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Abstract

We characterize distributional chaos for linear operators on Fréchet spaces in
terms of a computable condition (DCC), and also as the existence of distribution-
ally irregular vectors. A sufficient condition for the existence of dense uniformly
distributionally irregular manifolds is presented, which is very general and can be
applied to many classes of operators. Distributional chaos is also analyzed in con-
nection with frequent hypercyclicity, and the particular cases of weighted shifts and
composition operators are given as an illustration of the previous results.

1 Introduction and preliminaries

The study of the dynamics of linear operators on infinite-dimensional spaces has attracted
attention of many researchers in recent years (we refer the reader to the books [4] and
[11] for more information about this subject). Hypercyclicity, that is, the existence of
vectors x € X whose orbit {x, Tz, T?x,...} is dense in X for an operator T': X — X on
a topological vector space X, is certainly the most studied phenomenon in this context.

It seems that the first time that the term ‘chaos’ appeared in the mathematical liter-
ature was in Li and Yorke’s paper [15] on the study of dynamics of interval maps. The
notion of chaos derived from [15] concentrates on local aspects of dynamics of pairs.

Schweizer and Smital introduced the concept of distributional chaos in [23] as a natural
extension of the notion of chaos given by Li and Yorke.

Let f: X — X be a continuous map on a metric space X. For each pair z,y € X
and each n € N, the distributional function I}, : RT — [0,1] is defined by

F(7) = - card{0 < i < n— e d(fa). £1) < 7).

where card A denotes the cardinality of the set A. Moreover, define

Foy(7) :=liminf F} (1) and Fy, (1) := limsup Fy, (7).

n—oo n—oo

The following notions were introduced in [23] and [21], respectively. They were con-
sidered for linear operators on Banach or Fréchet spaces in [6, 12, 13, 14, 16, 17, 20, 24].
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tThe second author is partially supported by MEC and FEDER, project no. MTM2011-26538.
iThe third author was supported by grant 201/09/0473 of GA CR and RVO: 67985840.

$The fourth author was supported in part by MEC and FEDER, Project MTM2010-14909.



Definition 1. A continuous map f : X — X on a metric space X is distributionally
chaotic if there exist an uncountable set I' C X and € > 0 such that for every 7 > 0 and
each pair of distinct points z,y € I', we have that

Foy(e)=0 and F, (1) =1

In this case, the set I' is a distributionally e-scrambled set and the pair (z,y) a distribu-
tionally chaotic pair.

We say that f is densely distributionally chaotic if the set I' may be chosen to be dense
in X.

Given A C N, its upper and lower densities are defined by

dens(A) := lim sup card(AN[1,n]) and  dens(A) := liminf card(4n [1, n])’

n—00 n n—00 n

respectively. With these concepts in mind, one can equivalently say that f is distribu-
tionally chaotic on I' if there exists € > 0 such that for any z,y € I'; x # y, we have

dens{n € N:d(f"(z), f"(y)) <c} =0 and dens{n € N:d(f"(z), ["(y)) <7} =1,

for every 7 > 0.

The purpose of this paper is to study the above defined notions for continuous linear
operators on Fréchet spaces.

Unless otherwise specified, X will denote an arbitrary Fréchet space, that is, a vector
space X endowed with an increasing sequence (|| - ||x)ren of seminorms (called a funda-
mental sequence of seminorms) that defines a metric

[e.9]

L.

d(e,y) = gemin{l, 2 —yli} (zy € X),
k=1

under which X is complete. Moreover, B(X) will denote the set of all continuous linear

operators T': X — X.

The following concept is a generalization to Fréchet spaces of the one introduced by
Beauzamy [5] for Banach spaces (see [7]).

Definition 2. Given T' € B(X) and x € X, we say that z is an irreqular vector for T' if
there are m € N and increasing sequences (ny) and (j) of positive integers such that

lim Tz =0 and lim ||T%*x||,, = cc.
k—o0 k—o0

Inspired by the notion of a distributionally irregular vector introduced in [6] in the
context of Banach spaces, we consider the following generalization to Fréchet spaces.

Definition 3. Given T' € B(X) and z € X, we say that z is a distributionally irreqular
vector for T if there are m € N and A, B C N with dens(A) = dens(B) = 1 such that

lim7"z =0 and lim|7"z|,, = occ.
neA neB



We also recall that, given an operator 7' € B(X), a vector x € X is called frequently
hypercyclic for T if for every non-empty open subset U of X, the set

{neN: Tz € U}

has positive lower density. The operator T is called frequently hypercyclic if it possesses
a frequently hypercyclic vector. T is called topologically mixing if for any pair U,V of
non-empty open subsets of X, there exists some ng € N such that 7"(U) NV # () for all
n > ng. 1T is Devaney chaotic if it is hypercyclic and it has a dense set of periodic points,
that is, vectors x € X such that T"x = x for some n € N.

2 Distributional chaos and distributionally irregular
vectors

Definition 4. Let 7' € B(X) and # € X. The orbit of z is said to be distributionally near
to 0 if there exists A C N with dens(A) = 1 such that lim,c4 7"z = 0. We say that 2 has
a distributionally unbounded orbit if there exist m € N and B C N with dens(B) = 1 such
that lim,ep || 7"%||m = 0co. Whenever we need to emphysize the number m in question,
we say that x has a distributionally m-unbounded orbit.

With these definitions we have that a vector x € X is distributionally irregular if and
only if its orbit is both distributionally unbounded and distributionally near to 0.

Assume X is a Banach space. If T € B(X) and || T"|| — o0, it follows from the Banach-
Steinhaus Theorem that there exists a residual set of vectors in X with unbounded orbits.
The next example shows that under these conditions we cannot guarantee the existence
of a vector with distributionally unbounded orbit. Nevertheless, it was proved in [18] that
if Y ﬁ < oo then there exists a vector x € X such that ||[7"x| — oo (in particular,

has distributionally unbounded orbit).

Example 5. Assume X = ((N). Given ¢ € (0, 1), there exists T € B(X) with
IT" = (n+ 1) (n €N)
such that no x € X has distributionally unbounded orbit.

Proof. Let (eg)reny be the standard basis for X. Define T" € B(X) by Te; = 0 and

Tey, = (£5) ey for k > 1. It is easy to see that [|[T"[| = ||T"ens1| = (n +1)07) for

all n € N. Suppose that there are z € X, ||z|| = 1, and N € N with
3
card{1 <n <N :|T"z|| > =} > N(1—e).
£

Then

N
1 3 3
=N |1a| > 2(1—e) =2 = 3.
§ LTl 2 20 -9 =



On the other hand, by writing x = Z]oil aje; we obtain

ZHT”JEII —Z Z oy - ([T

n= 1] n+1
S ol ()
n=1 j=n-+1
min{N,j—1}
=Z|ajljl‘5 Y G-nyt
=1 n=1
]2N j—1
<l TG-S |a]|2( Iy
j=1 n=1 j=2N+1 Jj—n
2N
<Y oyl L w2,
j=1

where we have used the following estimations:

J—1 J-1 j—1 e
S-mt =yt srs [ L
n=1 1 1 <

k=

and, fOl”j>2N(j yi=e < 2l=¢ < 2. So,

SN 1T <~ 17 412<24 2

Since 2 + % < g — 3, we have a contradiction. O

Remark 6. In [17, Thm 2.1] it is provided an example of the same kind in a weighted
¢P-space such that [|T"|| — oo and

<j<n:|TV
lim card{1 < j<n:|Tz| <e}

n—oo n

=1

for all z € X and € > 1, which in particular shows that 7" has no distributionally chaotic
pair. Soon we will show that the above example admits no distributionally chaotic pair
either.

Proposition 7. If T € B(X) and m € N, then the following assertions are equivalent:

(i) there exist € > 0, a sequence (y;) in X and an increasing sequence (Ny) in N such
that limy_.. yr = 0 and

card{1 < j < Ny, : [[T7yxllm >} > Np(1 — k1)
for all £ € N;
(ii) there exists y € X with distributionally m-unbounded orbit;

(iii) the set of all y € X with distributionally m-unbounded orbit is residual in X.



Proof. (iii) = (ii): Trivial.

(ii) = (i): Let y € X be a vector with distributionally m-unbounded orbit. By definition,
there exists A C N with dens(A) = 1 such that lim,eca [|T"y|,, = co. Set yi := k™ 1y.
Then y;, — 0. Choose € > 0 arbitrary. For each k£ € N, we have

dens{j € N : [|[T7y||,n > €} = dens{j € N : || Ty||,, > ek} > dens(A) = 1.

So we can find Ny, € N satisfying (i).
(i) = (iil): For each k € N, let

M, = {x € X :3In € Nwith card{1 <j <n:|TVz|,, >k} >n(l- kil)}.

Clearly My is open. We show that My is dense. Let x € X, 6 > 0 and m; € N. By (i),

there exist u € {y1,4s, ...} and n € N such that ||ul|,,, < C = 25 and

; 1
card{1 < j <+ [Tul, > 2} > (1 - ).

Consider the vectors

n dsu
T okC

Clearly ||us — x||m, < ¢ for all s. We show that there exists s € {0,1,...,2k — 1} with
us € My. Let A:={1 < j <n:||T9)|, > ¢c}. Then card A > n(1 — 5;). For each
s=0,1,...,2k—1,let By :={1<j<n:|Tul,, <k}. Ifs,t € {0,1,...,2k — 1} and

s #t, then B,N B, N A= (. Indeed, suppose s # t and j € B, N B, N A. Then

Ug = (s=0,1,...,2k—1).

. 4 |s —t| - S| T ul|,m de
TJ T = = 2k.
I77us el 2kC ~ 3%kC g

However,
[T w5 = Tyl < T 05 | + 177 20| < 2K,

a contradiction. So there exists sy € {0,1,...,2k — 1} with card(B,, N A) < <244 Then
card(A\ By,) > n(1 —5-)> > n(1 —k™'). For j € A\ By, we have || TVug, ||, > k. Hence
us, € My, and My, is dense.

Thus [, M}, is a residual subset of X. Let z € (), M. For each k € N, there exists
n,, € N with card A, > ni(1 — k7'), where Ay := {1 < j < ng : |[T72|,, > k}. Let
A:=J, Ax. Then dens(A) = 1 and limjea |77z}, = oo. O

Proposition 8. If 7" € B(X) then the following assertions are equivalent:

(i) there exist € > 0, a sequence (yx) in X and an increasing sequence (Vi) in N such
that limy_.. yx = 0 and

1 ,
lim —Card{l <Jj < Np:d(T?yx,0) > 5} =1

k—oo [V

(ii) there exists y € X with distributionally unbounded orbit;
(iii) the set of all y € X with distributionally unbounded orbit is residual in X.

In the case X is a Banach space, the above assertions are also equivalent to the following:

5



(i) there exist € > 0, a sequence (yx) in X and an increasing sequence (N) in N such
that limg_.. yx = 0 and

card{1 < j < Ny : [|[TVy|| > e} > eNy
for all k£ € N;
(ii’) there exist y € X and A C N with dens(A) > 0 such that lim;e ||T7y|| = oo.
Proof. (iii) = (ii): Trivial.
(ii) = (i) and (i) = (iii): Follow from the previous proposition.
Now, assume X is a Banach space.
(ii) = (ii’): Obvious.
(ii’) = (i"): Choose € € (0,dens A) and argue as in the proof of (ii) = (i) in the previous
proposition.

(i’) = (i): Let § > 0. We consider the following property P(d): For every L > 0, there
exist y € X, |ly]| =1, and n € N such that

card{1 < j <n:||T%| > L} > én

(equivalently, there are y’ € X, ||3/|| < £, and n € N with card{j < n : ||T7y/|| > ¢} > on).
Let g be the supremum of all § for which P(6) is true. By (i’), do > ¢ > 0. Let k € N.
Let 0, > 0 satisty
50 - 51 —1
>1- k1
do + 61
Since P(dp + d1) is not true, there exists L > 0 such that

card{1 < j <n:||T?y| > L} < (6o + 01)n

for all y € X, [|y|| = 1, and all n € N. Clearly we may assume that L > max{k, ||T|}.
Since P(dy — d1) is true, there exist u € X, ||ul| = 1, and n; € N such that

card{1 < j < ny : |[Tul| > L*} > (6 — 61)ns.
Set
Ay ={1<j<n:||Tu| <L},
Ay ={1<j<ni:L<|Tu <L?},
Az :={1<j<ny:||Tu|| > L?*}.
Since ||T|| < L, we have 1 € A;. Let A; = {ry,...,rq} with r; < ry < -+ < rg Set

formally 74,1 :=n; + 1. Foreach s =1,...,d, let By := Ay N{rs+1,...,rs1 — 1} and
Cs:=AsnN{rs+1,...,7541 — 1}. We have

d
Z card Cy = card Az > (09 — 61)ny

s=1
and

d
Z card(Cs U By) = card(Az U Ag) < (5o + d1)n.

s=1



So there exists sy, 1 < s9 < d, such that Cy, # 0 and

card Cy, S 0o — 01

>1—k L
card(Cs, U Bg,) — do+ 61 —

eTmsou .
Set v 1= R[] and n :=rg 41 — s, — 1. For each j € Cj,, we have
J—Ts J
Tl _ Tl
o] [0l
S0
: ~ : 1 77]|
card{1 < j<n:|T| >e} =card{1 <j<n: ol >k}
v
> card{ry, <j < rep1: || Tul| > k|| T 0u|}
> card C,
>n(l -k,
which completes the proof. O

Proposition 9. Let T' € B(X) and suppose that there exists a dense subset X, of X
such that the orbit of each = € X is distributionally near to 0. Then the set of all vectors
with orbits distributionally near to 0 is residual.

Proof. For each k,m € N, let
My = {2 € X :In € Nwith card{1 < j <n: || Tz|, <k '} >n(l—k")}.

Clearly each Mj,,, is open and dense (since My, O Xo). So the set [, ,,, Mk m is residual
and consists of vectors with orbits distributionally near to 0. O

Definition 10. Let T € B(X). We say that T satisfies the Distributional Chaos Criterion
(DCQ) if there exist sequences (x), (yx) in X such that:

(a) There exists A C N with dens(A) = 1 such that lim,c4 7"z = 0 for all k.

(b) yr € span{x, : n € N}, limy_ ., yx = 0 and there exist ¢ > 0 and an increasing
sequence (Vi) in N such that

card{1 < j < N : d(TVy,0) > e} > Np(1 — k1)
for all k € N.

Remarks 11. 1. We can assume that (z;) and (yx) are the same sequence because
there exists a sequence () in span{z, : n € N} \ {0} that satisfies condition (a)
by linearity and condition (b) by density.

2. In the case X is a Banach space, it follows from Proposition 8 that condition (b) in
the above definition of (DCC) can be replaced by

(b") yr € span{z, : n € N}, |lyx]| — 0 and there exist ¢ > 0 and an increasing
sequence (Vi) in N such that

card{1 < j < Ny : || T7yx|| > €} > Ny,
for all £k € N.



Theorem 12. If T' € B(X) then the following assertions are equivalent:
(i) T satisfies (DCC);

)
(ii) T has a distributionally irregular vector;
(iii) T is distributionally chaotic;

(iv)
Proof. (i) = (ii): Let Xo := {z € X : limyea T"z = 0}. Then X is a subspace of X,
T(Xo) C X and T'(Xy) C Xo. Moreover, x; € Xo and yi, € X, for all k € N.

By Proposition 9, the set of all vectors € Xo with orbits distributionally near to 0
is residual in Xo. By Proposition 8, the set of all vectors © € Xy with distributionally
unbounded orbit is residual in Xo. So the set of all distributionally irregular vectors is
residual in Xj. In particular, there exists a distributionally irregular vector.

(ii) = (iii): Let u € X be a distributionally irregular vector. Then {Au : A € K} is an
uncountable distributionally e-scrambled set for a certain € > 0.

(iii) = (iv): Trivial.
(iv) = (i): Let (x,y) € X x X be a distributionally chaotic pair for T and set u := x —y.
There exists € > 0 such that

T admits a distributionally chaotic pair.

dens{j € N: d(TVu,0) > e} =1 (1)

and '
dens{j € N: d(T’u,0) <6} =1

for each § > 0. So there is an increasing sequence (ny) in N such that
card{1 < j < ny : d(T?u,0) < k7'} > np(1 —k7H).

Let Ay :={1 <j <ny:d(Tu,0) < k'} (k€ N) and A := J;~, Ax. Then dens(4) =1
and lim,c4 7"u = 0. For each k € N, let z;, := T*u. Clearly

limT"x, =0 (k€ N).

neA

Now, choose s such that |T*u||, < k=1 and let y; := T**u. Then y, — 0. By (1), we
have ‘
dens{j € N:d(T7y;,0) > ¢} =1

for all k& € N. Hence there is an increasing sequence (Ny) in N such that
card{1 < j < Nj : d(Ty,,0) > e} > Np(1 — k1)

for all £ € N. This proves that T" satisfies (DCC). O

3 Dense distributional chaos

We devote this section to the existence of dense sets (manifolds) of distributionally irreg-
ular vectors. Concerning necessary conditions, we observed in [7] that the existence of a
dense set of just irregular vectors for T" implies that the adjoint operator 7™ admits no
eigenvalues A with |[A\| > 1. This result is sharp, even for dense distributional chaos.
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Remark 13. There are operators T : (P(v) — ¢P(v) for certain weight sequences v such that
every non-zero vector x € (P(v) is distributionally irregular, and the set of eigenvalues of
T*is D := {X: |\ < 1}. Indeed, let S be the bilateral forward shift on a weighted space
¢?(w,7Z) such that w; 1 /w; — 1 and every non-zero vector x € (?(w,Z) is distributionally
irregular, as constructed in [17]. Let v := (w;);ey and consider the natural inclusion
P(v) C P(w,Z), (x1,22,...) — (...,0,0,21,22,...). The operator T := S|w, clearly
satisfies the desired properties.

In what follows in this section we will consider several sufficient conditions for dense

distributional chaos.

Definition 14. Given T' € B(X), a vector subspace Y of X is called a uniformly distribu-
tionally irregular manifold for T if there exists m € N such that the orbit of every nonzero

vector y in Y is simultaneously distributionally m-unbounded and distributionally near
to 0.

It is easy to see that such a Y is a distributionally 2-™*!-scrambled set for T". Hence
the existence of a dense uniformly distributionally irregular manifold implies dense dis-
tributional chaos.

Theorem 15. Assume X separable. Suppose that T' € B(X) satisfies
T"'z — 0 for all x € X,

where X is a dense subset of X. Then the following assertions are equivalent:
(i) T is distributionally chaotic;

)
(ii) 7T is densely distributionally chaotic;
(iii) T admits a dense uniformly distributionally irregular manifold;
(iv) T admits a distributionally unbounded orbit.

We recall that Proposition 8 contains a very useful computable characterization of
the existence of a distributionally unbounded orbit. It will be used several times in
applications of the above theorem.

Proof. (iii) = (ii) = (i): Obvious.
(i) = (iv): Follows from Theorem 12.

(iv) = (iii): Without loss of generality we may assume that X, is a dense subspace of X
and
|Tz||x < ||z||ks1 for all z € X and k € N.

By hypothesis, there is a vector y € X with distributionally unbounded orbit. So there
exist m € N and B C N with dens(B) = 1 such that

Lim |77y . = oo.

Hence, for every L > 0 and k£ € N, there exist + € X as close to zero as we want and
n € N as large as we want so that

card{1 <i <n:||Tz|, > L} >n(l — k).

9



Clearly we can take x € X, and assume, without loss of generality, that m = 1.
Thus we can construct inductively a sequence (xy) of vectors in Xy with [Jzg|[x < 1,
k € N, and an increasing sequence (ny) of positive integers such that

1

card{1 < i <y : |T%wg|y > k2F} > ny (1_@> (2)
1

card{1 < i < ny, : [|Tx|[x < }>nk(1—ﬁ>,s:1,...,k—1. (3)

Given «, 3 € {0, 1}, we say that 8 < a'if 5; < ; for all i € N. Consider an increasing
sequence (r;) of positive integers such that

Tjix1 > 1+7;+mn,41 forall j €N (4)

Fix a € {0,1}" defined by «,, = 1 if and only if n = r; for some j € N. Given 3 € {0, 1}
such that § < a and ( contains an infinite number of 1’s, we define the vector

wﬁ—Z i = ﬂ?f’fr-'

Observe that the above series is convergent since ||z;|; < 1 for each i € N. We will show
that the orbit of x is distributionally 1-unbounded and distributionally near to 0.

. ) 1
Let k € Nwith 5, =1. If 1 <i <n,, || Tz, || > 2™ and ||T"x||,, < — for each
Tk

s < Tp, then

% BTJ i
IT*zslls = o HT%Hl Z (| T2y, ||

J#k
H%Hm
S Y- Yl
i<k i>k

Zrk_la

where we used the inequalities ||z, [|14; < 1 for j > k, which hold because 147 < 14-n,, <
1+n,,_, <r; (by (4)). Conditions (2) and (3) above imply that

1
card{1 <i < n,, : |Tixsly > s — 1} > 0y, (1 - —),
Tk
and so the orbit of x5 is distributionally 1-unbounded.
, 1
On the other hand, if 1 <i <n,, 1 and ||T"xs];,+1 <
”

] for each s < rp+ 1, then

HTixﬂHr i < Z 6Tj|’Ti‘r7‘j||7‘k+1 + Z ﬁerTixrj Hm—i—l
k J—

273 273
i<k i>k
1 Hx?“ Hl—&-r +1
< —J b
T+l Z 2" ;
< 1
T + 1’

10



where we used the inequalities ||2,, |11y, +; < 1 for j > k, which hold because 1 +7; +1i <

L+rg+np <1471 +n, 41 <rj (by (4)). Condition (3) above implies that

1 }> (1 1 )
ny - 9
re+ 10 I g

and so the orbit of x5 is distributionally near to 0.

Since X is separable, we can select a dense sequence (y,) in X, and a countable
collection 7y, € {0,1}Y (n € N) such that each sequence 7, contains an infinite number of
1’s, 7, < a for every n € N, and the sequences v, have mutually disjoint supports.

We set the sequence of vectors u,, := iv;-’" x;, n € N. We already know that the
orbit of each wu, is distributionally 1-unbounded and distributionally near to 0. Define
now

card{1 < i <41 [|[T"2g)[per1 <

1
Zn = Yp + — Uy, n €N,
n

Since (y,) is dense in X and the u,,’s are uniformly bounded in X, we get that the sequence
(zn) is dense in X. We set Y := span{z, : n € N}, which is a dense subspace of X. If
u €Y \ {0}, then we can write

U:yQ+Z§Ik,
k

where yo € X and the sequence of scalars (p;) takes only a finite number of values (each
of them infinitely many times). As in the above proof we can show that the orbit of

is distributionally 1-unbounded and distributionally near to 0. Since y = yo + v and
limy, 7%y = 0, the same is true for the orbit of . Thus Y is a dense uniformly distribu-
tionally irregular manifold for 7. ]

Theorem 16. Assume X separable. Suppose that T € B(X) satisfies the following
conditions:

(I) There exists a dense subset X, of X with lim,, ., 7"z = 0 for all z € X,.
IT) One of the following conditions is true:
( g

(a) X is a Fréchet space and there exists an eigenvalue A with |A| > 1.
(b) X is a Banach space and ) ||T_1"H < oo (in particular if 7(T") > 1).

(c) X is a Hilbert space and ) W < 0o (in particular if 0,(7) N T has positive
Lebesgue measure).

Then T is densely distributionally chaotic.

Proof. In view of Theorem 15, it is enough to prove the existence of a vector y € X with
distributionally unbounded orbit. In case (a), it is enough to get an eigenvector y # 0
associated to an eigenvalue A with |A\| > 1. In cases (b) and (c), it was proved in [18] that
there exists a vector y € X such that ||T"y|| — oco. In particular, y has distributionally
unbounded orbit.

By Theorem 1.1(i) in [9] (see also p. 239, Theorem 11 in [19]), > W < 0o whenever

0,(T) N'T has positive Lebesgue measure. O

11



In [10] it is proved that, if T" satisfies the Godefroy-Shapiro Criterion, then 7" is hy-
percyclic. As consequence of (a) in Theorem 16 we also obtain that

Corollary 17. If T satisfies the Godefroy-Shapiro Criterion then T is densely distribu-
tionally chaotic.

Since every continuous linear operator on H(C") that commutes with any translation
operator and is not a scalar multiple of the identity satisfies the Godefroy-Shapiro criterion
[10], we get a natural class of densely distributionally chaotic operators.

Corollary 18. Every continuous linear operator on H(C") that commutes with any
translation operator and is not a scalar multiple of the identity is densely distributionally
chaotic.

A series Y ;- |z, in X is said to be unconditionally convergent if for every € > 0, there
exists N > 1 such that
d(z Ty O) < e,

whenever F' C N is finite and F N {1,2,..., N} = 0.
Theorem 19. Assume X separable and let T € B(X). Suppose that:
(a) There exists a dense subset Xy of X with lim,, ., 7"z = 0 for all x € X.

(b) There exist a subset Y of X, a mapping S : Y — Y with 7Sy = y on Y, and a
vector z € Y\ {0} such that >~ 7"z and )7, S™z converge unconditionally.

Then T is densely distributionally chaotic.

Proof. If we define wy, := Y oo TH"z + 2z + 32 S%"z then wy, # 0 if ko is sufficient
large and T™wy, = wy,. Let yy, := > o, S¥"z. Then y, — 0 and

j—k [e%S)
Tkoj _ Tk‘()n Sk’on
Yp = zZ+z+ Z > Wiy
n=1 n=1

as j — o0. For 0 <[ < kg we have

leko = lim T"hody,.

J—00

Hence {T lwko : 0 <1 < ko} are accumulation points of the orbit of y;. Let ¢ :=
s min{d(T"wy,,0) : 0 < I < ko}. Then there exists an increasing sequence (Ny) of positive
integers such that

1 ,
lim — card{l < j < N : d(T7y;,0) > e} = 1.
k—o00 Nk

By Proposition 8, T" admits a distributionally unbounded orbit. Thus, by Theorem 15, T’
is densely distributionally chaotic. O

In [8] it was observed that the Frequent Hypercyclicity Criterion implies that 7" is
frequently hypercyclic, Devaney chaotic and mixing. As a consequence of the above
theorem, we obtain that it also implies dense distributional chaos.
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Corollary 20. Assume X separable and let T € B(X). Suppose that there are a dense
subset Xy of X and a mapping S : Xg — X such that, for any = € X,

(a) >>°, T"x converges unconditionally,
(b) >°0°, S™x converges unconditionally,
(c) TSz = x.

Then T is frequently hypercyclic, Devaney chaotic, mixing and densely distributionally
chaotic.

Definition 21. We say that a continuous linear operator 7' on a Banach space X has a
perfectly spanning set of eigenvectors associated to unimodular eigenvalues if there exists
a continuous probability measure ¢ on the unit circle T such that for every o-measurable
subset A of T of o-measure equal to 1, the span of | J,., ker(7"— A) is dense in X.

Theorem 22. Let T" be a continuous linear operator on a Hilbert space X that has a
perfectly spanning set of eigenvectors associated to unimodular eigenvalues such that the
measure o can be chosen to be absolutely continuous with respect to the Lebesgue length
measure on the unit circle. Then T is densely distributionally chaotic.

Proof. Under the conditions of the theorem, 7" satisfies the Hypercyclicity Criterion with
respect to the sequence (n) (see Theorems 2.4 and 2.5 in [1]) and thus there exists a
dense set X, such that lim,_,., 7"x = 0 for all x € X. Moreover, 0,(T) N'T has positive
Lebesgue measure. Thus, by Theorem 16, 7" is densely distributionally chaotic. O

Problem 23. Is the above theorem true for Banach spaces?

As consequence of Corollary 20, we have a positive partial answer of the above problem
under certain conditions. Indeed, if 7" has a o-spanning set of T-eigenvectors, where o is
the length measure on T, then T satisfies the Frequent Hypercyclicity Criterion, and so
T is densely distributionally chaotic. The same conclusion holds if the eigenvector fields
are C?-functions or X does not contain ¢y and the eigenvectors fields are a-Holderian for
some o > 3 ([3, section 5.8]).

Since a composition operator with a parabolic or hyperbolic automorphism in H?(D)
has a perfectly spanning set of eigenvectors associated to unimodular eigenvalues with
respect to the Lebesgue length measure on the unit circle [2], we obtain

Corollary 24. Let ¢ be an automorphism of . Then the composition operator C,, :
H?*(D) — H*(D) is densely distributionally chaotic if and only if ¢ is not an elliptic
automorphism.

4 Densely distributionally chaotic weighted shifts

The next result characterizes dense distributional chaos for unilateral weighted backward
shifts on Fréchet sequence spaces in terms of the existence of a distributionally unbounded
orbit.

Theorem 25. Let X be a Fréchet sequence space in which (e,).en is a basis. Suppose
that the unilateral weighted backward shift

Bw((ajn)nEN) = (WpTpt1)nen

is an operator on X. Then the following assertions are equivalent:

13



(i
(i
(iii

i
(iv

) B, is distributionally chaotic;

) B, is densely distributionally chaotic;

) B, admits a dense uniformly distributionally irregular manifold;
)

B, admits a distributionally unbounded orbit.

Proof. Let X, be the set of all finite linear combinations of the basis vectors e,. Clearly
Xy is dense in X and (B,)"z — 0 for all € X,. Thus the result is just a special case of
Theorem 15. [

As an application of the previous theorem, we have the following computable sufficient
condition for dense distributional chaos for unilateral backward shifts on Fréchet sequence
spaces.

Theorem 26. Let X be a Fréchet sequence space in which (e,).en is a basis. Suppose
that the unilateral backward shift B is an operator on X. If there exists a set S C N with
dens(S) = 1 such that

E e, converges in X,

nes

then B is densely distributionally chaotic.

Proof. For each k € N, let

Y = j{: €n.-

nesS,n>k

Then limy ..oy = 0 and B"y, = €1 + - -+ for all n € S with n > k. Since the functional
r — 1 is continuous, there exists ¢ > 0 such that d(z,0) < ¢ implies |z;| < 1. Hence
d(B"yx,0) > ¢ for all n € S with n > k. So there is a sequence (Nj) of positive integers
increasing to oo such that

1 . ;
lim Fcard{l < j < Ny :d(By,0) > 6} =1

k—o0 [V

By Proposition 8, T" admits a distributionally unbounded orbit. Thus, by the previous
theorem, B is densely distributionally chaotic. O]

Corollary 27. Let X be a Fréchet sequence space in which (e, ),en is a basis. Let (wy,)nen
be a sequence of positive weights. Suppose that the unilateral weighted backward shift
B, is an operator on X. If there exists a set S C N with dens(S) = 1 such that

n -1
Z(H wl,> e, converges in X, (5)
nes v=1
then B, is densely distributionally chaotic.
Proof. Follows from the previous theorem by conjugacy. O]

Corollary 28. Let X be a Fréchet sequence space in which (e,),en is an unconditional
basis. Suppose that the unilateral weighted backward shift B, is an operator on X. If
B,, has a non-trivial periodic point, then B, is densely distributionally chaotic.

14



Proof. Under these hypothesis (5) holds ([11, Theorem 4.8(c)]). Hence it is enough to
apply the previous corollary. O

Now we turn our attention to bilateral weighted forward shifts.

Theorem 29. Let X be a Fréchet sequence space over Z in which (e, ),ez is a basis. Let
(Wn)nez be positive weights and assume that

lim <H w,,) e, = 0. (6)
v=1
Suppose that the bilateral weighted forward shift

Fw(@ﬂ)néZ) = (wnxn—1>nez
is an operator on X. Then the following assertions are equivalent:
) F, is distributionally chaotic;
) F,, is densely distributionally chaotic;
(iii) F,, admits a dense uniformly distributionally irregular manifold;
) F,, admits a distributionally unbounded orbit.

Proof. Let Xg be the set of all finite linear combinations of the basis vectors e,,. Clearly X
is dense in X. Moreover, lim,_..(F,)"x = 0 for all x € X, because lim,_...(F,)"e; =0
for any j € Z (by (6)). Hence it is enough to apply Theorem 15. O

Theorem 30. Let X be a Fréchet sequence space over Z in which (e,)nez is a basis.
Suppose that the bilateral forward shift F' is an operator on X. If lim, .. e, = 0 and
there exists a set S C N with dens(S) = 1 such that

E e_, converges in X,

nes

then F'is densely distributionally chaotic.

Y ‘= Z €_n.

neSn>k
Then limg ooy = 0 and F'y, = --- 4+ e+ --- for all n € S with n > k. Since the
functional x — 2 is continuous, there exists ¢ > 0 such that d(z,0) < ¢ implies |z;| < 1.
Hence d(F™yi,0) > ¢ for all n € S with n > k. So there is a sequence (Ny) of positive
integers increasing to oo such that

Proof. For each k € N, let

1 .
lim ﬁcard{l <j < N :d(Fly,0) > e} = 1.

k—oo [V

By Proposition 8, T" admits a distributionally unbounded orbit. Thus, by the previous
theorem, F'is densely distributionally chaotic. O]
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Corollary 31. Let X be a Fréchet sequence space over Z in which (e, ),ez is a basis. Let
(Wn)nez be positive weights. Suppose that the bilateral weighted forward shift F, is an
operator on X. If lim,, o ([[_; wy)e, = 0 and there exists a set S C N with dens(S) =1

such that
0 ~1
Z( H wl,> e_, converges in X,

nesS v=—n+l
then F|, is densely distributionally chaotic.

Corollary 32. Let X be a Fréchet sequence space over Z in which (e, ),ecz is an uncon-
ditional basis. Suppose that the bilateral weighted forward shift F, is an operator on X.
If F, has a non-trivial periodic point, then F,, is densely distributionally chaotic.

5 Densely distributionally chaotic composition oper-
ators

We begin this section by recalling the following result.

Theorem 33 (The Denjoy-Wolff Iteration Theorem). Suppose that ¢ is an analytic self-
map of D that is not an elliptic automorphism.

1. If ¢ has a fixed point p € D, then (¢") converges uniformly on compact sets to p.

2. If ¢ has no fixed point in D, then there is a fixed point p € JD such that (")
converges uniformly on compact sets to p.

Now we characterize dense distributional chaos for composition operators on the
Fréchet space H(DD).

Theorem 34. Suppose that ¢ is an analytic self-map of ID. Then the composition oper-
ator C, : H(D) — H(D) is densely distributionally chaotic if and only if it has no fixed
point in .

Proof. If ¢ is an elliptic automorphism, then ¢ is conjugated to a rotation, and so C,, is
not distributionally chaotic.

If ¢ is a non-elliptic automorphism with a fixed point p € D, then (¢™) converges
uniformly on compact sets to p. Thus (f o ¢™) converges uniformly on compact sets to
f(p) and C, is not distributionally chaotic.

If ¢ has no fixed point in D, let p be the Denjoy-Wolff point that belongs to 0D such
that (¢™) converges uniformly on compact sets to p. Let X denote the set of all functions
that are continuous on D, analytic on D and vanish at p. Then X is dense in H (D) and
lim,, oo C;}f =0 for all f € Xq. For each k € N, let

gi(2) = @"

Then (gx) converges to zero and there is a sequence (Vi) of positive integers increasing
to oo such that . )
lim — card{1 < j < N : d(C’igk,O) > 5} =1.

k—oo [Nf

By Proposition 8, T admits a distributionally unbounded orbit. Thus, by Theorem 15,
C, is densely distributionally chaotic. m
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Corollary 35. Let ) be a simply connected domain in the complex plane and ¢ be an
automorphism of Q. For the composition operator C, : H(Q2) — H(Q), the following
assertions are equivalent:

(i) C, is chaotic;
(ii) C, is mixing;

(iii) C,, is hypercyclic;

)
)
)
(iv) (™) is a run-away sequence;
(v) ¢ has no fixed point in ;

i)

(v

Proof. The equivalences (i) < (ii) < (iii) < (iv) < (v) are known.

If  # C then the equivalence (v) < (vi) follows from the above theorem by conjuga-
tion.

If 2 = C and ¢ has no fixed point, then C, is a translation operator, and so it is
densely distributionally chaotic. If ¢ has a fixed point, then C, is conjugated to Cy
where 1(z) = az and thus it is not densely distributionally chaotic. O]

C, is densely distributionally chaotic.

6 Miscellanea

It is well-known that if T is invertible and hypercyclic (mixing), then 7! is hypercyclic
(mixing). In contrast, there exist operators 7" which are invertible and densely distribu-
tionally chaotic such that 7! is not distributionally chaotic (see, e.g., [17]).

Also, there are densely distributionally chaotic operators on Banach spaces of the
form T'= I + K, where K is a compact operator (see [6]). Such a 7T is neither frequently
hypercyclic nor Devaney chaotic.

Problem 36. Are there frequently hypercyclic operators which are not distributionally
chaotic?

For example, in [3] the authors constructed a frequently hypercyclic operator on ¢
that is not Devaney chaotic (and not mixing). Is this operator distributionally chaotic?

Problem 37. Are there Devaney chaotic operators which are not distributionally chaotic?
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