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Abstract

Let X be an infinite dimensional separable Banach space. There exists a hy-
percyclic operator on X which is equal to the identity operator on an infinite
dimensional closed subspace of X.

2000 Mathematics Subject Classification: 47A16.
Key words: Hypercyclic operators, chaotic operators

1. Introduction and main results

In this note, we will be concerned with hypercyclic and chaotic linear operators on
an infinite dimensional real or complex separable Banach space X. If T is a bounded
operator on X, a vector x of X is said to be hypercyclic for T if the orbit of x under
T, that is Orb(z,T) = {T™x,n > 0}, is dense in X. If T" has a hypercyclic vector, T is
called a hypercyclic operator. There is a link between hypercyclicity and dynamics for
linear operators on a Banach space. Recall that a continuous mapping ¢ of a metric
space E is chaotic in the sense of Devaney ([8], p. 50) if it satisfies the following
three conditions: it is topologically transitive (i.e. for every pair of non empty open
subsets U,V of E, there exists an integer n such that ¢™(U) NV is non-void), it has
a dense set of periodic points (a vector x of X is called periodic for ¢ when there
exists a positive integer n such that ¢z = x), and it has sensitive dependence on
initial conditions (there exists a positive real number ¢ such that for every x in X and
every neighborhood V' of X, there exists a vector y in V' and a nonnegative integer
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n such that ¢"x and ¢™y are more than the distance § apart). It is shown in [3]
that if ¢ is topologically transitive and has dense periodic points, then ¢ has sensitive
dependence on initial conditions. In the special case where ¢ is a bounded operator
on a separable Banach space X, it is shown in [9] that ¢ is topologically transitive if
and only if it is hypercyclic. Thus ¢ is chaotic if and only if it is hypercyclic and has
a dense set of periodic points.

A result of S. Ansari ([2]) and L. Bernal-Gonzalez ([5]) states that every infinite
dimensional separable Banach space supports a hypercyclic operator. It is interesting
to notice here that this result cannot be extended to non-separable Banach spaces by
replacing the concept of hypercyclicity by the concept of topological transitivity: a
result of T. Bermudez and N.J. Kalton ([4]) implies that some non-separable spaces
such as £, or B(¢2) do not support any topologically transitive operator. Another
question which follows naturally from S. Ansari and L. Bernal-Gonzalez result is to
know whether every infinite dimensional separable Banach space supports a chaotic
operator. The answer is no: J. Bonet, F. Martinez-Giménez and A. Peris proved
in [6] that when X is a hereditarily indecomposable Banach space with hereditarily
indecomposable dual, there exists no chaotic operator on X (see also [10], Section
5.3). This raises the following question regarding periodic points:

Question 1.1 [6] Does every infinite dimensional separable Banach space support a
hypercyclic operator with an infinite dimensional closed subspace of periodic points?

The purpose of this note is to answer this question in the affirmative. We will
prove the following stronger theorem:

Theorem 1.2. Let X be an infinite dimensional separable Banach space. There
exists a hypercyclic operator on X which is equal to the identity operator on an infinite
dimensional closed subspace of X .

This highlights the fact that a hypercyclic operator can be very far from having
no non trivial invariant subspace. This theorem is also related to a result of [6],
where it is proved that when X and its dual are hereditarily indecomposable and
T is hypercyclic, there exists a positive integer N such that every periodic vector x
satisfies TN x = z. Since T is hypercyclic, T% is hypercyclic too ([1]) and this implies
that if 7" has an infinite dimensional closed subspace V of periodic points, then T
is hypercyclic and equal to the identity operator on this same subspace V.

The main step in the proof of Theorem 1.2 is Theorem 1.3, in which we construct
hypercyclic perturbations of the identity operator by some kind of shift operator with
infinite dimensional kernel on one of the sequence spaces £,, 1 < p < oo, or co.
Theorem 1.3 is related to a result of H. Salas, who proved in [11] that when (w;);>0
is any bounded sequence of positive scalars and S is the backward shift defined on X
by Seg = 0 and for every ¢ > 0, Se; 1 = w;e;, then the operator I 4+ S is hypercyclic.

Theorem 1.3. Let X be one of the sequence spaces {,, 1 < p < oo, or cg, with
canonical basis (e;);>0. Let (w;)i>o0 be any bounded sequence of positive scalars and
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consider the operator T defined on X by the following relations: for every i > 0,
T€2i =0 and T€2i+1 = W;€;.

Then the operator I +T, where I denotes the identity operator on X, is hypercyclic on
X, and it is equal to the identity operator on the closed space spanned by the vectors
€24, ) Z 0.

Using the notion of quasi-extension of an operator on the space ¢1 to an operator
on a general separable Banach space X introduced by S. Ansari in [2], we then deduce
Theorem 1.2 from Theorem 1.3.

Remark 1.4. All the hypercyclic operators constructed in Theorem 1.3 satisfy the
Hypercyclicity Criterion (see for instance [7]): since (w;);>0 is a sequence of positive
scalars, this is a straightforward consequence of Corollary 2.8 of [7].

2. Proofs of Theorems 1.2 and 1.3

2.1. Proof of Theorem 1.3

We will prove Theorem 1.3 in the Hilbert space case when p = 2, the construction
being the same in the general case.

Notation. (e;);>o denotes the canonical basis of ¢5. A vector z of {3 is said to have
finite support when it is a linear combination of finitely many basis vectors e;, and if
T =50 %€ , supp(x) = {i > 0;x; # 0} denotes the support of .

Let (zr)r>1 be a dense sequence of vectors of ¢, with finite support such that
for every k > 1, max supp(zx) < k. Proceeding as in the proof of Theorem 3.3 in
[11], we will construct inductively a fast increasing sequence (ny)g>1 of integers and
a sequence (yx)r>1 of finitely supported vectors of ¢ such that:

(1) for every k > 2, max supp(yx—1) < min supp(yx)
(2) for every k > 1, ||gl| < 2D (1 1 |T||)~(m+D)

(3) for every k > 1, ‘(I + T)"k(2§:1 yj) — zkH <27k

Then an easy computation shows that the vector y = Z;j{ yr is a hypercyclic
vector for the operator I + T

A crucial lemma is the following ([11], Lemma 3.2):

Lemma 2.1. Let n and r be positive integers. Consider the 2" x 2" matriz C,, defined
by Cp, = (cij(n)1<i j<or) where ¢;j(n) = (2”:}4). Let B,, = (bi(n))1<i<2r be a column
vector such that for every i, 1 <i <27, b;(n) is a polynomial in n of degree at most
2" —i. Then the equation C,, X, = B, has a solution X,, = (z;(n))1<i<or for n large
enough which satisfies: there exists a constant P such that for every i, 1 <i <27,
jzi(n)] < 5.

= pi
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Let us first construct y;: z; can be written as z; = zél)eo + Z§1)61. We will be
looking for a vector y; of the form y; = z1e3 + x2e7. Now:

[|(I +T)"(x1e5 + x0e7) — 21|| = H(xl + xo w3 (?))63 + !IJ2€7H
—&—H (331 w1 wo (72’) + 19 w3 wi wg (g) - zé”) eo + (a:l w1 (Tll) + To w3 wq (g) — z§1)> elH.

Since
o (3) w-3wrwo ()

= W3 w? wo

a) e ()

@%@QWW%»Cj o
wi(y)  wswi(z) / \as 2
has a solution for n large enough with |z;(n)| < £ for i = 1,2. Then

the system

I(T+T)" (21 (n)es + w2 (n)er) — 21 = [|(21(n)+22(n) ws (’1‘)>e3+x2<n>e7|| =00,

If ny is big enough and y; = z1(n1)es + x2(n1)er, then y; satisfies conditions (2)
and (3) for k = 1.

Suppose now that y1,...yx_1,n1,...n,_1 have already been constructed, and let
r be a positive integer such that 2" — 1 > k and for every i = 1...k — 1, supp(y;) C
{0...2" —1}.

Notation. For [ > 0, the sequence (uq(lzl))nzo is the sequence defined by
u(()2l) =2l and for n > 0, uffr)l =2u{®) 4 1.

Let Iy be the set of cardinality 2" containing the 2" first terms of the sequence
l
(U%Z ))nZO:

Igl = {’u,éQl), ung)’ ey ngrlzl .

It is easy to see that the sets I5; are disjoint. Denote by Ily; the orthogonal projection
onto the space spanned by the vectors e,,v € Io.

. . . 20 -
With this notation, Te 1y = w e () for every n > 0. Moreover {u( )} is the
’ Uiy Uy, Uy, ’ J

support of the vector T_jeu(m for every j > 1, and
0

j—1
_ | I —J
eu,@” = wugzz) T €u<2z).
J —0 K2 0
=
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We will be looking for a vector y, of the form y, = ZLO(Z?; mEQl)e @ )

T+i—1
where the coordinates xl@l) have to be determined. This vector y, must satisfy s+ 1

systems of equations: for every [ =0...s and for every p=0...2" — 1,
k-1
<(I+T Z <Zl‘ e ézrl) 1) +Zyj 7Zk,€u§721)> =0.
1=0 \i=1 j=1

Since the sets Iy, Io, ..., Iss do not overlap and since the vector space spanned by
the vectors e,,v € Iy, is invariant by 7', the equations above are equivalent to the
following s 4+ 1 independent systems:

for every p=0...2" — 1,
(So) ¢ ((T+T)" (Zl Lae <2l)1_1> €,en)
= ([Iy (Zk -+ Z] 1 y]) €u1()21)>

foril=0...s.
Now
(r+1)m" (21'2;1 $52l)6u5311i71)76u§)21)> = (X7, 2P Yo ()T W0 reuen)
27 (2) =n  (n 2" 4i—2
= (Xiz 5’35 )ijo (]) (Hmizr-m—j—l wuggw) euﬁ"li_j_l’euf”>'

Thus the system (Sy;) has the form P x = B with xP = (xé%)(n))lgpggr,

k—1
B,(fl) = (b§,2l)(n))1<p<27 = (g (zx — (L +T)" Zyg €, /(20 N1<p<ar

j=1

and 2V = (cg?l)(n))lgid‘ggr where cgl)(n) = (Hiﬁ;rfl 1YW, <2z>)( ). Moreover,

2" —-12"-1 2"—1 q
det 07(121) = (H H wu%z))( H H wuggw) det C),,
g=0 m=q g=0 m=0

where C), is the matrix of size 2" x 2" considered in Lemma 2.1. Thus in order to
apply Lemma 2.1, we only have to check that for p =1...2", bz(,ﬂ) (n) is a polynomial
in n of degree at most 2" — p. The projection onto Iy of the vector Z;:ll y; can

be written as Ty (Zf;ll yj) =70 al®e e, and since Ty (1 + T)" Y51y =
(I+T)™MIy Y "] y;, this yields that

k—1 2" —1

(2l) q
<H2Z(I+T Zyj,e (21) Z Z < ) T Bugzz),eu;{zp.
Jj=1 =0
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Since (quu(zw 1 €,20) ) is non-zero if and only if ¢ = i —p+ 1, the expression above
i p—1

can be reduced to

2" —1
b]()Zl)(n) = <Zk, euiil)l> _ ; a§21) (Z B Z+ 1) <Tifp+1eugzl) , euézl)1>.

This shows that b(2l)( ) is a polynomial in n of degree at most 2" —p. We can therefore
apply Lemma 2.1 and obtain a solution (z; (2 )(n))lgiggw* of the system (Sg;) with

(20)
@)y < £
;™ ()] < —

for n large enough, where P is some constant depending only on I. Setting

Z (Zx(m) n)e (22&“>

we have
—+o0
(+1)" Zyg+yk *Zkzz ((+1)" Z%erk — 2k, €q)€q
q=0

= Z (I+17)" Zy] +y(n) | — 2k, eq)eq

qEIoUIU.. .Ul

Now Zf;ll y; and 23 belong to the space spanned by the vectors e,,v € [yUI,U...U
I, which is invariant by (I + 7)™, and thus the last equality becomes:

(I+1)" Z Yj + yr(n — Rk= qulouhumu[zg <(I +1)" (yk(n)), eq>€q
s 27
= szl@l)( ) Z Z < ) (TPe, ) eq)eq.
1=0 i—1 qZIoUIU...UTs, p=0 2t
Since g does not belong to Iy, (TPe ey ,eq) is zero as soon as 2" +i—1—p < 27,

Uprii_1
i,e. 1 —1 < p, and we obtain:

s 27 i—1
(I+T)" Zyy () |~z =3 > 2 ()Y (Z) Y (TPe | ege

1=0 i=1 p=0 q@IoUIU...UI,
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and
k—1 2" i—1 n 1
n 21
T+D)" [ Dy +uwn) | — = =0 > )(n)|z<j> = 0()
Jj=1 i=1 j=0

Taking ny, large enough and yx = yr(ny) yields (1), (2) and (3). This terminates the
proof of Theorem 1.3.

2.2. Proof of Theorem 1.2

This is a mere rewriting of the arguments of [2]. If (z;,2]);>0 is a bounded biorthog-
onal system of the Banach space X and if w;,7 > 0, are positive numbers such that
250 |25 1 || willzi]] < 400, the operator

T(x) = Zx§i+1(x)wixi
i>0
is a nuclear operator on X. If T is defined on the space ¢; with canonical basis (e;);>0
by Teo; = 0 and Teg;y1 = wje; for ¢ > 0, then I + T is a quasi-extension of I + T
in the sense of [2]. Since I 4+ T is hypercyclic on ¢1, I + T is hypercyclic on X, and

I+ T is equal to the identity on the infinite dimensional closed subspace spanned by
the vectors x9;,7 > 0. Theorem 1.2 is proved.
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