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1 Linear Dynamics

In linear dynamics, as the name suggests, we are interested in studying the dynamics of linear operators
T: X — X, where X is a separable topological vector space. In this notes, we shall consider only
operators acting on Banach spaces, that is, complete normed spaces, although many of the results are
valid in more general spaces (such as Fréchet or F-spaces). The results and examples of this and the
next sections can be found in the excellent books [1] and [4], both of which treat linear dynamics in
depth.

A very natural kind of chaotic behavior that one can think for a dynamical system is admitting a
point for which the orbit is dense:

Definition 1.1. We say that T : X — X is hypercyclic if there exists € X such that the set
orb(x,T) = {T"(z) : n € N}
is dense in X.

A powerful tool to show that an operator is hypercyclic is Birkhoff transitivity theorem, by showing
that it is topologically transitive:

Definition 1.2. We say that T': X — X is topologically transitive if for any pair of nonempty open
sets U,V C X, there exists some n > 0 such that T"(U) NV # @.

Theorem 1.3 (Birkhoff transitivity theorem). Let T': X — X be a continuous map on a separable
complete metric space without isolated points. Then the following are equivalent:

(1) T is topologically transitive;
(2) T admits a point with dense orbit.
If any of these conditions hold, the set of points with dense orbit is a Ggs-set.

Proof. (2) = (1): Suppose that the orbit of x € X is dense. Since X' does not have isolated points,
the orbit of T?(z) is also dense, for any integer p > 0. Now let U,V C X be a pair of nonempty open
sets. Let n > 0 be such that T"(x) € U. As the orbit of T"(z) is dense, there exists m > n such that
T™(z) € V. Hence T ™(U) NV # @.



(1) = (2): Since X is metrizable and separable, it admits a countable base of nonempty open
sets (Ug)r>1. Let HC(T) C X be the set of points in X that have dense orbit under 7. Note that
x € HC(T) if, and only if, for every k > 1, there exists n > 0 such that T"(x) € Uy. That is,

HOT) = () | T7"(U).
k=1n=0

By continuity of 7T, for every k > 1 the set |Jo—, 7" (Uy) is open, and by the topological transitivity,
it is also dense. By the Baire category theorem, the set HC(T) is a Gs-set, in particular it is nonempty.
O

Remark. We did not require that 7 is linear in the previous theorem.
The next example illustrates how we can use this theorem to show that an operator is hypercyclic.

Example 1.4 (Rolewicz’s operators). Let X = ¢ and T : fP — (P be given by
T(ml, To,x3, . - ) = (/\.132, /\.133, /\.1347 . .),

where A € K. If |A| < 1, for all z € X and all n € N we have ||T"(x)|| = [A™ (®n+1, Tnto, - )l < ||z,
so that T' cannot be hypercyclic.

Suppose now that |A| > 1. Let U,V C X be nonempty open sets. Since the set of finite sequences
is dense, there exists N € N and points z,y € ¢P of the form

x=(z1,...,25,0,0,...) and y=(y1,...,yn,0,0,...)

such that x € U and y € V. Let n > N. Define z € X as

T, 1<k <N;
2k =S AN "Yp—n, n+1<k<n+N;
0, otherwise.
Note that T™(z) = y. We also have that ||z — z|| = |A\|7"||y]| — 0. Hence, we have that if n is

sufficiently large, z € U and T™(z) € V. This shows that T is topologically transitive, so using
Birkhoff transitivity theorem we conclude that T' is hypercyclic.

We can also study stronger notions of chaoticity. One of them is the notion of mixing operators:

Definition 1.5. We say that T : X — X is mizing if for any pair of nonempty open sets U,V C X,
there exists some Ny > 0 such that T"(U) NV # & for all n > Nj.

A very useful result that enables us to show that some operators are mixing is Kitai’s Criterion:

Theorem 1.6 (Kitai’s Criterion). Let T' be an operator on a separable Banach space X. If there are
dense subsets Xy,Yo C X and a map S : Yo — Yo such that, for any x € Xy and y € Yy

(i) T"z — 0,
(i) S"y — 0,
(i) T'Sy =y,

then T is mizing.



Proof. Let U,V C X be nonempty open sets and take x € UN Xy and y € V N Yy. Let € > 0 be such
that B(z,e) C U and B(y,e) C V. By (i) and (ii), there exists Ny such that, for all n > Np,

[T"(@) <& and [|S™(y)] <e.
We have that, for all n > Ny,
[z = (= + 5" W) = 15" <e,
so that = + S™(y) € U. Furthermore, using (iii),
1T (2 + 5™ (y)) = yll = IT"(x) + T"(S"(y)) =yl = IT"(@)[| <e,
showing now that 7" (z + S™(y)) € V. Thus, T"(U) NV # & for all n > Np. O

Remark. 1) Note that we did not assume that S is linear or continuous in Kitai’s Criterion.
2) Tt is possible to show that there exist mixing operators that do not satisfy Kitai’s Criterion, see
[3] and [2].

As an application of Kitai’s Criterion, we show that if |[A\| > 1, the associated Rolewicz’s operator
is mixing:

Example 1.7. Let us consider again the Rolewicz’s operators: let A € K be such that |[A\| > 1 and
consider T': /P — (P given by

T(z1,22,23,...) = (Az2, AT3, A2y, .. .).
Take Xy = Yy = cpo, i-e. the space of finitely supported sequences, and let
S(l’l, T2,T3,.. ) = (O, A71$1, )\711'2, )\71$3, .. )

One can easily see that conditions (i)-(iii) of Kitai’s Criterion are satisfied. Hence, we have shown that
T is even mixing if [A| > 1.

2 Weighted Shifts

This section is dedicated to a very important class of operators in linear dynamics that generalizes
Rolewicz’s operators: the one of weighted shifts.
Let w = (wy, ), be a bounded sequence of nonzero scalars. We consider the operator B,, : P — (P
given by
By(z1,22,x3,...) = (waks, W3k, Walky,. . .).

Note that the boundedness of (w,,) implies that B,, is well-defined and continuous.
In order to characterize the hypercyclic weighted shifts, we will need the following theorem, which
is a weaker version of Kitai’s Criterion. The proof is analogous to the latter, hence we omit it.

Theorem 2.1 (Hypercyclicity Criterion). Let T be an operator on a separable Banach space X. If
there are dense subsets Xyp,Yo C X, a map S : Yo — Yo and a strictly increasing sequence (ng)g>1
such that, for any x € Xy and y € Yy

(i) Tz — 0,
(i) S™y — 0,
(ili) TSy =y,

then T 1is hypercyclic.



Theorem 2.2. B, : (P — (P is hypercyclic if, and only if,
n
sup H |w, | = oo.
n>1y 1

Proof. Suppose first that B,, is hypercyclic and let = (21, z2,...) € £ be a point with dense orbit.

We have that it io
B! (z) = (( H w,,)an, ( H wl,)anrg, .. )
v=2 v=3

As the orbit of x is dense, there exists a strictly increasing subsequence (ny)g>1 such that

lim BpF(z) =e; = (1,0,0,...).

k—o0

Thus
ng+1

( H w,,)a:nk+1 — 1.

v=2
Since x € P, we have that z,, +1 — 0, so that

ne+1

(T ) =+

v=2

Now suppose that the condition holds. Let us show that B, satisfies the Hypercyclicity Criterion.
Let Xy = Yy = coo be the dense subset of finite sequences and S = F, : cog — coo be given by

Fy(z1,29,23,...) = (0,w51$1,w51$27 S

It is easy to see that conditions (i) and (iii) satisfied for the full sequence (n). For (ii), note that, for

every n > 0,
n+j

Fr(e;) = (07...0, I1 w;1,070,...),

nj—1 V=itl

so that
n+j

IEs el =TT lwl™

v=j+1
Let (ng)x be a strictly increasing sequence such that

ng+j

_ 1
H |w | ' < %
v=j+1
for every 1 < j < k. Hence,
F*(e) = 0
for every j > 1, so by linearity the result follows. O

Using Kitai’s Criterion instead of the Hypercyclicity Criterion, one can also characterize mixing
weighted shifts:

Theorem 2.3. B, : { — (P is mizing if, and only if,

n
lim H |w, | = oo.
n—oo

v=1



3 Composition Operators

For a more complete treatment on composition operators acting on spaces of measurable functions, we
refer to [5].

Let (X, B, 1) be a o-finite measure space and f : X — X be a measurable function. We will assume
that f is a non-singular transformation, i.e. for every B € B, u(B) = 0 implies that u(f~1(B)) = 0.
In this case, the push forward measure f.u, defined by f.u(B) = u(f~1(B)), for every B € B, is
absolutely continuous with respect to p. By the Radon-Nikodym theorem, there exists a measurable
function ¢ : X — [0, 00) such that

p(f~H(B)) = / gdu, VB EB.
B
Our goal will be to study the composition operator induced by f given by
Ty LP(n) P ()
prrpof.
We first note that f being non-singular implies that T is well-defined:
Proposition 3.1. If f is non-singular, then the composition operator Ty is well-defined.

Proof. Let 1,9 € LP(u) such that ¢1 = ¢y p-almost everywhere. Then, there exists a set N € B
such that u(N) =0 and
p1(x) = pa(z) Vee X\ N.

Hence p1(f(z)) = pa(f(z)) for all z € X \ f~1(N). By the non-singularity of f, we have that
p(f~H(N)) =0, so that @1 0 f = @g 0 f p-almost everywhere, showing that T is well-defined. O

Remark. If f is not a non-singular transformation, then 7' is not necessarily well-defined. Indeed,
let X = [0, 1] with the Lebesgue measure and f : X — X be given by

<z<

)

[ N

<zx<

~

—

&

|
Nl O

Since
p({1}) =0 and  u(f1{1}) = u((1/2,1) = %,

f is not non-singular.
Let
¥1 = X[o,1) and g = X[0,1]»
so that @1 and ¢y represent the same element in LP(u), since they are equal p-almost everywhere.
However, we have that, for every = € [1/2,1],

0= p1(f(x)) # p2(f(x)) = 1.
This shows that T is not well-defined.

Theorem 3.2. Ty : LP(u) — LP(u) is a continuous linear operator if, and only if, there exists ¢ > 0
such that
u(f(B) < auB) VBEB. (x)



Proof. Suppose that T is continuous. Let B € B be such that u(B) < co. We have that
u(f~H(B) = /fl(B) Lldp = /X xs o fdu=|xso fII" = Trxsl” < [IT¢IPlIxal” = T ]”n(B).

By taking ¢ = ||T||?, the result follows. The case where p(B) = oo is always true.
Conversely, suppose that condition (x) holds. Let

_ dfp)
dp

be the Radon-Nikodym derivative of f,u with respect to u. We claim that g < ¢ almost everywhere.
Indeed, suppose that there exists a measurable set A such that u(A) > 0 and g(x) > ¢ for every z € A.
By the o-finiteness of X, we may assume that u(A) < oo. Then, we would have that

p(fH(A)) = /A gdu > cu(A),

contradicting our hypothesis and proving our claim.
Now let ¢ € LP(u). We have

ITrell? = / oo fPdu = / (oPd(fups) = / olPgdu < c- / olPdu = c- o],
X X X X

showing that T’ is continuous. O

Remark. We have that condition (*) is equivalent to the boundedness of the Radon-Nikodym deriva-
tive d(fu)
*
9=—7"
1

Indeed, by the proof of the previous theorem, we have that if (x) holds, then g is bounded. Conversely,
if g<cand B € B, then

u(f 1 (B)) = / Ld(fups) = /B g < cu(B).

B

We say that f~1(B) is essentially all of B, and denote it by f~1(B) = B, if given A € B, there
exists B € B such that u(AAf~(B)) = 0.
To characterize hypercyclic composition operators, we will need the following lemmas.

Lemma 3.3. If f~Y(B) =css B, then for every A € B and k > 1, there exists B € B such that
u(f(B)AA) = 0.
Lemma 3.4 ([6, Lemma 1]). If T} has dense range, then f~'(B) =css B.

Proof. Let A € B be a set of finite measure. By hypothesis, there exists a sequence ¢,, of functions
in LP(u) such that T, — xa. By passing to a subsequence if necessary, we have that Ty, — xa
almost everywhere, i.e. there exists N € B such that p(N) =0 and, for all z € X \ N,

Tf@n(m) = pno f(z) = xa(®).

Since Typn = @n o f is f~1(B) measurable, we have that the restriction of y4 to X \ N is f~(B)
measurable. Thus there exists B € B such that (X \ N) N A = f~!(B) and the result follows by the
o-finiteness of B. O



Theorem 3.5. Ty : LP(u) — LP(p) is hypercyclic if, and only if, f~'(B) =css B and for every
measurable set A of finite measure and any € > 0, there exist a measurable set B C A and k > 1 such
that

WA\B) <&, u(fHB)<e and  pr(fE(B)) <.

f—k k
O «— — O
A

Figure 1: Hypercyclicity for composition operators
Proof. Suppose first that T is hypercyclic, hence topologically transitive, by the Birkhoff transitivity
theorem. Since Ty has dense range, by Lemma 3.4 we get f~1(B) =¢ss B. Let A be a measurable set
of finite measure and € > 0. There exist k¥ > 1 and ¢ € L?(u) such that
€ €
lo—2xal <5 and flpo ff —dxall < 5.
Since

o — 2xall? = / o — 2xalPdu + / o — 2xalPdu
{2€X:]p(x)—2xa (x)|<1} {weX:[p(x)~2xa (x)|21}

> p({z € X :fp(x) — 2xa(z)] 2 1}),

we have .
p{z € X+ |p(z) = 2xal@)] 2 1}) < 5. (1)
Analogously,
€
ul{z € X < po fH(a) — dxa(e)| > 1)) < & 2)
Now let
C={zeX:|p(x)—4<1} and D={zxecX:|p(x)-2l <1},
and define

B=Dnf*C)nA.
First, note that
A\D C {z € X :|plx) — 2xalw)| = 1}
and
ANFHCO) Sz e Xt lpo fP(z) — dxala) > 1},

so (1) and (2) imply that u(A\ B) < e.
Next, we have that
FED) S {z e Xt |po fi(a) —dxale) 2 1},
and hence, by (2), u(f~*(B)) < u(f (D)) < <.
Finally,
CC{zeX:lpx)—2xalr)] > 1}.

Since f*(B) C C, by (1) we have that u*(f*(B)) < e.



Suppose now that the condition in the statement holds. Let U,V C LP(u) be a pair of nonempty
open sets. Since the set of simple functions is dense in LP(u), we have that there exist a measurable
set of finite measure A C X, simple functions ¢ = Zﬁl agxa;, Y2 = Z]M:1 bjxs, and n > 0 such
that Aj, Bj Q A,

B(y1,m) U and  B(yg,n) C V.

Let L =1+3%.(laj| + [bs]).
Note that if E, F C X are measurable sets of finite measure such that p(EAF) < (n/4L)P, then

1/p
e = xell? = ([ e = xePdi) " = (u(BAF)Y < njaL. 3)
X
By the condition in the statement, there exist a measurable set B C A and k > 1 such that
P Lk 1 \P . ok \P
wANB) < (75) nFm) < (57) ad wr(FB) < (15)"

Let C € B be such that f¥(B) C C and u(C) < (n/4L)P.
Let v, = Zj a;xa;nB- Since

Ui p
H(A; A4, 0 B) = n(A;\ B) < n(A\ B) < ([T ) 4)
we have by (3) that
no_n
XA, T 1

Ixa; =xa;08ll < 37 < 57 (5)

By the triangle inequality,
e =l < 7. (6)

If we define 72 = >, bjXB;nB, by a similar argument we get [|¢2 — Y2l < n/2.
Now since f~1(B) =ess B, by Lemma 3.3, for every j there exists D; € B such that

u(f~"(Dj)A(B; N B)) = 0.
Note that f~*(D;) has finite measure. Let C; = D; N C and define ¢ by:
o= axa,nB\U, D bixe; (7)
J J

First, let us show that ¢ € U. Since we have that each C; C C,
u((Aj N B)A((Aj nB)\ Uc)) - ﬂ(Aj mBqu-) < N(UC) < w(C) < (%)p

and
p(@ACH) = 1u(Cy) < 1u(C) < (1+)",

thus, by (3), we obtain

n n n n
) — ) < =< — d < =< —.
”XAJOB X(A;nB\U, all aL = 9 an HXCJH AL = 2L,

Hence, using the triangle inequality,
n
I =l <3

showing with (6) that ¢ € U.



To see that ¢ o f¥ € V, note that, by (7),

0o fF =D axp-ranmnU, e+ D biXsrcy):

J J

Since

p(ea(sr (A nenUa))) ur ey < (37)

and
u(f~H(CA(B; N B)) < ulfH(D;)AB; N B)) =0,

where f *k(C’j) has finite measure, by the same argument as done above we get that
n
e — oo £ < 7,

which shows that ¢ o f¥ € V. We have therefore shown that TJ’?(U) NV # @. O
Analogously, we have a characterization for the mixing composition operators:

Theorem 3.6. Ty : LP(u) — LP(p) is mizing if, and only if, f~1(B) =.ss B and for every measurable
set A of finite measure and any € > 0, there exist ko > 1 and a sequence of measurable sets By, C A,
k > ko, such that, for all k > kg

WA\ By) <e,  u(f"(By)<e and p*(f*(By)) <e.
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