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DYNAMICS OF LINEAR OPERATORS
CONNECTED WITH su(1,1) ALGEBRA

V.E. KIM

Abstract. In the present work we consider a linear continuous operator in a separable
Fréchet space being one of the generators of Lie algebra su(1,1). We study the discrete-
time dynamical system generated by iterations of this operator. We show that under
some additional conditions the operator that generates the indicated dynamical system is
frequently hypercyclic and chaotic (in the sense of Devaney). Applications of this result to
a study of specific operators are indicated.
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1. INTRODUCTION

Among dynamical systems with discrete time there is an important subclass comprising
systems described by iterations of some mapping (see, for instance, [I], [2]). Let X be a
separable Fréchet space, T : X — X be a continuous operator. Then iterations {T™, n =
0,1,---} define a discrete dynamical system in space X. There exist various approaches for
defining chaotic dynamical system (see, for instance, [3]). In the present paper we shall make
use of the Devaney’s definition of chaotic mapping, see [1], [2]. Operator T' is chaotic (in
Devaney sense) if the following conditions hold:

1) operator T is topologically transitive, i.e., there exists an element x € X such that its
orbit Orb(T,x) = {T"z, n =0,1,---} is a dense subset in X;

2) the set of periodic points of operator T" is dense in X.

We recall that a point x € X is called periodic for operator T if there exists n € N such that
T'x = .

A linear topologically transitive operator is usually called hypercyclic operator. It is well-
known that the only topologically transitive operators in finite-dimensional spaces are non-linear
operators. However, in infinite-dimensional spaces there exist wide classes of hypercyclic and
linear chaotic operators. For instance, the well-known Godefroy-Shapiro theorem [4] states, in
particular, that all convolution operators (except the multiplication by a constant) in the space
of all entire functions H(C) are hypercyclic and chaotic. It was shown in work [5] that these
operators are also frequently hypercyclic.

The notion of frequently hypercyclic operator was first introduced in work [6]. Let A C N
be a set. We denote by dens(A) the lower density of set A, i.e.

.. #HneA:n <N}
dens(A) = lim nggo I :

According to the definition given in work [6] a linear continuous operator 7': X — X is called
frequently hypercyclic if there exists an element x € X such that for each non-empty open
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subset U C X one has dens{n € N: T"x € U} > 0. It is easy to see that each frequently
hypercyclic operators is hypercyclic. However, there are examples of hypercyclic operators not
being frequently hypercyclic. More detailed information about these and other questions of the
dynamics for these operators can be found, for instance, in book [7].

In the series of works (see, for instance, [§]-[11]) there was studied an issue on which operators
in space H (C) apart from convolution operators are also hypercyclic. For instance, it was proven
in work [I1] that a linear continuous non-injective operator 7' : H(C) — H(C) is hypercyclic if

T satisfies commutation relation q

T El=r g
where [ is the identity mapping. It is known that commutation condition like generates Lie
algebra called usually Heisenberg-Weil algebra (see, for instance, [12]). The aim of the present
work is to show that the hypercyclic condition (as well as frequently hypercyclic and chaotic
condition) is obeyed for the operators satisfying commutation conditions generating another
Lie algebra, namely, algebra su(1,1). As it is known (see, for instance, [12]), generators K,

K_, K of algebra su(1, 1) satisfy the following commutation conditions
(Ko, K] =Ky [Ko, K_]=—-K_; [K_, K] =2K,. (2)

The paper is organized as follows. In Section 1 we prove the main result, Theorem 2. In
section 2 we provide examples demonstrating application of Theorem 2. These examples show
that by Theorem 2 we can describe some new classes of hypercyclic and chaotic operators, as
well as that this theorem implies some known results of hypercyclic operators.

2. MAIN RESULTS

In this section we shall formulate and prove the main result on hypercyclic and chaotic
character of operator K_ satisfying commutation conditions . In the proof of this result we
shall make of the following theorem proven in work [6].

Theorem 1 (F. Bayart, S. Grivaux). Let X be a separable Fréchet space, T be a linear
continuous operator in X. Suppose there exists a dense subspace Xo C X and a mapping
S Xog — Xo such that

i: series >~ T"x converges absolutely Vx € X;
ii: series >~ S"x converges absolutely Y € Xo;
iii: TSx = x, Vo € X,.

Then operator T is frequently hypercyclic and chaotic.

To prove the main theorem we shall employ the following auxiliary lemma.

Lemma 1. Let X be a separable Fréchet space, Ky, K_, K, are linear continuous operators
i X satisfying commutation conditions (@ Then for each n € N

KoK =nK" + K} K,. (3)
Proof. We prove by induction. It follows from relations that KoK, = K, + K Ky. Hence,

identity is established for n = 1 and this is the induction base. We take arbitrary m € N,
m > 1. Let us prove identity for n = m assuming that holds for n =m — 1, i.e.,

KoK ' = (m— 1)K} 4+ K 'K,
We have
KoK? =K K (K" ') = K]+ K, KoK
=K7"+ (m —1)K" + K"Ky = mK" + K"K,.
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The next theorem is the main result of the paper.

Theorem 2. Let X be a separable Fréchet space, {pr}32, be a family of semi-norms defin-
g a topology in space X. Let Ko, K_, K, be linear continuous operators on X obeying
commutation conditions (). Suppose that there exists an element v € X \ {0} such that

A: z eker K_;

B: system {K}x,n=0,1,---} is complete in X;

C: for each k € N

(BB,

lim (mi)?

m—0o0

D: 2Kogx = x.
Then operator K_ is frequently hypercyclic and chaotic.

Proof. Let us prove first that
K Kz =n’K! 'z (4)

for each n € N. We argue by induction. It follows from relations and Conditions A and
D that K_K,x = x. Thus, holds true for n = 1. The induction base is proven. We take
an arbitrary m € N, m > 1. Assuming that is satisfied for n = m, let us prove for
n=m+1,ie., that K_K7"z = (m+1)2K7z. Employing Conditions A and D, relation
and Lemma, we obtain

K_K'"'e =K K"z + Ky(m’K]" 'e — K_K['z) = K_K[""'2 + m*K'v — K, K_(K'z)
=K_K}"'2+m*KPz 4+ 2KoK's — K_K[" '
=m*K7r + 2K K7'x = m*KT'x + 2mK v + KT (2Koz) = (m + 1)Kz

Thus, we have established that identity is satisfied for each n € N. We observe that by
Condition B the set X, = span{K"xz,n = 0,1,---} is dense in X. We take operator K_ as
operator T in Theorem 1 and let us show that the hypothesis of Theorem 1 holds.

It follows from relation (4)) and Condition A that for each y € X, there exists a number
M € N such that K™y = 0 as m > M. Hence, operator K_ obeys Condition i of Theorem 1.
On set Xy we define a mapping S as

n+1
K—‘r

T e

Then as one can easily see, K_Sy = y for each y € Xy. Hence, Condition iii of Theorem 1 is
satisfied.
We note that

| QKn+m
SMRM g = GOSN
((n +m)!)?
Then it follows from Condition C that series
ST m(STKY), n=0,1,...
m=0

converge for each k € N. It yields that series )~ S™y converges absolutely Yy € X.
Therefore, Condition ii of Theorem 1 is satisfied as well. Thus, operator K_ is frequently
hypercyclic and chaotic. O
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3. EXAMPLES

In this section we provide examples demonstrating application of Theorem 2 to studying the
dynamics of certain operators. We first prove a result concerning description of generators for
algebra su(1,1). As a corolllary we shall obtain results on hypercyclic and chaotic character of
certain particular operator acting acting the space of entire functions H(C) with the topology of
uniform convergence on compact sets. We note that an equivalent description of the topology of

space H(C) can be given by means of a countable system of semi-norms p(f) = max.;< | f(2)],
k € N.

Theorem 3. Let X be a topological vector space, T, A be linear continuous operators in X
satisfying commutation condition
[T, A] =1, (5)
where I is the identity mapping on X. Then operators K_ = T + AT?, K, = A, K, =
(1/2)I + AT satisfy commutation conditions (@, i.e., they are generators of algebra su(1,1).

Proof. We note that it follows from relation (b)) that [T, A"] = nA™~ 1 [T", A] = nT" ', n € N.
Employing this fact, we obtain

[K_ K] =T+ AT? Al = [T, A+ [AT* A] = I + AT?A — A°T*?
=1+ A[T? A] = I +2AT = 2K,.
Let us check the validity of other relations. We have
[Ko, K] =[(1/2)I + AT, Al = [(1/2)I, A] + [AT, A] = ATA — AT = AT, A = A= K
(Ko, K_] = [(1/2)] + AT, T + AT? = [AT,T + AT?| = [AT, T + [AT, AT?).
We note that
[AT, T] = AT? — TAT = AT?> —T(TA—1) = AT?> —T?A+T = 2T+ T = —T;
[AT, AT?] = ATAT? — AT?AT = AT(AT? — TAT) = AT(-T) = —AT".
We finally get
(Ko, K] =-T—AT* = —-K _.
Thus, commutation relations hold true. O
Corollary 1. The operator ® acting in space H(C) by the rule
f(z) = f'(2) + 2f"(2) (6)
18 frequently hypercyclic and chaotic.
Proof. We observe that [%,z] = I, where z stands for the operator of multiplication by the
independent variable z in space H(C). Hence, by Theorem 6 operator @ is a generator of algebra
su(1,1). It is well-known that system {z"(1) = 2", n=0,1,---} is complete H(C). Moreover,
it is obvious, ®(1) = 0, (I + 2zL1)(1) = 1. Thus, Conditions A, B, and D of Theorem 2 are
satisfied. We note that

my\ 1/m k
lim (p’“(z >) — lim ——— =0, Vk € N.
m—00 (m')2 m—oo (m')Z/m
Thus, Condition C of Theorem 2 is satisfied and thus operator ® is frequently hypercyclic and
chaotic. u

We note that the hypercyclic character of operator (6)) follows from the results of work [9],
since it is a particular case of Gel’fond-Leont’ev operator.

In the next statement we establish new classes of hypercyclic and chaotic operators in space
H(C).
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Corollary 2. Let T be an operator in space H(C) acting by the rule T f(z) = P(<1)f(z) —
2f(z), where P € H(C) is some polynomial. Then operator ® = T + %TQ is frequently

hypercyclic and chaotic operator in space H(C).

Proof. We note that [T : %} = I (see [9]). Therefore, by Theorem 6 operator ® is a generator

of algebra su(1,1). It follows from general of linear differential equations in complex plane
that there exists a function F' € H(C) such that F' € kerT, F # 0. It was shown in [9]
that the system {F( n = 0,1,---} is complete H(C). Moreover, it is obvious, ®(F) = 0,
(I +2LT)(F) = F. Thus, Conditions A, B, and D of Theorem 2 are satisfied. We also note
that for each k € N

_pe(FNYm rmlpg (F)\Ym 1

i ( (m!)? > S nlioo< ke (m!)2 ) = e =0

Thus, Condition C of Theorem 2 holds true. Therefore, operator ® is frequently hypercyclic
and chaotic. O

m—r0o0

Let us provide an example of a particular operator in space H(C) satisfying the hypothesis

of Corollary 2. If as T" we take the operator T' = % — z, then as F' we can take the function

F(2) = exp(22/2). Then operator ® reads as ®f(z) = f"(z) — 2f"(z) — f'(2) — 2f(2). In
accordance with Corollary 2, this operator is frequently hypercyclic and chaotic in space H(C).
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