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INVARIANT SUBSPACES OF COMPOSITION OPERATORS
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ABSTRACT. The invariant subspace lattices of composition operators acting
on H2, the Hilbert-Hardy space over the unit disc, are characterized in select
cases. The lattice of all spaces left invariant by both a composition operator
and the unilateral shift M, (the multiplication operator induced by the co-
ordinate function), is shown to be nontrivial and is completely described in
particular cases. Given an analytic selfmap ¢ of the unit disc, we prove that ¢
has an angular derivative at some point on the unit circle if and only if Cy, the
composition operator induced by ¢, maps certain subspaces in the invariant
subspace lattice of M, into other such spaces. A similar characterization of the
existence of angular derivatives of ¢, this time in terms of A, the Aleksandrov
operator induced by ¢, is obtained.
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INTRODUCTION

Let H? denote the Hilbert-Hardy space over the open unit disc U, that is the
space of all analytic functions in U with square summable Maclaurin coefficients.
The space H? is a Hilbert space if endowed with the norm

+o00
Ifll2= 4| X lenl?
n=0

where {c,, } is the sequence of Maclaurin coefficients of f.
It is well known that || - ||, has the alternative description

Ifl2= sup | [ 1F(ru)2am(u),
T

0<r<1

where m is the normalized arclength measure on the unit circle T = 9U.
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For any analytic selfmap ¢ of U, the linear operator

Cof =fog feH,

is necessarily bounded. It is called the composition operator with symbol ¢ (or in-
duced by ¢). The term invariant subspace of an operator T means closed, linear
manifold, left invariant by T. As is well known, the collection Lat T of all these
subspaces, is a lattice (which is why the notation Lat T is used). We call a part of
an operator T, its restriction to an invariant subspace. A subspace left invariant
by both T and its adjoint T* is called a reducing subspace of T. The restriction of an
operator T to a reducing subspace is designated by the term reduced part of T.

In this paper, we take up the problem of describing (up to an order preserv-
ing isomorphism), the invariant subspace lattice Lat C,, of Cy, for various classes
of analytic selfmaps ¢ of U. The symbol ~ is used to designate order isomorphic
lattices. In the trivial case when ¢ is the coordinate selfmap of U, Lat C,, consists
of all closed, linear subspaces of H? (since C, is the identity operator), a fact we
denote by writing LatC, = Sub(H 2). The notation Sub(H?) for the lattice of all
closed linear subspaces of H? will be used again in the sequel.

For each M > 1 and each w € T, the boundary approach region of index M
having vertex at w is the set

|w — 2|
1- 2]

0.1) Tv(w) = {z cU: < M} M>1.

An analytic selfmap ¢ of U has an angular derivative at a boundary point
w € T if there is some 77 € T and some c € C, so that, foreach M > 1,

=9 — ¢ asz — winside Iy (w).
w—z

In that case, the value c is called the angular derivative of ¢ at w, and we
denote ¢ = ¢’(w). Clearly 7 is the angular limit of ¢ at w, i.e. the limit of ¢(z) as
z — w inside each region I'y(w).

The following necessary and sufficient conditions for the existence of an
angular derivative are known as:

THEOREM 0.1 (The Julia—Carathéodory theorem). Given an analytic selfmap
¢ of U and a pair w, n of unimodular numbers, ¢ has an angular derivative at w if and
only if any of the following two conditions holds:

=@ |w—z
(0.2) ’stup{l—|§;(z)|2/1—\z|2 IZEU} < +oo,
|

(0.3) liminfm < o0

Z—w 1— |z|
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The connection between the quantities in (0.2), (0.3), and the angular derivative
¢ (w) is

(0.4) ¢/ (w)| = B =lim infw

z—w — |z|

and 1 is the angular limit of ¢ at w.

As is well known, the disc automorphisms fixing a single point p € U are
called elliptic. An analytic selfmap ¢ of U, other than the identity, can have at
most a fixed point in U. This fact is a consequence of the well known Denjoy-
Wolff theorem:

THEOREM 0.2 (Denjoy-Wolff). Let ¢ be an analytic selfmap of U other than
the identity or an elliptic disc automorphism. Then the sequence { @™} of iterates of
@ converges uniformly on compacts to a constant function w € U called the Denjoy—
Wolff point of ¢. When |w| = 1, the point w is a boundary fixed point of ¢, that is

lir? ¢(rw) = w, namely the only boundary fixed point of ¢ where the angular deriva-
r—1

tive ¢’ (w), satisfies the inequality ¢’ (w) < 1.

If |w| = 1, the maps ¢ with property ¢’'(w) = 1 are called maps of parabolic
type, whereas those satisfying ¢’(w) < 1 are called maps of hyperbolic type. The
terminology is evidently inspired by the properties of the conformal disc auto-
morphisms. As is well known, the invertible composition operators are exactly
those induced by disc automorphisms, for which reason they will be designated
by the term automorphic composition operators.

The interest in understanding the invariant subspace lattices of composition
operators increased considerably after the publication of [15], a paper where it is
proved that the existence of Hilbert space operators with trivial invariant sub-
space lattices acting on complex, separable, infinite-dimensional spaces is equiv-
alent to the existence of an infinite-dimensional atom in the invariant subspace
lattice of an arbitrary, fixed, composition operator induced by a hyperbolic disc
automorphism (e.g. C(2;41)/(z42))- Producing an example of such an atom or
showing that all atoms in the invariant subspace lattice of a hyperbolic, automor-
phic, composition operator are 1-dimensional, would solve the so called invariant
subspace problem.

The maps of parabolic type are classified into two categories, based on the
behavior of their orbits. More exactly, recall that, in the statement of the Denjoy—
Wolff theorem, ¢["l denoted the n-fold iterate of ¢, that is, /"l = po---0¢,n
times. By ¢¥) we denote the coordinate function. With this notation, given any
z € U, we introduce the orbit O, (z) of z under ¢ as follows:

(0.5) Op(z) :={9"(z) :n=0,1,2,...}.
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The maps of parabolic type are called maps of parabolic automorphic type if all
their orbits are pseudo-hyperbolically separated, respectively maps of parabolic non-
automorphic type, if all orbits are not pseudo-hyperbolically separated. For more
details on this classification, the reader is referred to [3].

It is well known that a composition operators C, is a contraction if and
only if ¢(0) = 0. On the other hand, composition operators whose symbol ¢
fixes a point p € U are similar to a contraction and are therefore power-bounded
operators (a fact we will use in our arguments). Indeed, one can consider the self-
inverse disc automorphism a,(z) = (p —z)/(1 — pz), inducing the (necessarily
selfinverse) composition operator Cy,, and the useful operator similarity

(0.6) C,xqu;C(Xp =Cy
where
(0.7) Y =apo@ponp.

Visibly, ¢ is an analytic selfmap fixing the origin. Thus, when studying the in-
variant subspace lattice of a composition operator induced by a symbol ¢ fixing
a point p € U, that lattice is order isomorphic via to LatCy (since similar
operators have order isomorphic invariant subspace lattices). If the symbols ¢
and ¢ satisfy (0.7) we say they are conformally conjugated to each other. Inner func-

tions are analytic selfmaps ¢ of U with the property ‘ hm p(reld ‘ = la.e.,, where

the term almost everywhere is used with respect to the arclength measure. It is
well known that inner functions come in essentially two flavors [6]. The first is
Blaschke products, that is products of finitely many (possibly repeated) disc auto-
morphisms or infinte products of the form

= \zF |Zk| Zk_z U,
lj[l 1—zz z€

where {z; } is a sequence of nonzero numbers in U with property

[e9)

(0.8) Y (1= |z]) < oo,
k=1
|A| =1, and p is a nonnegative integer. Condition is necessary for the con-
vergence of the infinite product B.
The other basic type of inner function is a singular inner function that is, a
function of the form

Su(z) = Ae” FriEdr) z ey,

where y is a finite, nonnegative, Borel measure on T, singular with respect to m,
and |A| = 1. Clearly, point masses concentrated at points of T are Borel measures
on T, singular with respect to m. Throughout this paper, given w € T, the unit
point mass concentrated at w will be denoted 4.
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As the reader could note so far, the current section is dedicated to introduc-
ing the main concepts and setting up the notation. We continue by describing the
results obtained in the next sections.

In the first part of Section 1 (the next section), we characterize the invariant
subspace lattices of composition operators induced by inner functions ¢ fixing a
point as follows (Theorem: LatCy ~ {0,C} x Lat S provided that ¢ is not the
identity or an elliptic disc automorphism. By C we denote the space of constant
functions, whereas S is a unilateral forward shift of infinite multiplicity.

Recall that a unilateral forward shift is a Hilbert space isometry S acting on
some complex, separable, infinite dimensional space H, with the property S** —
0 pointwise on H. If S is a unilateral forward shift, then the Hilbert dimension
dim(H & SH) of the subspace H & SH (called the wandering subspace of S) is called
the multiplicity of S. It is well known that unilateral forward shifts of equal mul-
tiplicities are unitarily equivalent. Unilateral forward shifts have invariant sub-
space lattices with a well known description ([16], Section 3.5). In the particular
case of unilateral forward shifts of multiplicity 1 (which must be unitarily equiv-
alent with M, the multiplication operator on H? with symbol z, the coordinate
function), that description has the following beautiful and easy to understand
form (due to A. Beurling [2]):

(0.9) Lat (M;) = {0} U {uH? : u any inner function}.

Let ¢ be an elliptic automorphism. If ¢ is conformally conjugated to a rota-
tion by a primitive root of unity of order #, then Lat C, ~ SubH? x - - - x SubH>.
If ¢ is not conformally conjugated to a rotation by a primitive root of unity, then
LatCy =~ P(N) where P(N) is the lattice of all parts of N, the set of nonnegative
integers (Proposition [1.4).

The second part of Section 1 contains results on the invariant subspace lat-
tices of some particular composition operators whose non-inner symbols fix a
point. If Cy is induced by some ¢ conformally conjugated to a map of type
¥(z) = Az, 0 < [A| < 1, one still has that LatC, ~ P(N) (Proposition [L.6),
but if ¢ is conformally conjugated to a map of type y(z) = Azk, 0 < |A| < 1,
k > 2, then LatC, has a more complicated structure involving many reducing
subspaces of Cy. We are able to completely characterize the invariant subspace
lattices of those reduced parts of Cy (Proposition|T.12).

Section 2 contains results on the lattice Lat C,NLat M,;. We show that lat-
tice is always nontrivial (Remark 2.16). The lattice Lat CpNLat M, is completely
characterized in the case when ¢ is an elliptic automorphism (Proposition
and Corollaries [I.7]and 2.10). Results proved in [8] for the case of composition
operators induced by inner functions are easily generalized to the case of arbi-
trary composition operators. The Julia—Carathéodory theorem for some symbol
@ is shown to be equivalent to the fact that the associated composition operator
Cyp maps select subspaces in Lat M, into similar subspaces (Theorem [2.T1), re-
spectively to properties of the “composition operator on the space of measures”,
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an operator we introduce and call the Aleksandrov operator of symbol ¢ (Theo-

rem[2.13).

1. SYMBOLS FIXING A POINT IN U

1.1. INNER SYMBOLS. Recall that the space H? is a reproducing kernel Hilbert
space (RKHS) (that is a Hilbert space consisting of functions where point eval-
uations are bounded linear functionals), and hence, a sequence in H? is weakly
convergent if and only if it is norm-bounded and pointwise convergent (a rather
well known fact).

The subspaces in LatC, are even weakly closed. Indeed, convex norm-
closed subsets of Hilbert spaces are weakly closed ([18], Theorem 3.12).

In [14], the fact that the only isometric composition operators on H? are
those induced by inner functions fixing the origin is proved.

Composition isometries are nonunitary in most cases with the only excep-
tion of symbols of the form ¢(z) = Az, |[A| = 1. The author of [14] finds the
Wold decomposition of those that are nonunitary showing it has the form C & H2,
where H} = zH2. As we will show below, this fact combines with some simple
observations and the well known description of the invariant subspace lattice of
a unilateral forward shift into describing the invariant subspace lattice of nonuni-
tary composition isometries.

Some explanations are necessary here. Any Hilbert space isometry V acting
on a separable, infinite-dimensional space H, possesses an associated direct sum
decomposition H = Hy & Hj (called the Wold decomposition of V), where Hj
and H; are reducing subspaces of V and the restrictions V|Hy and V|H; are a
unitary operator, respectively a unilateral forward shift.

If ¢ is inner, not a rotation or the identity, and ¢(0) = 0, then it is easy to
prove that the unilateral forward shift S = C,|H? has infinite multiplicity, ([5],
Lemma 3).

A simple but important consequence of the Denjoy-Wolff theorem and the
fact that composition operators induced by symbols fixing a point are power
bounded, is the following result, which we present with a very short proof for
the sake of completeness.

PROPOSITION 1.1 ([9], Theorem 4.10). If ¢ fixes a point p € U and is not the

identity or an elliptic automorphism then, for each L € LatCy, either C C L or £ C
2
apH”.

Proof. Consider u € H?. The sequence {u o ¢l"l} tends to u(p) pointwise
and hence weakly in H? (since that sequence is norm-bounded). If a single func-
tion u € L has the property u(p) # 0, then u(p), the weak limit of the sequence
{Cgu =uo (p["] }, belongs to £, thatis C C L. Otherwise, all functions in £ are

null at p, thatis £ C tXpHZ. ]
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An immediate application of Proposition[1.1]is characterizing, up to an or-
der isomorphism, the invariant subspace lattice of noninvertible, composition op-
erators, induced by inner functions fixing a point p € U.

THEOREM 1.2. If ¢ is inner, not an elliptic automorphism or the identity, and
¢(p) = p, for some p € U, then

(1.1) LatC, ~ {0,C} x Lat$§,
where S is a unilateral forward shift of infinite multiplicity.

Proof. Indeed,if p =0, £ € LatCyand C ;{ Lthen £ C Hé hence £ € LatS.
On the other hand, if C C £, it is easy to see that L © C € Lat C¢|H§. By , the
proof is over. 1

Any composition operator C, leaves invariant the subspace of constant func-
tions, given the evident equality C,1 = 1 (where the function constantly equal to
1 is also denoted by 1). In some cases, C is the only nonzero, finite-dimensional
invariant subspace.

PROPOSITION 1.3. The only nonzero, finite-dimensional, invariant subspace of a
composition operator induced by an inner selfmap ¢ (other than the identity or an elliptic
automorphism), that fixes a point p € U is C.

Proof. Indeed, it is well known that a unilateral forward shift has no eigen-
vectors. Given (1.1, this proves our claim. 1

Proposition extends (in the case of inner symbols), ([9], Proposition 4.7)
where the fact that C is the only nonzero finite-dimensional invariant subspace of
Cy is proved for the case of any ¢, fixing a point p € U and satisfying ¢'(p) = 0.

PROPOSITION 1.4. If ¢ is an elliptic disc automorphism fixing p € U and (z),
given by (0.7), has the form (z) = Az where A is a primitive root of unity of order n > 1
then

LatC, ~ SubH? x - - - x SubH?.

The cartesian product above has n factors. If A is not a root of unity, then
LatC, ~ P(N)
where P (N) is the lattice of all parts of the set of nonnegative integers N.

Proof. Indeed, if A is a primitive root of unity of order n > 1, LatC, ~
LatC), and C,; is a diagonal operator whose diagonal repeats infinitely many
times the finite sequence 1, A, A2, ..., A" 1 hence this operator has 7 infinite-
dimensional reducing subspaces Hy, ..., H,_1 so that H?2=Hy&---®H,_; and
Cry = Iy, @ Ay, ® )\ZIH2 DD A”_llHIH (where Iy, is the identity operator
actingon Hy, k=0,1,...,n—1).

If A is not a root of 1, Cy, is still similar to C,,, but this time, C,, is a diag-
onal operator whose diagonal entries {1, A, AZ A3, ... } are distinct, form a dense
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subset of T, and are associated to the eigenvectors z", n = 0,1,2, ... which form
a complete, orthonormal basis of H2. Thus, those eigenvalues lie on a Jordan
curve and so, by Theorem 3 of [22] spectral synthesis holds for C,, thatis Lat C,,
consists of the closed subspaces spanned by the eigenvectors of C,,. Thus Lat C,,
consists of the subspaces

C,xpSpan({z” :n€E}) EC{0,1,2,...},

with the agreement of setting Span({z" : n € E}) =0if E=Q. 1

It is easy to observe that, if ¢ is an elliptic disc automorphism fixing p € U,
then ¢(z) given by necessarily has the form ¢(z) = Az where |A| = 1 so,
Proposition[1.4takes care of the description of the invariant subspace lattice of el-
liptic automorphic composition operators, thus completing our discussion about
invaraiant subspace lattices of composition operators induced by inner functions
with a fixed point.

As an immediate application we obtain the following extension of Theo-
rem 2 in [8].

COROLLARY 1.5. If ¢ fixes a point p € U and is not the identity or an elliptic
automorphism, then Lat C, cannot contain spaces of the form S},H2 where Sy, is a non-
constant, singular, inner function. If ¢, not the identity, is an elliptic automorphism
conjugated to some (z) = Az via (0.7), then Lat M, N LatC,, contains nontrivial
subspaces of form S, H? only if A is a root of unity.

Indeed, assume ¢ fixes a point p € U and is not the identity or an elliptic
automorphism. A space of form S, H 2 where S u 1s a nonconstant, singular, inner
function is not contained in spaces of form a, H? because S, is a zero-free func-
tion and S, H? cannot contain the space of constant functions either. By Proposi-
tion Lat M;NLat C, cannot contain nontrivial subspaces of form S, H>.

For the case when ¢ is conformally conjugated to an elliptic automorphism
via , we note that spaces of type SMH2 where S, is a nonconstant, singular,
inner function, belong to LatC, if and only if similar spaces belong to Lat Cy.
If ¢(z) = Az and A is not a root of 1, that fact is impossible, because it would

mean that S, H?> = Span{zF : k € E} for some subset E of the nonnegative inte-
gers, which is contradictory, given that S, H> does not contain nonzero constant
functions and Sy, is a zero-free function.

Given A a primitive root of unity of order n > 1, nontrivial, singular mea-
sures y so that S}4H2 is invariant under C,, obviously exist; take for instance

n—1

Y 9,k. Thus, the same is valid for any elliptic automorphism conjugated to some
k=0

Az via (0.7).

1.2. SOME NON-INNER SYMBOLS. The following is a class of very particular non-
inner symbols with a fixed point, for which, we are able to describe the invariant
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subspace lattice of the induced composition operator. It should be noted that
each such symbol ¢ has property || @]l < 1 (where || - || denotes the supremum
norm), and hence, C, is compact.

PROPOSITION 1.6. If ¢ fixes p € Uand ap o p oay(z) = Az, z € U, for some
constant A, |A| < 1, then

(1.2) LatCy = {0,C} x &, SubH?,
if A = 0 (i.e. if ¢ is constant), respectively
(1.3) LatC, ~ P(N) ifA #0.

Proof. 1If A = 0, then C, is similar to Cp, the orthogonal projection onto C
and one easily gets that

(1.4) LatCy = {0,C} x SubH3.

Therefore Lat Cy has description (.2).

If A # 0, then C, is similar to C,, a nonzero diagonal operator whose diag-
onal entries {A"} are distinct and tend to 0. Such operators are known to have
invariant subspace lattices order isomorphic to P (N), ([16]], Section 4.3). Actually,

LatCy = {0} U {{Span{af : k€ E} : ECN}. 1
Here is an immediate consequence (see also Corollary 1 of [8]):

COROLLARY 1.7. If ¢ fixes p € Uand ap o 9 oay(z) = Az, z € U, for some
constant A, |A| < 1, other than a root of unity, then the only nontrivial subspaces in
Lat C, N Lat M; are those of the form aZHZ, n=1,23,...

Indeed, assume that Span{(x’; .k € E} = uH? for some nonconstant, inner
u and some E C N, and note that the equality is equivalent to

Span{zk : k € E} = uoa,H>

because C, , 18 selfinverse, which combines with 1@! into showing that uoa), =
z" where n is the least element of E, and so, E consists of all integers larger than
or equal to n. We deduce that u = aj,.

Next we turn to the lattice of finite-dimensional invariant subspaces. Those
subspaces, if not null, are clearly generated by eigenvectors. Thus we begin by
recalling:

THEOREM 1.8 (Koenigs’s theorem). Let ¢ be a non-automorphic, analytic self-
map of U fixing p € U. If ¢'(p) # 0 then there is a nonzero function ¢ which satisfies
equation

(1.5) Cyo = Ao
for A = ¢'(p). Consequently, for all n = 1,2,3,..., the functions ¢ satisfy the same
equation for A = (¢'(p))", respectively. The eigenspaces of C, corresponding to the
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eigenvalues above are all 1-dimensional, where C, is the composition operator induced
by ¢ on the space of all holomorphic functions.

Under the assumptions in Theorem the remarkable function o, with
property o’(p) = 1is called the Koenigs function of Cy. On the other hand, it
is an exercise of basic complex analysis proving that the only complex numbers
that can be eigenvalues of C, are 0,1, ¢'(p), (¢'(p))?, ... and so ¢/ (p) is an eigen-
value of C, if and only if ¢ € H?, which is not always the case. However, it is
well known that: 0" € H?n = 1,2,..., if Cy is a compact operator. Recall the

following theorem of Joel Shapiro:
THEOREM 1.9 ([19] or [10]). If ¢ fixes 0 € U and is not an inner function, then
ICy [ H | < 1.

We leave to the reader the easy job of checking that C is a reducing subspace
of Cy if ¢(0) = 0. Thus, the eigenspace associated to the eigenvalue 1 is C and,
since a composition operator induced by a non-constant map is injective, one
gets:

REMARK 1.10. If ¢, a non-constant map, fixes p € U, is not an inner func-
tion, and ¢’'(p) = 0, then the lattice of finite-dimensional invariant subspaces of
Cyis {0,C}. If ¢'(p) # 0 and C, is compact, then the same lattice consists of the
subspaces

(1.6) Span({c" : n € E})
where E is any finite subset of N. Hence {Span({c" : n € E}) : E C N} C LatC,,.

This remark combines with Proposition [1.3|into establishing ([9], Proposi-
tion 4.7) and raising the problem of describing the full invariant subspace lattice
(not just the one of finite-dimensional subspaces), for compact composition op-
erators, a class of operators induced by non-inner maps with a fixed point in
U. Note that in Proposition [1.6] this job is done in the case of composition op-
erators similar to diagonalizable compact operators, showing that, in that case,
{Span({c" :n € E}) : E C N} = Lat C,. Indeed, for the composition operators
in Proposition[[.6 one can easily see that o = ay,.

REMARK 1.11. Another consequence of Theorem[1.9is the fact that, if ¢(0) =
0 and ¢ is not inner, then

LatC, = {0,C} & Lat (Cy|H3) ~ {0,C} x Lat (Cy|H3)
that is, the invariant subspace lattice of the direct sum C, = (Cy|C) & (Cy|H3),
splits.

Indeed, for a Hilbert space operator A, let 17(A) denote the full spectrum
of A, that is the union of ¢(A), the spectrum of A, and the bounded connected
components of C \ 0(A). Note that 7(Cy|C) N7(Cy|H3Z) = @, by Theorem
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and so Lat C, = Lat ((Cy|C) @ (Cy|H3)), splits ([16], Theorem 4.16). On the other
hand, C,|C is the identity operator acting on C.

We will consider now operators C,, similar via to Cy where 1(z) = Azk,
k >2,0 < |A| < 1. Let us denote My := {k" : n € N} the set consisting of
the nonnegative, integral powers of k and by N the subset of N consisting of
numbers that are not divisible by k. Then {mM; : m € N} is a partition of
N* =N\ {0}.

Recall that, if H is a complex, separable, infinite-dimensional Hilbert space,
{en : n € N} an orthonormal basis of H, and {w, } a bounded sequence of com-
plex numbers, the bounded, linear operator T uniquely determined by the rela-
tions

Tey, = wpey,p1 neN

is called the unilateral forward weighted shift with weight sequence {w,} acting
on H.

PROPOSITION 1.12. Let ¥(z) = AzK, k > 2,0 < |A| < 1. Then Ly, :=
Span({z" : n € mMy}), m € Ny form a family of mutually orthogonal reducing sub-
spaces of Cy|H3,

(1.7) CylH5 = Y &(Cy|Lm),

mGNk

the invariant subspace lattices of the reduced parts Cy|Ly, of Cy are given by

(1.8) Lat (Cy|Ly) = {Span({z' : i = mk", n > N}) : N € N} U {0},
and the reducing subspaces of Cy are those of the following form

(1_9) S Z @S, Se {0, (C}
meNk,SmE{O/Lm}

Proof. By the evident relation z"" o ¢ = ATk gmkt T Cy leaves Ly and
H? © L, invariant, for all m € N. Furthermore, it is visible that C¢|Lm is uni-
tarily equivalent to a unilateral forward weighted shift having weight sequence
{A™K"Y and hence to a forward weighted shift having weight sequence {|A"*" |}
([21], pp. 51). This last sequence of weights is decreasing and summable so, ac-
cording to [13], the associated weighted shift is unicellular (that is, it is an op-
erator with totally ordered invariant subspace lattice), and so, its invariant sub-
space lattice consists of the spaces of vectors having the first n Fourier coefficients
null, n = 1,2,3,..., the null space, and the whole space, which proves . It
is obvious that subspaces of the form reduce Cy. On the other hand, if a

subspace reduces Cy then it reduces , /CyCy and hence it must be of the form
Span{z" : n € E}, for some E C N, because , /CyCy is a diagonalizable compact

operator. Clearly, if mk" € E, for some m € N and some positive integer ny,,
then the fact that the given subspace is left invariant by Cy implies that mk" € E
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for all n > n,,. Let ng be the least nonnegative integer with property mk™ ¢ E. If
ng # 0, then the subspace under consideration is not left invariant by Cj. There-
fore, that subspace must have the form (1.9). 1

Description can be obtained as a particular case of Theorem 3 in [7].
Instead of just citing that result, we chose to write the proof above due to its sim-
plicity, but also for the sake of completeness and the extra information contained
by (L.8).

Clearly, under the assumptions in Proposition[I.12} the following are invari-
ant subspaces of Cy:

(1.10) S& Y ®Sm S €{0,C}.
meN,SmeLat (Cy|Li)

It is tempting to assume these are all the invariant subspaces of Cy. Unfor-
tunately, the assumption is false:

EXAMPLE 1.13. The invariant subspace lattice Lat Cy contains subspaces
which are not of form (1.10). For instance, consider

f(z) = ZZ—] zel,

jeNi

and denote by L, the 1-dimensional subspace spanned by f. Then H> & L is in
Lat Cy, but does not have the form (T.10).

Indeed, by our considerations Cf;] f =0, hence H?2 &S Lisin Lat Cy, but the
only finite-codimensional subspaces of form are those whose orthocom-
plements are spanned by finitely many monomials z/. Those orthocomplements
cannot contain f and hence are different from L.

2. THE LATTICE Lat M;NLat C,

2.1. THE FIRST APPROACH. We say that the orbit Oy (z) is Blaschke summable if

(2.1) Y. (1—|w|) < +oo.
weODy(z)

Visibly, this terminology comes from the well known convergence condition for
Blaschke products (0.8).

One of the main questions raised in [8], was when the lattice Lat M.NLat C,,
is nontrivial. We obtained already some extensions of the results in that paper as
Corollaries [1.5|and The extensions consisted of noting that results stated in
[8] as valid for inner symbols ¢, are actually true for arbitrary symbols. The same
is true for the following;:
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THEOREM 2.1 ([8], Theorem 1). If ¢ is an inner function, then Lat M;NLat C,,
contains spaces of the form BH? with B a nonconstant Blaschke product, if and only if ¢
has at least a Blaschke summable orbit.

It is elementary to note that:

REMARK 2.2. The statement in the theorem above is valid for arbitrary sym-
bols, not just for the inner ones.

Indeed, if Oy(z) is Blaschke summable, let B denote the Blaschke product
having zeros the elements of O, (z), all being simple zeros. Then clearly B o ¢ is
null on Oy(z), that is C(,)BH2 C BH?. Conversely, if C(pBH2 C BH?and Bis a
nonconstant Blaschke product then, if z is a zero of B, so is ¢(z), the consequence
being that all elements of O, (z) are zeros of the convergent Blaschke product B,
hence ¢ has at least a Blaschke summable orbit.

Therefore, it is interesting to know when analytic selfmaps of U possess
Blaschke summable orbits. If ¢(p) = p for some p € U, then Oy (p) is a singleton
hence Blaschke summable. In that case, one obviously has

(2.2) Co(apH?) CapH®> n=12,....

As noted in Corollaries [1.5/and sometimes these are the only nontrivial sub-
spaces in Lat M;NLat C, and, if ¢, not a disc automorphism or the identity, fixes
a point in U, then the lattice Lat M;NLat C,, will not contain nontrivial subspaces
of the form SuH 2 where Sy is a singular inner function.

If ¢ is an inner function of either hyperbolic or parabolic automorphic type,
then it has been recently shown [11], that C, has nonconstant, singular inner
invariant functions. On the other hand, it has been proved in Theorem 4.4 of [3]
that

(2.3) Z (1—[9"(0)]) < o0

if ¢ is an analytic selfmap of hyperbolic or parabolic automorphic type.
Thus, to review, the previous coinsiderations proved the following:

REMARK 2.3. The lattice Lat M;NLat C, is nontrivial if

(2.4) ¢(p) = p for some p € U, respectively if
(2.5) @ is a function of either hyperbolic or parabolic automorphic type.

If (2.5) holds and ¢ is an inner function, not a conformal automorphism, then
Lat M.NLat C, contains spaces of the form #H? where u can be a nonconstant
Blaschke product, a nonconstant singular inner function, or a product of such
factors.

This raises the question if Lat CyNLat M; is always nontrivial. The answer
is affirmative and we obtain it as Remark in Subsection 2.3.
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We turn now to the Blaschke summability of orbits and want to observe that
it holds for all orbits in certain cases. More exactly:

LEMMA 2.4. Let ¢ be an analytic selfmap of U and p € U. Denote p = ap o ¢ o
ap. The orbit of p under ¢ is Blaschke summable, if and only if, the orbit of 0 under  is
Blaschke summable.

Proof. First note that 1/)[”} =apo (p[”] oap,n=1,2,3,.... Next recall that

_ 2 (- p»(—zP)
1—|ap(z)]” = 1= 2P p,zel,

for which reason, one can write

g~ A= PP Al
1= g™ (0)] 1= 7o ()P n=123,....

So, it readily follows that

1=1pP il oy 2y <1 — 1l (02 <
1 (1—[e™(p)7) <1—|9p!"(0)]°<

Also:

LEMMA 2.5. Let ¢ be an analytic selfmap of U (not the identity or an elliptic
automorphism), and p € U. Denote ) = «, o ¢ o ap. Then exactly one of the following
holds:

(i) ¢ and  are maps with a fixed point in U,
(ii) @ and  are maps of hyperbolic type,
(iif) @ and  are maps of parabolic automorphic type,
(iv) @ and ¢ are maps of parabolic non-automorphic type.

Proof. Given that " = ap o ol o ap,n=1,2,3,..., an application of the
Denjoy-Wolff theorem leads to the conclusion that 7 = a,(w), where w and 7%
are the Denjoy—-Wolff points of ¢ and ¢ respectively. Thus |w| < 1 if and only
if [7| < 1. Given that a,, is selfinverse, one obtains that aj,(w)a},(7) = 1, which
leads to ¢'(17) = &, (w) ' (w)ay,(17) = ¢’ (w).

This means that ¢ and 1 are simultaneously maps with a fixed point in U,
maps of hyperbolic, respectively of parabolic type. We still need to prove that ¢
and v, if of parabolic type, simultaneously have pseudohyperbolically separated,
respectively nonseparated orbits. This is an immediate consequence of a well
known property of the pseudohyperbolic distance p(z, w) = |aw(z)| z,w € U,
namely:

p(ap(z),ap(w)) =p(z,w) pzwel.

The consequence of the two lemmas above and Theorem 4.4 of [3] is:

PROPOSITION 2.6. If ¢ is an analytic selfmap of U of hyperbolic type, or of para-
bolic automorphic type, then all the orbits under ¢ are Blaschke summable.
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Proof. 1f ¢ is such a map, then, for all p € U, the map ¢y = ayopon,isa
map of the same type and hence, the orbit of 0 under 1 is Blaschke summable by
Theorem 4.4 of [3], that is the orbit of p under ¢ is Blaschke summable. 1

Very little is known about composition operators induced by maps of par-
abolic non-automorphic type. One of the most studied classes of such maps is a
rather particular class of linear fractional selfmaps of U, namely those of the form

2 —
(2.6) palz) = %

Recently, Lat Cy, was characterized [12]:

Rea > 0.

THEOREM 2.7. LatCy, = {Span{efp% :p € F}:FeCP([0,+00))}, where
CP([0, +o0)) is the lattice of closed parts of [0, c0).

An immediate consequence is:
COROLLARY 2.8. The maps (2.6)) have Blaschke non-summable orbits.

The lattice Lat C, NLat M is easy to describe completely when ¢ is an el-
liptic disc automorphism conformally conjugated to a rotation by a root of unity.
The details are:

PROPOSITION 2.9. If A # 1 is a primitive root of unity of order n > 1, then
uH? € LatCy, if and only if u = BS, where B is a Blaschke product whose set of zeros
is a union of orbits under the map Az, the order of all zeros belonging to the same orbit
being the same, whereas y is a singular measure invariant under the rotation Az.

Proof. 1f u = BS,; where B is a Blaschke product and S, a singular inner
function, it is easy to see that Cy,uH? C uH? if and only if u divides u(Az) (in the
sense of inner functions division). Observe that a, o Az = M‘Xpr p € U. Thus, if
Z( B) denotes the set of zeros of the Blaschke product B, one must have

Z(B) CAZ(B) C A2Z(B) C --- C A"Z(B) = Z(B)

in order that B(Az) be divisible by B. Hence, Z(B) must be a union of distinct
orbits of the map Az, the order of zeros belonging to the same orbit being the
same.

Similarly, for singular inner functions, one has that

Ut Az _ [ Autz
Su(Az) =e” Jr G _ o e A0 _ Sur(z)

where
HA(E) = u(AE)
for all Borel subsets E C T. Thus, one needs that

p<UA <A << puAt =g,

that is » must be invariant under the rotation Az. 1
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COROLLARY 2.10. Let ¢ be an elliptic disc automorphism with fixed point p # 0,
which is conformally similar via to Y(z) = Az, with A a primitive root of unity of
order n > 1. Then the nonzero subspaces contained by Lat C,MLat M are those of form
(Boay)(Sy o ay)H? where B and S, are Blaschke products, respectively singular inner
functions with the properties in Proposition

Recall that, the characterization of Lat Cy,NLat M;, when ¢ is an elliptic disc
automorphism with fixed point p # 0, conformally similar to a rotation by a
unimodular number which is not a root of unity was already obtained as Corol-

lary

2.2. THE JULIA-CARATHEODORY THEOREM VIA COMPOSITION OPERATORS. We
want to observe that the Julia—Carathéodory theorem can be understood in terms
of the action of C, on some subspaces in Lat M. More exactly, we prove:

THEOREM 2.11. The analytic selfmap ¢ of U has an angular derivative at w € T
if and only if there is some 7 € T and p > 0 so that

(2.7) C(P(SMHZ) C S5, H>.
If condition holds, then 1 is the angular limit of ¢ at w and
(2.8) |¢/(w)| = min{p > 0: p satisfies 2.7) }.

Proof. Indeed, recall that

1— 2
P(z,w):Rew+Z: |Z|2 weT, zeTU,
w—z |w-—z

is the usual Poisson kernel.
Therefore, if ¢ has an angular derivative at w € T and the angular limit of
¢ atw € Tis 1, then, according to Theorem [0.}

N wtz o 1+
|(p(w)|—sup{Rew /Re o0 .ZEU}.
Hence, for all p > |¢'(w)|, one can write

Re“ T2 < R H2E)

w—z T —(z)

or, equivalently

_ n+o(z w+z
2.9) le (V5 J1<1 zel
Denote
_(p19(2) _wiz
Fz) i=e Pre@ @3 zem,

and consider any f € H2. Then

Cop(Sps,f) = Ss,F(fo9)
and so, (2.7) holds for all p > |¢'(w)|.
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To finish the proof, we assume that holds for some p > 0and 57 € T,
and show that, in that case, ¢'(w) exists, |¢'(w)| < p, and 7 is the angular limit
of ¢ at w. Indeed, if holds, then

Cp(Sps,) € Ss,H.
This means that the inner part of the bounded analytic function

_(plte(z)
G(z)=e Prvd) zeU

is divisible (in the sense of inner functions divisibility) by S5  and the ratio G/S;,
is a bounded analytic function, more exactly

(p’7+47() wiz)
le el |<1 zelU

(since |G| < 1). Therefore, one has

nt+o(z w+z
e RelPime o) <1 zeU
which is equivalent to

n+ez) w+z S
Re(pﬂ—go(z) w—z)/o ze U

and hence to
17— 9(2)? Iw - Z|2
1—[p(2)2" 1~ |z[?

By Theorem 0.1} the proof is over. 1

<p zel

2.3. ALEKSANDROV OPERATORS AND THE JULIA-CARATHEODORY THEOREM.
The version of the Julia—Carathéodory theorem in the previous subsection raises
the following problem.

PROBLEM 1. If ¢ is some analytic selfmap ¢ of U and u, v are nonzero singular
measures on T, then what characterization can be written for the condition

(2.10) Cy(SyH?) C S,H*?
We begin by a simple proposition.

PROPOSITION 2.12. Let ¢ be an analytic selfmap of the disc other than the identity
or an elliptic automorphism. If w, the Denjoy—Wolff point of ¢, is in U or |w| = 1, and
w does not belong to suppy, then (2.10) cannot hold.

Proof. Indeed, if w € U is the fixed point of ¢ and one assumes (2.10) holds,
then0 # S (w) = nlgr(}o Suo ¢l"l € S, H?, that is
(2.11) C C S, H?,

because S, H? is weakly closed and {S o ¢l"} tends weakly to Su(w). Indeed,
that sequence is pointwise convergent to its limit and norm-bounded, because
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the supremum norm of Sy is 1. Condition (2.1T) cannot hold unless v is the null
measure.

If |w| = 1, but w does not belong to suppy, then S, (w) = 1 # 0, and so,
one gets the contradictory statement (2.11), by the same argument. 1

The so called “composition operators on the space of measures” ([20]), are
called by this author Aleksandrov operators, given a construction by Aleksan-
drov [1]], which we present in the sequel. The Julia—Carathéodory theorem can be
understood in terms of such operators as well. Here are the details.

For each w € T, we denote by 1, the Aleksandrov measure of index w of
¢, that is the measure whose Poisson integral equals P(¢(z),w). There exists a
unique such measure, by the well-known Herglotz theorem ([17], Theorem 11.19).

The Aleksandrov operator A, with symbol ¢ is the operator on the space M of
complex Borel measures on T satisfying:

PAq’(V) :PP‘O(P 12 e M,

where for all measures v, P, denotes the Poisson integral of v. As shown in [11],
Ay is not a composition operator, but a similar copy of the composition operator
with symbol ¢ acting on the space k! of Poisson integrals of complex Borel mea-
sures. Therefore, all Aleksandrov operators are bounded, since all composition
operators on that space are known to be bounded (see [11] or [20]).

Denote by 0, the singular part of T, in its Lebesgue decomposition with
respect to m. We call the little Aleksandrov operator with symbol ¢, the operator
ay(u) equal to the singular part of A, () with respect to m. With the notation
above, ay(dw) = 0w, w € T. The following is a solution of Problem 1 and a
version of the Julia—Caratéodory theorem in terms of Aleksandrov operators.

THEOREM 2.13. Condition holds if and only if
(2.12) ag(p) > v.

As a consequence, the angular derivative of some analytic selfmap ¢ of U exists at some
w € T if and only if there is some 1y € U so that

@13) lag(@)]({w}) > 0.

Clearly one has [ay(5y)|({w}) = [Ap(0y)]({w}) and, if R.13) holds, then 1 is the
angular limit of ¢ at w and [ay(6y)]({w}) = 1/]¢'(w)].

Proof. Condition (2.12) is equivalent to Ay(u) > v (because v is singular
with respect to m) and hence to P4, (,) = Py. Borrowing from the proof Theo-
rem one can write the following.

Let F denote the function

i
F(Z) _ ol BEZ dy(u)— [1 Z Z dy(u)

One has that ||F||e < 1and forall f € H%, Cy(Suf) = SuF(f o ¢) € SyH?, that s,

(2.10) holds if (2.12) holds.
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Conversely, if (2.10) holds, then S, 0 ¢ = S,F € S,H?. This means that S,
is an inner divisor of the inner factor of S, o ¢ and hence ||F|| < 1, a fact that

implies PAq)(V) > P, and hence l| holds.
Letc:= [Aq,(éﬂ)]({w}) = lay (5,7)]({w}) If ¢ > 0, then

1
c

0p(6y)]({w}) =1 thatis a(,,((%)(sﬂ) > bo.

The consequence is
Cp(S1/c15,H*) < S5, H?.

Hence, by Theorem [2.11] ¢'(w) exists, 1/|¢’(w)| > ¢, and 7 is the angular limit
of g at w.

Conversely, if ¢'(w) exists and 7 is the angular limit of ¢ at w, then, by
Theorem [2.1T|and what we have already proved, one has

[ag(pdy)] = b0 thatis [ay(6y)]({w}) = ; p=le'(w),
Hencec > 1/]¢'(w)| > 0. 1

All these considerations raise the problem:
PROBLEM 2. What conditions on ¢ are equivalent to condition (2.12))?

It is particularly easy to solve Problem 2 in the case of purely atomic singular
measures, that is (possibly infinite) sums of weighted point masses. If y1 is such a
measure, then we denote by atoms(y) the set of all its atoms, that is atoms(u) :=
{w e T:u({w}) > 0}. With this notation we prove:

PROPOSITION 2.14. Let v and u be nonzero purely atomic measures on T. Then

(2.12)) holds if and only if

n{g(w)})
(2.14) e D e
v({w})
that is if and only if ¢(atoms(v)) C atoms(u), and for all w € atoms(v), the angular
derivative ¢ (w) exists and satisfies relation (2.14), where ¢(w) denotes the radial limit
of p at w.
Proof. Let

neatoms(p) neatoms(p)
If (2.12) holds, then for any fixed w € atoms(v), one has that A, (u)({w}) > 0,
hence Ay Ay(dy)({w}) = Ayay(dy)({w}) > 0, for some n € atoms(u). Then,

according to Theorem the angular derivative ¢'(w) exists, 7 is necessarily
the angular limit of ¢ at w, that is, in our notation, 77 = ¢(w),and Ay = A4,y >0,

> |¢'(w)] w € atoms(v),
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that is u({¢(w)}) > 0, which proves that ¢(atoms(v)) C atoms(u). Observe
that, by Theorem one can write

[Ap(m)]({w}) = [ap(1)]({w}) = [ap(8pw))]({wHAp(w) =

and hence, the inequality

[2p(W]({w}) = v({w})

means that (2.14) holds.
Conversely, if (2.14) holds, then, by the previous considerations, this means

[2o(1)]({w}) = v({w})  w € atoms(v)
which implies condition (2.12). 1
As an immediate consequence, we state the following:

COROLLARY 2.15. If p is purely atomic, then, one has

(2.15) Cy(SuH?) C S, H?
if and only if
(2.16) ¢(atoms(p)) C atoms(p)) and

H{p(w)})
u({w}) =

Furthermore, let us note that:

l¢/(w)| w € atoms(p).

REMARK 2.16. A purely atomic measure p on T can satisfy the relation
only if ¢ is of parabolic or hyperbolic type with Denjoy-Wolff point w &
suppy. Actually, that Denjoy—Wolff point is the only boundary fixed point of ¢
which can be an atom of y. Therefore, Remark upgrades to: LatCpNLat M; is
always nontrivial.

For a simple example of such a measure, consider 4 = v = d,,, where w is
Denjoy—-Wolff point of ¢, a selfmap of of parabolic or hyperbolic type. Obviously
this is the only case when relation (2.15) is satisfied by a unit mass concentrated
at a point. However, relation can hold for more complicated singular mea-
sures than the point mass associated to the Denjoy-Wolff point of ¢, since inner
symbols of parabolic automorphic or hyperbolic type induce composition opera-
tors with singular inner eigenfunctions associated to different measures [11] (and,
in some cases, those measures can be completely non-atomic [8]).
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