists ¢ € AL o such that Cy is not bounded on AY ..

a,s

Proof. We assume a > —1; for @ = —1 proof is similar. Since AL ; = AZ+(k_S)p &

for some positive integer k > s, we may assume that s is an integer. The assumption

a+2 < sp<a+2+p allows us to choose t € (0,1) such that
a+2+tp=sp<a+2+tp. (4.5)

Fix such a t and let

1—f(2)
2)=(1-2)" and z) = —"——-=.
fz)=(1-2) o2) = T

Then it is easily seen that ¢ : D — D and

Cof () =(fE) 1= 2" where () = (=) -

Clearly, we have | f(*)(z)| ~ |1—z|t7S and thus f € A% by (3.1), (4.5) and Lemma
4.3. A straightforward calculation using Lemma 3.1 gives

(Cof) P (2) = cp(f(2)) (1 — 2)"
* Z Ej: CimWT ™D (f(2)) (1 — 2)tI 7D+ =

j=1m=1

for some coefficients ¢ = c(s,t) and ¢, = cjm(s,t). Since functions ="+ (f)
have no singularity, it is easily seen form the above that

(CoD)@ (=)~ |1 -2
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A similar and simpler calculation yields
o)~ 1 -
We now see from (3.1), (4.5) and Lemma 4.3 that ¢ € AL ., but C,f & AL .. This

a,s?

completes the proof. [

|t75

4.3. The case a + 1 < sp < a + 2. It is known that if ¢ is of bounded valence
then C, is always bounded on Af,  with o > —1, p > 2 and sp < a+2. Also, there
is a similar but partial result for p < 2. See Theorem 1.2 of [2]. The situation here
is thus much more delicate, and we restrict our attention to parameters with p = 2,
a > —1,and s = 1, i.e. to the weighted Dirichlet spaces Ai,r An example relevant
to our work can be found in [9], where composition operators on these spaces were
studied. It corresponds to the case a+ 1 < sp < a + 3/2.

Example 4.5. [9, Proposition 3.12] There exists ¢ € (\{A2, : a > 1/2} for which
C, is not bounded on Ail for any a < 1.

We have no examples for the range o + 3/2 < sp < o + 2. Our final example is
for the classical (unweighted) Dirichlet space Ag ;, which corresponds to the case
sp = a+ 2. We will use a Carleson-measure-type characterization from [9] of when
C, is bounded on a weighted Dirichlet space. For 0 < § <2 and ¢ € 9D, let

S(6,0)={z€D:|z—-(| <}

denote the usual Carleson box. Then, stated here only for @« = 0, we have the
following characterization:

Lemma 4.6. [9, Proposition 5.1] Let ¢ € Aj ;. Then C,, is bounded on A, if and
only if

sup{52/ | |PdA:0<6<2, CG@D}<OO.
©=1(S(8,6))

Example 4.7. There exists ¢ € Af | for which C,, is not bounded on AF ;.
Proof. Let ¢ : D — G be a Riemann map, where

G={z:1<Rz< o0, 0<3z<(R2)"?},
and let ¢ = €' so that ¢ : D — D. Then

el = [ 1WPaa< [ [0aa = Areal@) < o

and so ¢ € A3 ;. Since |¢| ~ 1 on D, we have |¢'| = [¢/||¢| & [¢’|. Hence

/ ') dA ~ / [/ dA = Area(R(é)), (4.6)
©=1(S(5,1)) »=1(S(3,1))

where R(§) = {w : ' € S(6,1)}. When § > 0 is small, there are approximately
1/(27/$) components of R(5) that are mapped by e* onto S(6,1), and each of
these components has area comparable to §2. Hence

Area(R(6)) 2 5372,
Combining this with (4.6), we see from Lemma 4.6 that C, is not bounded on
A2 . O

We remark that this example can be easily modified to work for p > 1, but still
with s =1 and sp = a + 2.
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