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Abstract. A continuous linear operator L defined on the space of entire
functions H(C) is said to be an extended A-eigenoperator of the differen-
tiation operator D provided DL = ALD. Here we fully characterize when
an extended A-eigenoperator of D is supercyclic, it has a hypercyclic sub-
space or it has a supercyclic subspace.
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1. Introduction

A (continuous, linear) operator T acting on a separable complex Fréchet space
X is said to be hypercyclic if there exists f € X such that {T" f},>¢ is dense
in X. In this case we say that the vector f is hypercyclic for T'. To say that T'
is supercyclic means that there exists a vector x € X such that the projective
orbit {\T™z : n > 0,A € C} is dense in X. The operator T is said to
have a hypercyclic (supercyclic) subspace if there exists an infinite dimensional
closed subspace whose non-zero vectors are hypercyclic (supercyclic) for T.
The study of hypercyclic (supercyclic) subspaces is a mainstream research line
in the theory of hypercyclic operators (see [13] Chapter 10, [3] Chapter 8, [20]),
and its interest comes from the invariant subspace problem.
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Over a century ago, Birkhoff [6] proved that the translation operator is hy-
percyclic on H(C) endowed with the compact open topology. Later, MacLane
[18] proved that the differentiation operator D is also hypercyclic. These seem
to be the first examples of hypercyclic operators. Godefroy and Shapiro [11]
unified the results of Birkhoff and MacLane by showing that each non-scalar
operator A (i.e., A # A\I) commuting with D is hypercyclic.

An operator T is said to A-commute withA provided AT = AT A, where
A€ C.IfT # 0, then T is called an extended\-eigenoperator of A with extended
eigenvalue A. Extended A-eigenoperators appear in the proof of an extension
of Lomonosov’s famous result, which was obtained independently by Scott
Brown and Kim, Moore and Pearcy [9,14]. They proved that if an operator
has a compact extended A-eigenoperator then it has a non-trivial hyperinvari-
ant subspace. The determination of the extended A-eigenoperators plays an
important role in the study of an operator, and some properties, like hyper-
cyclicity, are transferred in some way to the commutant (see [11]).

In this paper we study how the hypercyclic properties are transferred to
the A\-commutant. Some results in [4] reveal that the hypercyclic properties for
the extended A-eigenoperators of D enjoy a rich structure (see [1] for related
results).

For the differentiation operator D on H(C), Bonilla and Grosse-Erdmann
studied how frequent hypercyclicity is transferred to the commutant of D (see
[8]). Recall that an operator T' on a Fréchet space X is said to be frequently
hypercyclic if there exists a vector x € X such that for each nonempty open
subset U of X theset Ny = {n € N: Tz € U} has positive lower density in N.
The study in [16] reveals that frequent hypercyclicity is not always transferred
to the A-commutant.

It has also been studied when an operator that commutes with D has a
hypercyclic subspace. S. Shkarin [24] began by proving that D has a hypercyclic
subspace. Partial results were obtained by H. Petersson [22] and completed by
Q. Menet [19], obtaining the so called Menet-Petersson-Shkarin’s result which
asserts that each non-scalar operator commuting with D has a hypercyclic
subspace. Thus the following question arises:

Question 1. Assume that L is an extended A-eigenoperator of D.
When does L have a hypercyclic subspace?

In strong contrast with Menet-Petersson-Shkarin’s result, an extended
M-eigenoperator L of D does not always have a hypercyclic subspace. Indeed,
if we consider the following extended A-eigenoperators of the differentiation
operator: Ty, f = f'(Az+b), introduced by Aron-Markose [2], it was shown in
[17] that Ty, has a hypercyclic subspace if and only if [A| = 1.

It is known from [4] that if L is an extended A-eigenoperator of D then L
factorizes as L = Rx¢(D) where Ry f(z) = f(Az) is the dilation operator and
¢ is an entire function of exponential type, that is, there exist constants A, B
such that |¢(z)| < AePl?l for all z € C.
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TABLE 1. Hypercyclic subspaces

L=Ry¢p(D) Z(p)=10 Z(p) # O finite Z(¢) infinite

A <1 L¢ HCyx [4] L¢ HCs [4] L¢ HCy [4]
A =1,A#1 L¢ HCsx [4] L€ HCs; Th. 3.6 L € HCo; Prop. 3.4
A > 1 L ¢ HCsx [4] L¢ HCy:; Th.3.9 L€ HCs; Prop. 3.4

The results in [17] may suggest that extended A-eigenoperators with |A| >
1 have no hypercyclic subspace. For T ; this is true because in the factorization
Tp = Ry¢p(D) the map ¢(z) = ze’* has only one zero. However the situation
is quite different when ¢ has infinitely many zeros. Our first main result fully
answer Question 1.

Main result 1. Assume thatL = Ry ¢(D) is an extended\-eigenoperator
ofD. The following conditions are equivalent:

1. L = R\¢(D) has a hypercyclic subspace.
2. ¢ has infinitely many zeros and|\| > 1 or¢ has a finite (non empty)
number of zeros and|\| = 1.

The proof of this result splits into several cases. If we denote Z(¢) the set
of zeros of ¢ and HC, the set of all operators having a hypercyclic subspace,
Table 1 below summarizes the results.

Let us remark that Table 1 does not include the case A = 1, for which the
situation is different. The shaded entries in Table 1 correspond with results
discovered in [4]. In those cases the operator L = Ry¢(D) is not hypercyclic,
therefore it has no hypercyclic subspaces.

Moreover, we devote some effort to sharpen the results of Table 1. Let
us denote by SC the set of all supercyclic operators having a supercyclic
subspace. For L ¢ HCy,, we want to know whether L € SC., and we begin
studying the supercyclicity of the extended A-eigenoperators of D.

Question 2. Let L be a non-hypercyclic extended A-eigenoperator of
D. Is L supercyclic?

Question 3. Let L be a supercyclic extended A-eigenoperator of D.
Does L have a supercyclic subspace?

When ¢ has no zeros, then the operator L = R)¢(D) is a composition
operator Cy;f(z) = f(Az 4+ b) induced by an affine endomorphism. In this
case, it was proved by Bernal-Gonzalez, Bonilla and Calderén-Moreno [5] that
L is not supercyclic (see the shaded entries in Table 2).

For Question 2 it is enough to study the case |A\| < 1 because in other
cases the operator is hypercyclic. We fully answer this question and our results
sheds light on an additional, unexpected condition: The value of ¢ at the origin.
When ¢(0) = 0 we can obtain a positive result using standard arguments.
However, the case ¢(0) # 0 requires more efforts and new ideas. In general,
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TABLE 2. Supercyclicity

L=R\¢(D) 2(¢)=0 $(0)=0 Z(p) #0, ¢(0) #0
0<[\l<1 L¢SC[5 LeSC\HC;Th 4.1 L¢ SC;Th. 4.2

TABLE 3. Supercyclic subspaces

A <1 Z(¢)=0 0¢€ 2(¢) 0¢ Z2(¢)

L ¢ SCo [B]L € SCo \ HCoo; Th. 5.1L ¢ SCo (Th. 4.2)
AN =1X#1Z(¢)=0 Z(¢) # 0 finite Z(¢) infinite

L ¢ SCu [5]L € HCo; Th. 3.6 L€ HC.. ; Prop.3.4
[A] >1 Z(p)=0 Z(¢) # 0 finite Z(¢) infinite

L ¢ SCw [5]L ¢ SCo; Th.5.5 L € HCw; Prop.3.4

to prove that an operator is not supercyclic is much more complicated than
proving that it is. Denoting by SC and HC the set of all supercyclic and
hypercyclic operators respectively, we obtain:

Main result 2. Assume that L = Rx¢(D) is an extended \-eigenoperator
of D. The following conditions are equivalent:

1. Le SC\ HC.
2. 0 < |Al <1 and ¢(0) =0.
Again the proof splits into two cases, and Table 2 summarizes the results.
We also study when an extended A-eigenoperator has a supercyclic sub-
space. The remaining cases are: 1) [A| < 1 and ¢(0) = 0 (Theorem 5.1), in
which there exists a supercyclic subspace, and 2) |A| > 1 and ¢(D) has a
non-empty finite number of zeros, in which the operator does not have a su-
percyclic subspace. We will use a sort of angle criterion, which was first used
by Montes and Salas in [20, p. 102]. The proof uses a mix between the ideas
of [19] and [20], however these ideas separately seem not enough to obtain the
desired result. In summary:

Main result 3. Let L be an extended A-eigenoperator of D, X # 1. The

following conditions are equivalent:
1. Le SCx \ HC .
2. 0 <|Al < 1and ¢(0) =0.

Table 3 summarizes the results and points at the places in the paper
where those results can be found. Here the shaded entries in the first column
follow by the non-supercyclicity of the operator ( [5]), and the other shaded
entries follow from the study on hypercyclic subspaces (see Table 1).

The main ancestors of this paper are [12] and [15]. Many of the results
in these two papers were extended to operators on Fréchet spaces in [19].



Supercyclic Properties of Extended Eigenoperators Page 5 of 24 2

The paper is structured as follows. In Sect. 2 we describe some tools from
[22] and [19] that we will use throughout the paper. In Sect. 3 we prove Main
result 1. The case when ¢ has finitely many zeros is reduced to the case of a
polynomial P by showing that the operators Ry¢(D) and RyP(D) are similar.
In Sect. 4 we characterize when Ry)¢(D) is supercyclic in terms of an intriguing
and unexpected condition on the values of ¢(0). Finally, in Sect. 5 we prove
the Main result 3.

2. Some Preliminary Results

Here we introduce some tools we will use along the paper. Let X be a sep-
arable Fréchet space. Next result is a version of the Hypercyclicity Criterion
discovered by Bes-Peris (see Theorem 3.24 in [13]).

Theorem 2.1 (Hypercyclicity criterion for sequences). Let (T},) be a sequence
of operators acting on X. Suppose that there exist two dense subsets Xg, Yy of
X, a subsequence (Ty,,) and a sequence of maps Sy : Yo — X satisfying:
i) Th,xo — 0 for all 29 € Xp.
it) Skyo — 0 and
iii) T, Skyo — Yo for all yo € Yo.
Then there exists x € X such that the set {T,,x : k € N} is dense in X.

We say that an operator T on X satisfies the Hypercyclicity Criterion for
the sequence(ny) if the hypothesis of Theorem 2.1 holds for the sequence of
powers (T™), and the sequence (ny).

To obtain an infinite dimensional closed subspace of hypercyclic vectors,
we need a stronger Hypercyclicity Criterion involving an infinite dimensional
closed subspace M, where we can control the orbits. Such a result appeared
firstly in [12] in the Banach space setting. Here we will use the following Fréchet
space extension by Petersson [22] (see also [7]).

Theorem 2.2. Let (T},) be a sequence of operators on a Fréchet space X with
a continuous norm. If (T,) satisfies the Hypercyclicity Criterion for a sub-
sequence (ng) of N and there exists an infinite dimensional closed subspace
My C X such that T, f — 0 for all f € My, then there is an infinite dimen-
sional closed subspace My such that for every x € My \ {0} the orbit {1, z}
s dense in X.

The existence of the subspace My in the previous Theorem can be weak-
ened, requiring only a control of the sequence of operators in a sequence of
closed subspaces of decreasing infinite dimension. This weakening was proved
firstly in the Banach space setting in [15, Theorem 20]. We will use the follow-
ing extension for Fréchet spaces discovered by Q. Menet (see [19], Theorem
1.11 and Remark 1.12).



2 Page 6 of 24 M. Gonzélez et al. Results Math

Theorem 2.3. Let T' be an operator on X satisfying the Hypercyclicity Crite-
rion for (ny), and let (p,) be an increasing sequence of seminorms defining
the topology of X. If there exists a decreasing sequence of infinite dimensional
closed subspaces (M;) such that, for each n € N, we can find C,, > 0 and
m(n),k(n) € N so that for each j > k(n) and x € M;,

pn(T™z) < C’npm(n)(x)v
then T has a hypercyclic subspace.

Remark 2.4. Theorem 2.3 remains true replacing the sequence (7T™*) by a
sequence of operators (1),,) (see [19, Theorem 1.11 and Remark 1.12]).

To prove that a hypercyclic operator on Banach spaces does not have
a hypercyclic subspace, it suffices to inspect its essential spectrum (see [12]).
For sequences of operators on Banach spaces, the result by Gonzéalez-Led6n-
Montes ([12]) was refined by Leén-Muller in [15] (Theorem 22 and Corollary
23). For sequences of operators defined on Fréchet spaces this problem is more
delicate and much more complex. The following sufficient condition to prove
the nonexistence of hypercyclic subspaces was discovered by Q. Menet in [19]
(Theorem 2.2 and Corollary 2.3).

Theorem 2.5. Let T be an operator on a Fréchet space X with a continuous
norm. Assume that there exist a sequence of seminorms (p,) defining the topol-
ogy of X and N > 1 such that for every n € N, there exist C,, > 1, a closed
subspace N, of finite codimension such that

pn(T"x) > Cppn(x) for x € N,.
Then T has no hypercyclic subspace.

3. Hypercyclic Subspaces for Extended Eigenoperators of D

We begin by describing some results obtained in [4] where it was characterized
when an extended A-eigenoperator of D is hypercyclic. First of all, the extended
M-eigenoperators of D were described as follows:

Proposition 3.1 ([4, Proposition 2.3]). Let L be an operator on H(C). Then
DL = ALD for some 0 # X € C if and only if L = Rx¢(D), with Ryf(z) =
f(Az) for z € C and ¢ an entire function of exponential type.

In the trivial case A = 0, we get DL = 0, which means that rank(L) is
contained in the one dimensional subspace of all constant functions. In such a
case L is never supercyclic.

From Proposition 3.1, it was derived that if ¢ has no zeros, then the
operator Ry¢(D) is a multiple of a composition operator induced by an affine
endomorphisms: Cy,f(z) = f(Az 4+ b). The main result in [4] characterizes
when Ry¢(D) is hypercyclic:
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Theorem 3.2 ([4]). For an operator L on H(C) satisfying DL = ALD, A # 1,
the following conditions are equivalent:
1. L is hypercyclic.

2. L satisfies the Hypercyclicity Criterion.
3. A\ > 1 and L is not a multiple of the operator Cx pf(z) = f(Az +b).

Now we can restate our first main result as follows:
Main result 1. Let L = Rx¢(D) be an extended \-eigenoperator of D.
Then the following conditions are equivalent:

1. L has a hypercyclic subspace.
2. ¢ has infinitely many zeros and |\ > 1, or ¢ has a non-empty finite
number of zeros and |\ = 1.
The proof splits into several cases which we will study separately. Next
we consider the case when A\ is a root of the unity.

Theorem 3.3. Assume that \ is a root of the unity. If DL = ALD and L is
not a multiple of Cxp then L has a hypercyclic subspace.

Proof. If X" =1 for some ng € N then RY° = I. Since L = Rx¢(D) is not a
multiple of C'y 3, ¢ has some zero, L™ is not a multiple of the identity and L™°
commutes with D. Thus, since by Menet-Petterson-Shkarin’s result (see [19,
22,24]) each non-scalar operator commuting with the differentiation operator
has a hypercyclic subspace, we get that L™° has a hypercyclic subspace. Hence
L has a hypercyclic subspace as we desired. O

Proposition 3.4. Let L = R)¢(D) be an extended A-eigenoperator of D. If L is
hypercyclic and ¢ has infinitely many zeros then L has a hypercyclic subspace.

Proof. By Theorem 3.2, L satisfies the Hypercyclicity Criterion for some sub-
sequence (ny) of N. If a is a zero of ¢ then Le®* = ¢(a)e* = 0. Since ¢ has
infinitely many zeros, Ker(L) is infinite dimensional. Since the sequence (L")
converges trivially to zero on Ker(L), by Theorem 2.2 L has a hypercyclic
subspace as we desired. O

Proposition 3.4 reduces our problem to the case that ¢ is an entire func-
tion of exponential type which only has finitely many zeros. By Hadamard
factorization Theorem, ¢(z) = P(z)e’*, where P(z) is a polynomial. This case
includes the operators T) j, studied in [2]. By Theorem 3.2, it is sufficient to
study the case |A| > 1. Since the existence of a hypercyclic subspace is invariant
under similarity, our next result simplifies the problem.

Proposition 3.5. Set A\ # 1. The operator RyP(D)e"? is similar to Ry\P(D).
Proof. Set a = %. It is easy to check that e"*P Ry = Rye™**P. Hence
e *PRA\P(D)e*” = Rye P P(D)e*” = R\P(D)e*'™MP = R\ P(D)e"”,

and the result is proved. ]
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For f(z) = Y ey arz® € H(C), we define pps(f) = > pey lar|M*. The
family of seminorms {pas : M > 0} induces the natural topology of H(C).
The case A = 1 of the following result was proved by Menet [19].

Theorem 3.6. If L = R)\P(D) with |\| = 1 and P is a non-constant polyno-
mial, then L has a hypercyclic subspace.

Proof. By Theorem 3.2, L = R)P(D) satisfies the Hypercyclicity Criterion
for some subsequence (ny), (moreover by [16], the operator L satisfies the
Hypercyclicity Criterion for the full sequence of natural numbers).

Let us denote w = A~ and P(z) = Ei:o brz". For each n € N we write
nd
P(wz)P(w?2) - P(w"z) = Z bgﬁn)zk
k=0

and set C,, = max{|b§f)| :1<r<n,1<k<dr}. Then

(RAP(D))"(2%) = R\P(D) - -- RxP(D)(z")
= P(wD)--- P(w"D)RY(z*)

nd
=3 0 s(s = 1) (s — k+ DA,
k=0

Let us precise in the above formula that s(s—1)---(s—k+1) = 1 when k& = 0.
Thus, if |z2| = M > 1,

nd
(RAP(D)" (%) < Db\ [[s(s — 1)+ (s — ki + 1)]M*™* < Cunds™M*.
k=0

Clearly, for each n € N we can select M,, > 0 such that (fj’;ndxd" < 2% for
x > M,,. We consider a strictly increasing sequence (n;) in N with nj,, > M,.
Thus if s > j 4+ 1 then

@;njdn;’jd < 27, (1)

If f € Nj = linearspan{z"* : s > j+ 1}, then f(2) = > _;,, asz" and

pr(LMf) = par [ L7 [ ) agz™
s=j+1

o0

PM E a L™z
s=j+1

[ee]
~ _dn; N
E las|n;dCy, ng™ M™
s=j+1

IN
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< Z las|(2M)"™ = pam (f),

s=j+1

where the last inequality follows from equation (1). Thus Theorem 2.3 is ful-
filled if we consider the sequence of seminorms (p,,) and we take m(n) = 2n,
Cp = k(n) = 1. Thus if p(D) is not a multiple of the identity and [A| = 1 then
L = R)\P(D) has a hypercyclic subspace, as we desired to prove. O

The most intriguing case is when |[A\| > 1 and ¢ has a finite number of
zeros; or just ¢(D) = agD? + --- + agl is a polynomial. The main idea of the
proof is basically to show that the significant term of the action of L™ (on
finite codimensional subspaces) is concentrated on agD?. If we set

N, ={f € H(C) : f(0) = f'(0) == f™(0) = 0},

by bounding the derivative on a line, it is simple to show that there exist ¢ > 0
and r > 0 such that for any f € Ny

pr(Lf) = e\ pr (fD(N2)).

However this idea of boundedness is not enough for the asymptotic inequality
that it is needed. We stress here that the following asymptotic formula relies
on taking finite codimensional subspaces N,, for n large enough.

Lemma 3.7. Suppose that L = R\P(D) with P a polynomial of degree d > 1.
Let M > 0. There exist a constant ¢ > 0 and an increasing sequence (m,) C N
such that for each n € N and h € N,,,

par(L7h) = - (AT AP A par (B D (A" 2)). (2)

Proof. We can assume that L = P(D)R) and P(D) = ZZ:O apDF.
For n = 1, set ¢ > 0 satisfying |aq4| > ¢, and let h € N,,, with m (large
enough) to be determined later. We write

d—1

par(Lh) > par(aaD*Rah) = |aglpar (D¥RR).
k=0

If h(Az) = 300 hy2™, let us check the above formula in each zP for
p > m. Since
_ lao| M + |ay[pM@ + -+ + |ag_a|p--- (p—d+ 2)M

plp—1)---(p—d+1)
as p — 0o, there exists my > 0 such that for p > m1, |aq| —&ar,a(p) > c. Thus
p(p-dt1)
M

and for each f € N,,, we get

— 0

fM,d(p) :

ladllhp|MP — €nr,a(p) hp|MP) = cp-- - (p — d + 1)| | P4,
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d—1

prr(Lh) > par(agD?Rah) = |ak|par (DF Ry)
k=0

> cpm(Dh(Az2)) = |\ par (KD (A2)).
The proof for arbitrary n is similar. Recall that w = 1/\. If L™ = P(D)P(wD)
-+« P(w""'D)RY, then
pr(L"h) = prr(P(D)P(wD) - - P(W" "' D)R}h)
= 1-[w| - [w]" D ps (P(D) RER),
where ﬁ(D) is a polynomial whose leader term is |a4|" D™?. Thus, by arguing
as in the first step, there exists m,, such that for any h € N,,, we get

par(L7h) = 1+ |w| -+ |w| "D par (P(D) REh)
> "1 Jw| - w0 par (D™ RYR)
= M1l DA A (D (A7)
= AR A (D (A7),
and the result is proved. O

Remark 3.8. For future reference, we remark that the asymptotic inequality
(2) remains true for any subsequence (r,) of (my,). This fact will be crucial in
the proof of Theorem 5.5.

The following result completes the proof of Main result 1. Surprisingly
there are hypercyclic extended A-eigenoperators of D such that all closed sub-
spaces of hypercyclic vectors have finite dimension.

Theorem 3.9. If L = R\¢(D) with |\| > 1 and ¢ has finitely many zeros, then
each closed subspace of hypercyclic vectors for L is finite dimensional.

Proof. We can assume that L = P(D)Ry with P(z) = ZZ:O brz* non-constant.
By applying Lemma 3.7 there exist a constant ¢ > 0 and an increasing sequence
(my,) C N with m,, > nd such that for any h € N,
pr(L"R) = " AT AP A (D (A 2)). (3)
Let us consider the seminorms po(h) = max|,j<q |k(2)], and

n(h) = h(z)].
po() = max [h(2)

Then (p,) is an increasing sequence of seminorms that defines the original
topology of H(C). Moreover, since m,, > nd, for h € N,,,, we get

pr(A"D(N"2)) = max R D (A" 2)]
= max |[h")(w
R )

> max |h"D(w)
lw]<| x|/
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> A7 max |h(w)]
Jw|<[A|m/4
= |\ 4, (h).

dn(n+1)
2

By setting C,, = ¢™|A |A|74n"/% and using the above inequality in
equation (3), for h € N,,, we obtain

dn(n+1)

pL(L"h) = N[5 AT A, () = Cpa(h)
with C,, — oco. Thus, by Theorem 2.5, L has no hypercyclic subspaces. O

4. Supercyclic Extended Eigenoperators of D

Let L be an operator on H(C) satisfying DL = ALD with A # 1. In this section
we study when L is supercyclic. For A = 1 the operator is always hypercyclic
(see [11]) provided L is not a multiple of the identity.

In this direction, it was proved in [5, Theorem 3.6] that no multiple of
Cp is supercyclic for A # 1. The study of hypercyclicity of the extended A-
eigenoperators of D defined by: Th ,f = f'(Az + b) were studied in [2,10,17].
However, the supercyclicty of such operators, as far as we know, has not been
studied. Our second main result solves this question and provides a complete
answer to Question 2 in the introduction. Surprisingly enough, the character-
ization depends of the value of ¢ at the origin.

Let us denote by HC' (and SC) the subset of all hypercyclic operators
(supercyclic operators) defined on H(C).

Main result 2. Assume that L = Ryx¢(D) is an extended \-eigenoperator
of D. The following conditions are equivalent:

1. Le SC\ HC.
2. 0< A <1, ¢(0) =0.

We point out that if L = Rx¢(D) with A # 1 and ¢ has no zeros, then
(see Proposition 2.3 [4]) L is a multiple of Cy for some b € C, hence by
Bernal-Bonilla-Calderén [5], L is not supercyclic. According to the results in
[4], the only extended A-eigenoperators which are not hypercyclic and could
be supercyclic are the extended A-eigenoperators associated to |A\| < 1. Thus,
we can concentrate on the cases with |\| < 1 and ¢=1{0} # 0.

The proof of the second main theorem splits into two cases. First we
analyze the case ¢(0) = 0 and |A| < 1, which includes the Aron-Markose oper-
ators. And then we study the case |A\| < 1 and ¢(0) # 0, in which surprisingly
the extended A-eigenoperators of D are not supercyclic.

Theorem 4.1. If L = Ry\¢(D) with |A\| < 1 and $(0) = 0, then L is supercyclic.

Proof. Tt is enough to find a sequence of real numbers (A,) such that the
sequence of operators (A, L™) satisfies the conditions of Theorem 2.1.

We write ¢(z) = z™(z) with ¢(0) # 0, and set Ay = R (D), so that
L = A\D™. Since 1(0) # 0, the polynomials of degree less or equal than n
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form an invariant subspace for A,. Moreover, the operator Ay has a triangular
matrix representation with diagonal entries ¢¥(0)A\*, k = 0,1,--- ,n; hence the
eigenvalues of the matrix are simple. Let pi (0 < k < n) be the polynomial of
degree k such that Axpy = ¥(0)\Fpy, for k > 0. Since DRy = AR\ D we get:
LE = R\D™ (D) -+ R\D™ (D)
= \"AT L ABEDMR (D) - Rygp(D) DR
_ )\m)\2m . A(kfl)mAl)c\Dk:m
Set A, = (A - - A=) =1 and let us denote T, = A\, L*. Since LFp(z) =
0 for km > deg(p), the sequence (A, L") converges pointwise to zero on the set
of polynomials X, = linearspan{py(z) : k£ > 0}, which is dense in H(C). Let
V be the complex Volterra operator defined by

Vi) = / Cf©de, (zec).

Since LV™py, = Axpr = 1(0)\¥py., we can define
V™
(Y (0)A")*”
and we extend S; to X by linearity. It is easy to check that A\;7}S; = Idx,.
Finally, for ng fixed, Sgpn,(2) — 0 uniformly on compact subsets; hence

Sj converges pointwise to zero on Xy. Thus, by Theorem 2.1, there exists
f € H(C) such that {\xL* f}1x>¢ is dense in H(C), hence L is supercyclic. [

Skpn =

The proof of the next result completes the characterization of super-
cyclicity for extended A-eigenoperators of D. We highlight here the difficulty
of proving the non-supercyclicity of an operator.

Theorem 4.2. Assume that |\ < 1 and ¢(0) # 0. Then, the operator L =
R¢(D) is not supercyclic.

Proof. Since supercyclicity is invariant under multiplications by non-zero scalars,
for pure notational convenience, we can suppose without loss of generality that
6(0) = 1.

Assume that f € H(C) is supercyclic for L. Thus, given g(z) = €*, there
exists an increasing subsequence of natural numbers {n;} and a sequence of
scalars {\,, } C C\ {0} such that

Ay (L™ f)(2) — €® as nj — o0

uniformly on compact subsets of C. Moreover, since D™e* = e, for each
m €N

A, DL f)(2) — €® as np — o0
uniformly on compact subsets of C. In particular,

Any (DT L™ f)(29) — €*°  and A, (L™ f)(0) =1 as np—oo. (4)
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From (4) we get that
(D™ L™ £)(20)
(L f)(0)
This unusual idea of applying D™ to the previous sequence is crucial and

central in the proof. It really simplifies everything. We will show that we can
choose m € N such that

0 as k — oo. (5)

(O ) e)
@) 0 R ©)

which contradicts (5).

To show (6) we will use two different integral representations of the oper-
ator L. It was shown in [4, Proposition 3.3] that there exists a Borel measure
1 with compact support in C such that

(LEf)(2) = / : '/f ()\kz + Ay 4+ wy) dp(wy) - - - dp(wy).
Now, since the support of p is contained in some disc D(0, R) and

1— Ak

R
1=[Al

Nz 4 ATy 4w < M(|2]) == |AF]2] +
for |z| < r, we get that each element in the argument of f lies in the disk
D(0, M (r)). Therefore, for f € H(C), if |z| < r then

IL*f(z)| < sup  |F(2)[|ull,
|2/ | =M (r)

where ||p]] denotes the total variation of the measure p. On the other hand,
since DL = ALD, for |z| < r we get

(D7) = LD FE) < Al (D" ()

Next we obtain lower estimates of |(L* £)(0)|. Indeed, let us observe that
L* = Ry¢(D)Rx¢(D) - - - Rx¢(D) (8)
= RX$(D)¢(AD) - o(\*"' D). (9)

We consider the sequence of entire functions ®5(2) = ¢(2) - d(A\F712)
with series expansions

u(z) = Y T (10)
m=0 :
Thus, for each f € H(C)
k s = ain (m)
Lf(O)ZRXZWD 'f(O)ZZWf (0).
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The proof relies on the fact that quantities L* f(0) are bounded, that is, there
exists a constant C' > 0 such that

|%
Z FmE)<c (11)

for all k. Indeed, since ¢ is of exponential type, by Hadamard factorization
Theorem (recall that ¢(0) = 1), denoting by (a,) the roots of ¢, we have:

#(z) = eb* H (1 - ai) e/

n=1

and

o(¢) = inf{s >0: ) 1/]anl® < oo} <1,

(0(¢) can be equal to 0 if ¢ has only finitely many roots). Let us observe
that the zeros of the finite product ®(z) = ¢(z)---p(A\*~12) is the subset
Ay = U= U2 {wlay,}. If the infinite product converges, it will be an entire
functlon w1th the following zeros

A= U U {way,}.

I=0n=1

Assume that {b,, },>1 is an enumeration of the set A. We consider the infinite
product

ma:@%WqIQ_;%wn

n=1

b2/ (1=X) 2\ _z/b,
(- 5)

n

S (5) (e

we get that o(®) = o(¢) < 1, which implies that the infinite product converges
to an entire function ® and ® has order 1 (that is, ® is of exponential type).

Since ¢ is of exponential type, there exists r¢ such that if » > rg and
2| =7

For s > 0, since

|6(2)] < e

On the other hand, since ®j, converges to ®, there is a constant M > 1 such
that if |z| < 7o then |®k(z)| < M for all k. We claim that there is a constant
Ay such that |®,(2)] < Me*I?l for all k and all z € C.
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Indeed, set r > 7 and since |A| < 1 set ng the first natural number such
that [A|["tlr < rg. If |2| = 7 then

6(2)(A2) - d(ATL2)| < [9(2) - d(A™2)] - [p(A™F12) - G (AP 12

< eAr-i—Aer—&- AN Ur|¢kin071<>\no+1z)|
A .
< MeT=IN" = M,

Now, by Cauchy formula we get that if r > rq

o5
T < pmm e,

‘m!

Set R = Aye. The function 7~™e4>" attains its minimum at r = %. Substi-
tuting (see [23, Chapter 7, Section VII]), we get that there exists my > 0 such
that for any m > mg and for any k > 0:

dm xem BT (12)

<M
mm m/!

m'

Since the entire function W(z) = M Y o~ &= 2™ is of exponential type,
the operator ¥(D) is continuous and belong to the commutant of D. If fe

()
H(C), we consider the entire function |f|(z) = > o, |/ n!(0)|z”. Thus,

(T(D)|f)(0) € C is well defined, by using inequalities (12) we get

e |“€’|
Lk f LZ TRRIOI

< Z Mﬁ|f(m)(0)|
m=0 '
= [(¥(D)|£)(0)]

which gives that the series (11) is bounded uniformly on k& € N. Now, let us con-
sider ®(D); since ®(0) = 1, ®(D) has dense range. Therefore, there exists f €

H(C) supercyclic for L, such that (®(D)f)(0) #0. Set f=>"_, %zm.
We claim that there exist ¢ > 0 and k¢ € N such that

[} (k)
IL*£(0)] = [(@x(D)f)(0)] = Z —rF0) > (13)

for all & > ko. Indeed, set [(®(D)f)(0)] =6 > 0 and € > 0 small enough such
that ¢ = § — e > 0. Since ® is of exponential type and by using (12), we get
that there exist Ry and M > 0 such that

L (0) < MRiol (14)
m! m! m!
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Let us fix [y large enough such that M > > lo+1 mr ‘f )(0)] < e/2.
Since ) — P uniformly on compact subsets, there exists kg such that, for
any k > kg

Z Jam” = 27O rom) (0)) < /2, (15)

Thus, by using inequalities (14) and (15) if & > ko we get:

lo a(k)i m
(@ (D)) — (@(D)) (o) < Y = PO g
m=0 :
+M i B pom 0)) < S+o =
m=lg+1

Therefore, if & > kg
ILE£(0)] > [(@(D)£)(0)] = [(B(D) £)(0) — (®x(D)f)(0)]
>d—e=c,

as we desired.
Thus, by selecting m such that |A\|™ < ||u|| and using the estimates (7)
and (13) for all k > ko we get:

‘ (D™ L" f)(20)

(L% £)(0)

geaadith

- A || ]| max )= sy D™ f(2)]
- c

— 0

as k — oo, which yields the desired result. O

5. Supercyclic Subspaces

Let us denote by HC (respectively SC) the subset of operators having
a closed infinite dimensional subspace whose non-zero elements are hyper-
cyclic (resp. supercyclic). In this section we characterize the extended M-
eigenoperators of D which belong to the subset SCy \ HCx

If |\| = 1 we know that L = Ry¢(D) has a hypercyclic subspace. Also,
if 0 < |A] < 1 and ¢(0) # 0 then L = Ry¢(D) is not supercyclic. Finally, if
[A] > 1 and ¢ has infinite zeros then L = Rx¢(D) has a hypercyclic subspace.
Thus, the results in Sects. 3 and 4 allow us to focus the study in the following
cases: 1) 0 < |A| < 1 and ¢(0) = 0; and 2) |A| > 1 and ¢ has a finite number
of zeros. We fully cover both cases obtaining the following characterization:

Main result 3. Let L be an extended \-eigenoperator of D, X # 1. The
following conditions are equivalent:
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1. Le SCx \ HCw.
2. 0 < |A <1 and ¢(0) =0.

The proof of the next result uses some of the ideas applied in Proposition
3.4 and Theorem 3.6.

Theorem 5.1. Assume that L = Ryx¢(D). If 0 < |[A\| < 1 and ¢(0) = 0, then
LeSC\HCy.

Proof. If ¢(0) = 0 then ¢(z) = z™(z) with ¥(0) # 0. By taking A\ =
(A 27 NE=DmY =1 g0 the proof of Theorem 4.1, we get that the sequence
(ArL¥) satisfies the Hypercyclicity Criterion (Theorem 2.1).

If ¢ has infinitely many zeros, then M, = ker(L) is an infinite dimensional
closed subspace and, for f € My, \,L"f — 0 uniformly on compact subsets.
Then by Theorem 2.2 we obtain that the sequence A,L" has a hypercyclic
subspace. Hence L has a supercyclic subspace.

Now, let us suppose that ¢ has a finite number of zeros and 0 < |A| < 1.
By Proposition 3.5 we can suppose without loss that L = RyP(D) with P a
non-constant polynomial.

Now, we will rescue some ideas of Theorem 3.6. We set w = A™!, and we
denote P(z) = ZZ:O br2*. For each n € N we write

nd
P(wz)P(w?2) - P(w"z2) = Z bl(cn)zk.
k=0

Let us denote (Z = max{|b,(:)| :1<r<n,1<k<nd}. Then

nd ns
n(.,s\ __ (n) o _ A s—k
A (RAP(D))"(2°) = ,},0 by '[s(s—=1)---(s—k+ 1)]—)\7” S\
Thus, for |z| = M > 1, we get
. A\
n(.,s nd s
[An(RAP(D))"(2°)| < Cp(nd + 1)s o e=Dm ‘ M.
For each n we can find M,, > 0 such that, for x > M,,,

(nd 4 1)zd" < 27 d 5L<1
n " < an n |y o= | S b

Thus, we can construct inductively a strictly increasing sequence (n;) in N
such that n;y1 > M, and, for s > j,

A\

M. )\(njfl)m

(njd+1)n2* < 2" and O,

‘ <1 (16)
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Hence, using the estimates (16), if f € N; = linearspan{z"* : s > j} we
have f(2) = 3702, as2™ and

prt O, L f) = par [ An, L7 | D age™
s=j+1

< 3 Jald@M)™ = poi(f).
s=j+1
Thus, the conditions of Theorem 2.3 are fulfilled if we consider the se-
quence of seminorms p,, (f), and the sequences m(n) = 2n and C,, = k(n) = 1.
Since the sequence of operators (A, L™) satisfies the Hypercyclicity Criterion
(see Theorem 4.1), (A, L™) has a hypercyclic subspace. Hence L has a super-
cyclic subspace as we desired to prove. ]

Now, we turn our attention to the case L = Rx¢(D) with |A] > 1 and
¢ has a finite (non empty) number of zeros. We proved in Theorem 3.9 that
in such a case all closed subspaces of hypercyclic vectors for L has finite di-
mension. And the question now is the following: by relaxing hypercyclicity
by supercyclicity, could we obtain an infinite dimensional closed subspace M;
such that x € M;\{0} is supercyclic for L?

We discard the case in which ¢(z) has no zeros, because in such a case
L = Ry¢(D) is a multiple of the composition operator Cy ;f(z) = f(Az + b),
which is not supercyclic. Thus we focus our attention on the case that ¢ has
a finite (nonempty) number of zeros, and by Proposition 3.5 again we can
suppose that L = Ry\P(D) with P a non constant polynomial.

Let us point out that proving that an operator is not supercyclic is a more
complicated task than proving that it is. As we can see in the work of A. Montes
and H.N. Salas ([20]), the proofs of the non-existence of supercyclic subspaces
are even more sophisticated. In our case, the refinements are enhanced by
Fréchet spaces context and the structure of the involved operators.

We will use the following lemma, whose proof can be found in [13, Lemma
10.39], and we refer to [21] for a proof in the Banach space setting.

Lemma 5.2. Let X be a Fréchet space, F' a finite-dimensional subspace of X,
p a continuous seminorm on X and € > 0. Then there exists a closed subspace
H of finite codimension such that for any x € F andy € H

p(x) p(y)}
14+’ 2+¢e]"

ez

Our argument hinges on the following computations.
Lemma 5.3. Assume thatm > nd and |\| > 1. If N,,, = {f € H(C) : f*)(0) =
0,k <m — 1}, then for any f € Npp:

! n_ .2
o (fD(Am2)) > ﬁlkl’”r’b dpu|'n/2(f) (17)
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Proof. If f € Ny, f(2) = 3202, ap2?, then

pr(fCDYN2) = ) aplpp — 1) -+ (p — nd + 1| AP @7
p=m
|/\|n2d Z la p| (\)\|"/2|>\|”/2)

|>\|mn/2 m)!

[A[7*d (m —n
which proves inequality (17) as we desired. O
Lemma 5.4. Assume that L = R\P(D), |\ > 1, with d = deg(P). There is a
constant B > 0 such that for any f € H(C) and any n > 1

U D = DA D0 (1). (18)

a)! PIx|n/2 (f)

[L"f(0)] < B"

Proof. Observe that
= R\P(D) -+ R\P(D) = P,(D)R},

and I/D:L(z) := P(wz)--- P(w"z2). If we write P(z) = ZZ:O prz* and denote
B = maxy, |pk|, then

- nd ag;;)
Pn(Z) = Z Wzm,
m=0

and using Leibniz’s formula we obtain

o = B, (0) = > ( ) [T @™ pn, e,
t=1

hitethy=m
from which we get
nd

ECIED SF- D DI M ) (TR YO

m=0 hit-+hn=m t=1

< f) Y e g ) )
m=0"" hi4-+hp=m
nd 1
< B"A[*- |A|<"‘”dmZ0 (m +7Z >|f<’”’<0>|
< B Dl "‘H" Z 'f
M

< B A e p1(f).

(n—1)!
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as promised. O
Now let us prove the main result that complete the Table 3.

Theorem 5.5. Assume that L = R P(D) and |A| > 1. Then all closed sub-
spaces of supercyclic vectors for L have finite dimension.

Proof. We want to show that in any infinite dimensional closed subspace M C
H(C) there exists f € M \ {0} such that

|L"f(0)]
pr(L"f)

Thus, f is not supercyclic for L, hence L has no supercyclic subspace.

The sequence of seminorms py(-) = pjyn/2(+) induces the topology of
H(C). Let N, = {f € H(C) : f*(0)=0;k=1,---,n— 1}, and let (m,,), be
the increasing sequence obtained in Lemma 3.7.Thus there is a constant ¢ > 0
such that for each h € N,

pr(L"h) > e - NP Ay (D (A" 2)). (20)

By Remark 3.8, we can assume without loss that m,, > dn, otherwise we
select a convenient subsequence of (my,). The idea of the proof is to construct
a sequence f, € M N N, satisfying p,(fn) = 7712 forn>0and L7 f, € H,_;
forj=1,...n

Here H,,_; is the finite codimensional subspace guaranteed by Lemma
5.2 associated to Fy, 1 = span{LIf; :i <n—1,j < n}, for a prescribed £ > 0.

Indeed, we take f; € M \ {0}. Then f; is supercyclic for L, and since
p1(f1) # 0, we can suppose that p;(f;) = 1. Let us consider the subspace
Fy =span{L’ f; : j = 1,2} of finite dimension and the corresponding subspace
H; of finite codimension guaranteed by Lemma 5.2.

Assume that f1,--- , f,—1 have already been constructed. Let us consider
F,_1 =span{L’f; : i <n—1,j7 < n} and by H,,_; the corresponding finite
codimension subspace guaranteed by Lemma 5.2. We can assume also that the
sequene H,, is non-increasing.

Since Ny, is of finite codimension, there exists f, € (M\{0}) N N,,,,
such that L7 f,, € H,,_1, for 1 < j < n. Again f, is supercyclic and p,(f,) # 0,
so we can suppose that p,(f,) = #

We claim that f = >"77, fx is the function in M\ {0} that we are looking
for. Indeed, since f, € M\{0}, p,(fn) = 1/n? and (p,) is an increasing se-
quence of seminorms defining the topology of H(C), the series Y~ | fi defines
an entire function f € M\{0}.

Now, with this construction in hand we estimate the denominator of
(19). First we show that py (L"f) > mpl (L™ f). Indeed

—0 as n— oo. (19)

p1(L"f) = p1 ng +LM > S

j=n-+1
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n—1
1
> L" E ; L"f, 21
= 1+€p1 j:1fj + f ( )
1 1
> L"f, 22
- 1+52+5p1( fn) (22)

For inequality (21) we have applied Lemma 5.2: L"(3_7_, f;) € F;, and
L3272, 11 fi) € Hno And (22) follows the same way: L”(Z;:ll fi) € Fra
and Lnfn S Hn—l-

Next, since f, € Ny, , applying (20) to (21) and (22) we get

1 1
L"f) > —— L"f,
L") = 1+62—|—5p1( Jn)
"1 - |)\|d . |)\|2d . |)\|nd
- (14+¢e)(2+¢)

According to Proposition 5.3, since f,, € Ny, , we incorporate inequality

(17) into inequality (23) and we get

. ‘)\|d. |)\|2d.”‘)\|nd ‘)\|mnn/2 my,!

pr(f D (AN"2)). (23)

L" n/2(fn
pL'f) =z 1+e)2+e) N4 (my, — nd)! PP (fn)
. ‘)\|d . |)\|2d L. ‘)\|nd ‘)\|mnn/2 my,! i (24)
(1+e)(2+¢) A" (my, —nd)! n?’

Now we estimate the numerator of (19). Since m,, > dn, we deduce that
L™f;(0) = 0 for all j > n. Therefore, according to Lemma 5.4, we get

o= (Y5 | o

(@d+Dn =1 aizaymevd [ N2
pr- o o .
A e L R PO
((d+1n—1)! R,
SB (( _)1| ) |)\|d|/\‘2d|>\|( l)dzpj(fj)
(n—1)! 2
L ([d+Dn—1)! ooy
< Lpn\2 T c (= Dd 2
< B SRR (25)

Therefore, if we compute (19) using the inequalities (24) and (25) we
obtain:

L f(0) _ ((d+1)n —1)! G B (1 +)2+e)n?
L) S -l AR e

2
Choosing a subsequence of (m,,) if necessary, we get that the sequence
(26) converges to zero, as promised. O

(26)
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