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SUBSPACE-HYPERCYCLIC WEIGHTED SHIFTS

NAREEN BAMERNI AND ADEM KILICMAN

(Communicated by R. Curto)

Abstract. Our aim in this paper is to obtain necessary and sufficient conditions for bilateral and
unilateral weighted shift operators to be subspace-transitive. We show that the Herrero question
[6] holds true even on a subspace of a Hilbert space, i.e. there exists an operator 7" such that both
T and T* are subspace-hypercyclic operators for some subspaces. We display the conditions
on the direct sum of two invertible bilateral forward weighted shift operators to be subspace-
hypercyclic.

1. Introduction

A bounded linear operator 7' on a separable Hilbert space .7 is hypercyclic if
there is a vector x € ¢ such that Orb(T,x) = {T"x:n > 0} is dense in 7, such
a vector x is called hypercyclic for T. The first example of a hypercyclic operator
on a Banach space was constructed by Rolewicz in 1969 [12]. He showed that if B
is the backward shift on ¢?(N) then AB is hypercyclic if and only if |[A| > 1. The
hypercyclicity concept was probably born with the thesis of Kitai in 1982 [8] who
introduced the hypercyclic criterion to show the existence of hypercyclic operators.

The study of the scaled orbit COrb(T,x) and the disk orbit DOrb(T,x) of an
operator T is motivated by the Rolewicz example [12]. In 1974, Hilden and Wallen [7]
defined supercyclic operators as follows: An operator T is called supercyclic if there
is a vector x such that its scaled orbit is dense in 7. Similarly, Zeana [14] defined
diskeyclicity concept. An operator T is called diskcyclic if there is a vector x € 77
such that its disk orbit is dense in .7#. For more information about these operators, the
reader may consult [3, 5].

In 2011, Madore and Martinez-Avendaifio [10] introduced and studied the density
of an orbit in a non-trivial subspace instead of the whole space and called that phe-
nomenon subspace-hypercyclicity. For more details on subspace-hypercyclic operators,
the reader may refer to [1, 9, 11].

In 1991, Herrero [6] asked whether there exists a hypercyclic operator T such
that its adjoint is also hypercyclic. In 1995, Salas [13] characterized all hypercyclic
bilateral weighted shift operators and consequently, he gave an example supporting
Herrero’s question. However, those characterizations were so complicated; therefore,
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Feldman [4] constructed simpler conditions that characterize hypercyclic invertible bi-
lateral weighted shifts. Now, it is natural to ask: What kinds of weighted shift operators
are subspace-hypercyclic?

In this paper, we follow the line of Salas’s proofs [13] and Feldman’s proofs [4]
to characterize subspace-hypercyclic weighted shift operators for some subspaces. In
particular, we give necessary and sufficient conditions for bilateral weighted shift op-
erators to be subspace-transitive. We give some simpler conditions that characterize
subspace-transitive invertible bilateral weighted shift operators in terms of their weight
sequences. Then, we show that the same conditions hold true for a weaker property than
invertibility. We use these characterization to show that the Herrero question [6] still
holds for subspace-hypercyclic operators; i.e, there is an operator 7' such that both T
and its adjoint are subspace-hypercyclic for some subspaces; however, we don’t know
whether they are subspace-hypercyclic for the same subspace or not. Moreover, we
characterize subspace-hypercyclic unilateral backward weighted shift operators in term
of their weight sequences. Also, we characterize the direct sum of weighted shifts that
are subspace-hypercyclic.

We recall the following facts from the literature.

DEFINITION 1.1. [10] Let T € #(s¢) and .# be a closed subspace of .77 .
Then T is called .# -hypercyclic or a subspace-hypercyclic operator for a subspace
A if there exists a vector x € 7 such that Orb(T,x) N.# is dense in .# . Such a
vector x is called an .# -hypercyclic vector for T'.

DEFINITION 1.2. [10] Let T € B(s) and .# be a closed subspace of 7.
Then T is called . -transitive or subspace-transitive for a subspace . if for each
pair of non-empty open sets Uy, U, of .4 there exists an n € .4 such that T~"U; NU,
contains a non-empty relatively open set in .Z .

THEOREM 1.3. [10] Every . -transitive operator on € is M -hypercyclic.
PROPOSITION 1.4. [2] Let T € A(5€), and M be a closed subspace of F .

The following statements are equivalent:

1. T is M -transitive,

2. for each x,y € M , there exist sequences {xi}rev C .# and an increasing se-
quence of positive integers {ny trc v suchthat T # C A forall k> 1, x; — x
and T"x;, —y as k — oo,

3. for each x,y € M and each 0-neighborhood W in # , there exist z € M and
neN suchthat x—z €W, T"z—yeW and T".# C A .

2. Main results

All results in this section hold true for the Banach spaces ¢P(Z) and ¢(N) (1 <
p < =); however, for the sake of simplicity we only deal with the Hilbert spaces ¢>(Z)
and (%(N).
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Let T be the bilateral forward weighted shift operator on ¢2(7Z) with a weight se-
quence {wy }nez, then T(e,) = wyepq forall r € Z. Let S be the right inverse (back-
ward shift) to T and be defined as follows: S(e,) = ﬁer,l . Observe that T'Se, = e,

forall r € Z. If T is invertible then 7! = §. Also, we have

. my+k—1 . my—k 1
T (en) = ( T1 wi)em sk and $em) = ( [T —)em .

j=m, j=m—1 i

The next theorem gives necessary and sufficient conditions for a bilateral weighted
shift operator on (*(Z) to be ./ -transitive. First, we suppose that all subspaces .#
in this section are non-trivial topologically closed and have some subset of {e¢,} as a
basis, where {e,} is the canonical Schauder basis for ¢2(Z) or ¢*(N) and e,(j) = &,
(Kronecker delta). It follows that . N {e,;} = {em;: jE€ N} # ¢.

THEOREM 2.1. Let T be a bilateral forward weighted shift in (*(Z) with a pos-
itive weight sequence {wy}nez, M be a subspace of (*(Z) and F = {m; : ey, €
M N {er}}. Then T satisfies M -hypercyclic criterion if and only if, for any g € N,
we have

n
1
(i) liminfmax{] | :mj € F and |mj| < q} =0,
n—ee k=1 Wm_,-—k
n—1
(ii) Tliminfmax{ [ w1 : m; € 7 and |m;| < g} =0,
e k=0

(iii) T".H C M for an increasing sequence of positive integers {ny} pe_ y ,

Proof. Let T satisty . -hypercyclic criterion, then T is . -transitive. Suppose
that g€ A and y=7z= 2‘,,,1.‘@, em; € A . Then by 1.4 there exist a vector x € .# , a
mjeF
large positive integer n > 2q and a small positive integer &, such that

X— 2 emj <£na (1)
Imj|<q
mje?
T'x— Y el <& 2
mjl|<q
mjeF

and
T".# C .# (nhastobein .F). 3)
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(1) implies that |x,,;| > 1 —g, if [m;| < g and |x,,| < €, otherwise. Since n > 2q, (2)
implies that for all |m;| < ¢, we have

n—1
‘xm_,'| ||Tn€m_,- || = \xmj\ (H wk+mj> < &,
k=0

It follows that

n—1

& &
I Iwk+mj < < =6, 4)
0 X 1—¢,

[, |

Also (2) implies that
mej_n(T"emj_n) - eij < &

forall |mj| < q. Thus

n—1 n
|xmj—n| mej—n+k —1= |x’“./’—"| mej—k —1<ea.
k=0 k=1
Therefore } }
I 1 xmj—n 6}’1 o
<kH1 ijk> < e < T =4,. )

It is clear that 6, — 0 when n — oo. The proof follows by (3), (4) and (5).

Conversely, we verify the .# -hypercyclic criterion with the dense subsets D =
D) = D, of .# consisting of all sequences with finite support. By hypothesis, there
exists an increasing sequence of positive integers {n,},c 4 such that T"».# C A .
Also, there exist j € .4 such that m; € .F;|m;| < g,

}’lp 1
lim =0 (6)
p—>ook:1 wmjik
and
np—1
lim [T w4k =0. (7)

Let x= Y xjep, €D and y= Y yiem; € D, and let B be the backward shift

Imi|<q Imjl<q

defined on D by B(e,) = ﬁen,l, then

Nl
min{H:ilwmj,k tmj| < q}

1B™y < : )

and

np—1
17" x]| <maX{ IT woner + I <q} x| )
k=0
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By hypothesis, it is clear that lim, ... ||[B"?y|| =0, lim,_... || T"7x| =0 and T"?B"y =
y. Thus, by taking x; = By, T satisfies .# -hypercyclic criterion. [

For invertible bilateral weighted shifts, 2.1 can be simplified more, first we need
the following lemma.

LEMMA 2.2. Let T be an invertible bilateral weighted shift on (*(Z) and {m }rey
be an increasing sequence of positive integers. Suppose that . is a subspace of (>(Z.)
with standard basis {ey, 1i € N ,m; € L} such that T"* 4 C M forall k> 1. If there
exists an i € A such that T" e, — 0 as k — oo, then T" e, — 0 forall r € N .

Proof. Since T™.# C .# , the proof is similar to the proof of Lemma 3.1 of
[41. O

THEOREM 2.3. Let T be an invertible bilateral forward weighted shift in (*(7Z)
with a positive weight sequence {Wn}nez, # be a subspace of (*(Z) and F = {m;
em; € M N{er}}. Then T is . -transitive if and only if there exist an increasing
sequence of positive integers {ni}trey and m; € F such that T" . C M for all
ke AN and

mi+np—1 ng+m;

lim J] w;j=0 and lim I

koo k—oo

j=m; j=14m;

1
— = (10)
W—j

Proof. To prove the “if” part , we verify the .# -hypercyclic criterion with the
dense subsets D = D; = D, of .# consisting of all sequences with finite support.
Let x,y € D, then by 2.2 and triangle inequality it is enough to consider x =y = e,

for some m; € % . Let x; = B'y where B is a bilateral weighted shift with weight
sequence 171 . By hypothesis, we have

mi+ng—1
1T em,|| = H wj—0
Jj=mj
and
ny+m; 1
IB™ew||= ] — —o0.
Jj=14+m; W—j

Moreover, it is clear that 7" B"xx = x. Thus, the conditions of .# -hypercyclic criterion
are satisfied.
The proof of the “only if” part follows from 2.1. [

The next theorem shows that the 2.3 still holds by assuming a weaker form of
invertibility.

THEOREM 2.4. Let T € B((*(Z)) be a bilateral forward weighted shift with a
positive weight sequence {wy tnez such that for all n <0, w, > b > 0. Let .4 be a
subspace of (*(Z) and F = {m : em; € M N{er}} . Then T is M -transitive if and
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only if there exist an increasing sequence of positive integers {ny}rey and m; € F
such that T"* H C MH forall ke N,

mi+n;—1 ngtm; 1
lim I I wij=0 and lim I I —=0. (1)
k—eo Jj=m; e Jj=1+m; W—j

Proof. For “if” part, we verify 2.1. Let € >0, g € 4 and let 6;,6, > 0 (to
be determined later). By hypothesis, there exists an increasing sequence of positive
integers {n,},c 4 such that

T M C M (12)
forall r € .47, and there exists an arbitrary large ny € {n,},c.» and m; € .% such that
miJrnkfl ny-+m; 1
H wi < 0; and H — <&
j=mi j=lm W=

Suppose that n = n; +m; + g+ 1 (which ensure that m, +n—1 = ni +m; for all
Im,| < ). Now, for all m, € .# with |m| < g, we have

n+mp71 mpfl 1 mpfl mi+n;—1 n+mp71
IT wi={I1T - J{ ITwi){ IT wi){ IT w
Jj=mp J=mi J=mi J=mp J=mi+n
mpfl 1 mi+n;—1 n+mp71

) ("1 ) (T w

J=mi J=m J=mj+ng

mi+n;—1
<c( I w,-) 72|

J=mj
<o 77,
where C is a constant. If we assume that §; < C||T2‘1|| , then
n+np— 1
[I w;<eforallm, €.7;|mp| < (13)
j=mp

Now, for all m,, € .# with |m,| < g, we have

o= ) (ms) T
Jj=1+4+mp W—j Jj=1+mp W—j Jj=1+m; W—j Jj=ng+mi+1 w—j

1\

where L is a constant. Hence, if &, < £7¢ qg , then

n+mp

[T — <eforallm, € F;|m,| <gq. (14)
Jj=14+mp W—j
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It follows by (12), (13) and (14) that T is .# -transitive .
Conversely, follows immediately by 2.1.  [J

The following Proposition can be proved by the same arguments used in the proof
of 2.3; therefore, we state it without proof.

PROPOSITION 2.5. Let Ty and T be invertible bilateral forward weighted shifts
in (*(Z) with a positive weight sequence {wy}nez and {an},cz, respectively. Let
M and M, be closed subspaces of (*(7), Fy = {m;: em; € AN {e/}} and F, =
{h;: en; € AN {e;}}. Then T\ ®Th is M| & M, -transitive if and only if there exist
m; € F#1, h, € F, and an increasing sequence of positive integers {ny}rc y such that

(T & )" (A & M) C M B M forall k€ N and

mi+n;—1 hp+ng—1
limmax{ H wj, H aﬂ,}:O (15)

e Jj=m; j=hp
and
n—mi ng—hp 1
lim max H e H — =0 (16)
ke J=1mm Wi =1, A

It can be easily shown that the above theorem does not hold just for two operators
but for a finite number of invertible bilateral forward weighted shifts.

In the same way we can characterize the . -hypercyclic backward weighted
shifts. The following propositions characterized .# -hypercyclic backward weighted
shift. We skip their proofs since they can be proved by the same steps as in the proof of
the case of . -hypercyclic forward weighted shifts.

PROPOSITION 2.6. Let T be a bilateral backward weighted shift in (*(Z) with
a positive weight sequence {wn}nez, A be a subspace of 2" and F ={m;: en; €
M e }} . Then T satisfies M -hypercyclic criterion if and only if, for any g € N,
we have

n
S 1
(i) hrIlIllgfmax{' |

:mj €.F and |mj| < q} =0,
k:lwijrk

n—1

(ii) lirrlllg}fmax{nwmj_k :m; € F and |mj| < q} =0,
k=0

(iii) T".H C M for an increasing sequence of positive integers {ny} pe y ,

PROPOSITION 2.7. Let T be an invertible bilateral backward weighted shift in
(*(Z) with a positive weight sequence {wy }ncz, # be a subspace of (*(Z) and F =
{mj:en, € M N {er}}. Then T is A -transitive if and only if there exist an increasing
sequence of positive integers {ni}rc.y and m; € F such that T".# C A for all
ke N and

mi+ng—1 ng+m;
i _;j=0and li — =0 17
fim [1 w-y=0Oand fim T - an

Jj=m; j:1+ml J
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PROPOSITION 2.8. Let T € B((*(Z)) be a bilateral backward weighted shift
with a positive weight sequence {wy }ncz such that for all n <0, w, > b > 0. Let .#
be a subspace of (*(Z) and .F ={m;: ew; € M {e,}}. Then T is A -transitive if
and only if there exist an increasing sequence of positive integers {ny }rc_y and m; € F
such that T"* A C A forall ke N,

mi+np—1 ng+m; 1

lim [ w-;=0 and lim J] —=0 (18)
k—o0  : k—oo . Wi
Jj=m; Jj=1+m; 7

The following example shows that the Herrero question [6] holds true even on a
subspace of a Hilbert space.

EXAMPLE 2.9. There exists an operator T such thatboth 7" and 7™ are subspace-
hypercyclic for some subspaces.

Proof. One can construct a weight sequence {wy},cz such that it satisfies the
conditions of 2.3 for a subspace . and satisfies the conditions of 2.7 for a subspace
M. If we set T to have the weight sequence {wy} ez, it immediately follows that
both 7" and T* are subspaces-transitive operators for .#| and ./, respectively. [

Since T"(.#) C . if and only if T*"(.#*) C .4~ then one may think that an
operator T is .# -transitive if and only if T* is ./ -transitive. However, the next
example shows that the last statement does not need to be true.

EXAMPLE 2.10. Let B be a unilateral backward shift operator, F be a unilateral
forward shift operator and

M = {{xn}ney 1 x2m =0forallne 4} C £2(N).

Then, by Example 3.7 of [10], 2B is .# -hypercyclic where 2B(xq,x1,X2,x3, ) =
(2x1,2x2,2x3---). However, (2B)* =2F , where 2F (xq,x1,X2,x3, ) = (0,2x0,2x1,-- ),
cannot be .7 -subspace since the unilateral forward shifts are unitary and so cannot
be subspace-hypercyclic for any subspace.

QUESTION 1. If T is . -transitive and T* is ./, -transitive, is there any rela-
tion between .#, and .#,?

We now turn to the unilateral weighted shift operators acting on ¢?(N). Let B be a
unilateral backward weighted shift operator with a positive weight sequence {wy },c ¢
then B is defined by Bey = 0 and Be, = wpe,,—1 forall n > 1. Let F be a unilateral
forward weighted shift operator with a positive weight sequence {wi,n},,e v then F is
defined by Fe, = (1/wy41)eny1 forall n > 0.

Since unilateral forward weighted shifts cannot be subspace-hypercyclic opera-
tors for any subspaces as stated in 2.10; therefore, we characterize only the unilateral
backward weighted shifts that are subspace-hypercyclic operators.
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THEOREM 2.11. Let B be a unilateral backward weighted shift operator on ¢*(N)
with positive weight sequence {wy},c v, M be a subspace of (*(N) and F = {m; :
em; € M N {e;}}. Then B is . -transitive if and only if there exists an m; € F and
an increasing sequence {ny}re v of positive integers such that B .4 C 4 for all
ke N and

limsup(wmi+lwzn,-+2 e Wm,-Jrn) = oo.

n—oo

Proof. For the “if” part, we verify subspace-hypercyclic criterion. Suppose that
D = D, = D, be the dense subsets of .# made up of all finitely supported sequences.
Then for all x € D, B%*x = 0 for a large enough k since x has only finite numbers
of nonzero elements. Let F be a right inverse to B where Fe, = (1/wy11)e,11, and
let x; = F™y. Since B".# C ./ forall k€ A, then {n;: k€ A} C .Z, and so
{%thkey C A . Tt follows that, B"x; — y and |jx;| = ||[F™y|| — 0 as k — . Hence
T satisfies .# -hypercyclic criterion and so T is . -transitive.

For the “only if” part, suppose that T is . -transitive. Let m; € %, by 1.4 one
may find an x € .#, n € .4 and a small positive number &, such that

B'".# C A (19)
o= el < & (20

and
1B"x — e,|| < &- @1

By (19), it is easy to find an increasing sequence {n}rc s of positive integers such
that

B%.# C A forallke N 22)
Suppose that x = (xg,x1, - - ). From (20), it follows that
lxj| <& forall je A5 j#m; (23)
and
|Xm, — 1| < &,

From (21), it follows that
- W1 W2ty Wy | — 1 < &,
that is,
(XnemWiem W m; =+ Wam;) = 1 — & (24)
Since n + m; # m;, then by (23) we have x,1,, < &,, combining this with (24), we get
1—¢,

W1+miw2+mi e Wn+m,- 2 B . (25)
n

Since €, — 0 when n — oo, then the proof follows by (22) and (25). O

The next proposition characterizes the direct sum of unilateral backward weighted
shifts that are subspace-hypercyclic for some subspaces, in term of their weight se-
quences.
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PROPOSITION 2.12. Let By and By be unilateral backward weighted shifts in
(%(N) with positive weight sequences {wy nc.y and {an}nc v , respectively. Let .}
and A5 be subspaces of (*(N), 4 = {mj : ey; € M1 {e,}} and % = {h; : en; €
MrN{e }} . Then By © By is M\ ® M -transitive if and only if there exist m; € 4,
h, € % and an increasing sequence of positive integers {ni}re v such that (By ®

B (M @ M) C M D M forall ke N and

limsup{min{(an,+1an,+2 " an,n); Wi+ 1Wmi+2 = W) } } = o°.

n—
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