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We obtain the stability theorem for unconditional Schauder decompositions
in Hilbert spaces. This result is a generalization of the classical theorem
of T. Kato on similarity for sequences of projections in Hilbert spaces to
the case of unconditional Schauder decompositions. Also we sharpen one
theorem of V.N. Vizitei on the stability of Schauder decompositions in the
case of unconditional Schauder decompositions.
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1. Introduction

In 1940 came the publication of the work [14], dedicated to the well known
S. Banach’s problem - basis problem. In this paper an abstract theorem of
stability of arbitrary bases in Banach spaces was first obtained. One of the main
consequences of this Krein-Milman-Rutman theorem says that, in any Banach
space with a basis, a basis may be formed from arbitrary dense set. In the
present time this theorem has many generalizations, analogs and applications,
see, e.g., [15, 23]. In 1951 N.K. Bari [3]| opened the topic of the stability of bases,
introduced the term and studied the properties of Riesz basis, and showed, inter
alia, that any minimal system, quadratically close to the Riesz basis, is itself a
Riesz basis.

The concept of Schauder decomposition (or basis of subspaces) is a natural
generalization of the Schauder basis concept and was first introduced in 1950 by
M.M. Grinblyum in [10]. In the same year, independently, M.K. Fage in |7, §]
proposed and studied this concept in Hilbert spaces. In 1960 A.S. Marcus
generalize some results of N.K. Bari to the case of unconditional Schauder
decompositions and, using the results obtained, establish certain conditions under
which a dissipative operator has Bari basis of root subspaces, and the union of
orthonormal bases from these subspaces forms Riesz basis or Bari basis, see [17].

Nowadays, Schauder decompositions together with Schauder bases are
powerful tools of functional analysis and infinite dimensional linear systems
theory, see [6, 20, 21, 22, 27|. About Schauder decompositions see, e.g.,
[15, 24, 4, 9].

Throughout what follows H will denote a Hilbert space with norm || - || and
a scalar product (-,-), and Z, will denote a set of nonnegative integers. In 1967
T. Kato published the following result.

Theorem 1 (T. Kato [13]) Suppose that {Pn}52 is a sequence of nonzero
selfadjoint projections in H satisfying Z P, =1, PP, =P, forn,m e Z,,

and let {J, }2°, be a sequence of nonzero pm]ectwns in H, such that JpJy, = 67Ty,
forn,m € Z,. Also assume that

dim Py = dim Jp = m < oo, (1)
Z |, (Jp — Po)x||? < A||z||> forallz e H, (2)

where ¢ is a constant satisfying 0 < ¢ < 1. Then {J,}32 is similar to {Pp}72,
that is, there exists an isomorphism S, such that J, = S™'P,S forn € Z,.

This result gave a new impetus to the development of the spectral theory. It
is an effective tool for the analysis of spectral properties of various perturbations
of operators in H and even 45 years later retains its relevance. In 1968
C. Clark [5] applied Theorem 1 to the study of spectral properties of relatively
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bounded perturbations of ordinary differential operators. In 1972 E. Hughes [11]
used Theorem 1 in the proof of some perturbation theorems for relative
spectral problems. T. Kato in [12] considered the problem of completeness of
eigenprojections for slightly nonselfadjoint operators as a perturbation problem
for selfadjoint operators and based the solution of this problem on his Theorem 1.

In 2012 J. Adduci and B. Mityagin applied Theorem 1 to the study of
eigenfunction expansions of the perturbed harmonic oscillator L = —% +224+ B,
B = b(z), with dense domain in Lo(R) [1], and to the analysis of the perturbation
A = T + B of a selfadjoint operator T in a Hilbert space H with discrete
spectrum [2]. Just recently, Theorem 1 was applied by B. Mityagin and P. Siegl to
the study of the root system of singular perturbations of the harmonic oscillator
type operators [18].

The purpose of the present paper is the study of stability of unconditional
Schauder decompositions in Hilbert spaces. More precisely, the aim is to generalize
Theorem 1, considering unconditional Schauder decompositions instead of
orthogonal Schauder decompositions. It was found that the sequence of subspaces,
corresponding to mutually disjoint projections, which are close in a certain sense
to projections of unconditional Schauder decomposition of given structure, is itself
an unconditional Schauder decomposition. As a direct consequence of this result
we obtain one stability theorem for Riesz bases of sufficiently general structure
in H. Also we sharpen one theorem of V.N. Vizitei on the stability of Schauder
decompositions, which was published in [25], in the case of unconditional Schauder
decompositions in H.

2. One lemma on unconditional Schauder decompositions in H

Throughout the paper we will use the following definitions.

Definition 1 ([24]) A sequence {IM,}22 of closed nonzero linear subspaces of
H s called a Schauder decomposition of H provided each x € H has a unique,

o0
norm convergent expansion T = Y, Tp, where x, € M, forn € Z,.
n=0

Definition 2 ([24]) A Schauder decomposition {9M,}>2, of H is called 2-

Besselian provided the convergence of Y. x, in H, where x, € M,, n € Z,,
n=0

o0
implies the convergence of > ||z, |
n=0

Definition 3 ([24]) A pair of sequences ({Mn}22 o, {Pn}oey), where

{M,,}0°, is a sequence of closed nonzero linear subspaces of H and {P,}2% is
a sequence of bounded linear projections satisfying P,H = My, for all n, will
be called a generalized biorthogonal system provided it satisfies PiP; = 6] P; for
i,j € Zy. The generalized biorthogonal system ({9Mp}02 o, {Pn}ol) is said to be
H-complete, if Lin{9M,}>, = H.
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Definition 4 ([24]) A sequence of nonzero subspaces of H is said to be w-linearly

o0
independent, if the relations > x, =0, x, € My, n € Zy, imply x,, =0, n € Z.
n=0

Definition 5 A Schauder decomposition {9, }°°, will be called unconditional
with constant M provided there exists M > 1 such that

> by > i

i=0 =0

<M for alln € Zy, y, € My, {0} € {0,1}.

For example, every orthogonal Schauder decomposition in H is unconditional with
constant M = 1. The following lemma provides some properties of unconditional
Schauder decompositions in H and will be used further.

Lemma 1 Assume that {9, }°° is an unconditional Schauder decomposition in
H with constant M and corresponding sequence of projections { Py} . Then for
every x € H we have

ﬁ (Z ||an\2> < [lzl <2M (Z IIin!2> - (3)
n=0

n=0

NI

Proof. We note that, by the parallelogram identity, for each z € H and for every
finite set of elements {Pjz}7_, C H there exists a set of numbers {g;}7_, C
{—1,1} such that

2
n n
2
Seypia| = i zem by e =S
]:0 J €J—Z|Zl ] =0 ]:0
(4)
Construct the following operators: P = Y. P, P, = Y. P;. Further,
Jig;=1 jigj=—1
applying (4), we obtain that
2
2 . . . + — _
|z]|* = nh_)rglo Zij = <nh_)rgloH(Pn —&—Pn)x“) nhi&H - — P
2
o0
2 - 2 2 2
<4M nh_)rI;oH — Pz H =4M nlerolo Ze Pix|| <4M z;‘f)]l” .
= J

Hence, a right-hand side of the inequality (3) is proved.

To prove a left-hand side of the inequality (3) we observe that, by the
parallelogram identity, for each x € H and for every finite set of elements
{Pjz}]_y C H there exists a set of numbers {z;}7_, C {—1, 1} such that

. 2 2

n
ZEijx = max ZSJPSC _2n+1 Z ZsjPa@ :Z||ij||2.
5=0

j=0 ej==41||j=0
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Further, for every set of numbers {€;}7_, C {—1, 1} there exist two sets of numbers
{5;}?:0 C {0,1} and {46, }7_y C {0,1} such that

n n n
> &Pl = | 6P = 67 Pa|| < 2M|z].
j=0 j=0 j=0

Taking into account (5), we obtain

oo n
ST IBl? = tim 3P < 4b?e),
=0 =0

which completes the proof of left-hand side of (3).

The lemma just proved is a slight variation of one lemma from [16, 26]. Note
that Lemma 1 without specification of the constants in (3) follows from one lemma,
which was obtained by W. Orlicz in [19]. Lemma 1 leads to the following remark
of geometric nature.

Corollary 1 Let Schauder decomposition {9, }°2, in H is unconditional with
constant M and corresponding sequence of projections { P, }5°. Then everyx € H

o0 2
is contained outside the open ball B (0, e <Z ||Pn$H2> ) and inside the closed
n=0

ball B

1
00 2
0,2M (Z HPnacHQ) ) of the space H, i.e. in the closed ring.
n=0

3. Theorem of V.N. Vizitei and unconditional decompositions in H

Lemma 1, together with Theorem 15.17 from |[24], which was obtained by
V.N. Vizitei in 1965 [25], allow us to obtain the following stability theorem,
which is valid for every unconditional Schauder decomposition in H. Thereby,
we sharpen a theorem of V.N. Vizitei in a following way.

Theorem 2 Assume that {9, }72 is an unconditional Schauder decomposition
in H with corresponding sequence of projections {P,}5>,. Then the following
statements hold.
(i) There exists a constant A € (0,1), such that every sequence of subspaces
{102, in H satisfying
1
2

(ie (mn,mnf) <A, (6)
n=0

where 6 (M, MN) = max sup  dist(z,M), sup dist(y, M) » is the ope-
€M |z]|=1 yeMN|lyll=1
ning of the subspaces M, M, is a Schauder decomposition in H, isomorphic to
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{M,, 1. Moreover, a constant X\ may be chosen as

-1

n 2
A= (4 sup ||> P <1+ sup ||Pn\>

0<n<oo =0 0<n<oo

(ii) Bvery sequence of subspaces {M,}°° in H, satisfying
o
36 (9,01, < oo, )
n=0

and admitting a sequence of projections {Jn}o2, such that ({Mn}o2g, {Jn}oo)
is an H-complete generalized biorthogonal system, is 2-Besselian Schauder
decomposition of H. If, additionally, dim9M, < oo, n € Z,, then the same
conclusion holds for every w-linearly independent sequence of subspaces {My}52

satisfying (7).

Note that every sequence of subspaces {M,} 2, isomorphic to unconditional
Schauder decomposition {9, }72, with constant M, is itself an unconditional
Schauder decomposition with constant M||S||||S™!||, where M, = S, n € Z.

4. A generalization of a theorem of T. Kato

The main result of the paper is formulated as follows.

Theorem 3 Let {M,}5°, is an orthogonal Schauder decomposition in H with
corresponding sequence of projections {F,}o2, where dim Fy < oo, and assume
that {9, }°° is an unconditional Schauder decomposition in H with constant M
and corresponding sequence of projections {P,}>2, where Py = Fy. Also suppose
that {Jn}02 o is a sequence of nonzero projections in H such that JnJp = 0" Jp
for n,m € Zy. If the condition (1) holds and for all x € H we have

o0

D IPa(Jn = Pa)all? < ¢l (8)

n=1

where ¢ € [O, ﬁ), then {J,H}2 ) is also an unconditional Schauder decomposi-
tion in H, isomorphic to {9} .

Proof. To prove the theorem we use the method which was used in [13]. Consider
the operator S defined on H by

S = i Py, (9)
n=0

To prove the existence of S in the strong sense we show that

o0

n=0

n=0
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converges in the strong sense. Indeed, since {9, }22, is an unconditional Schauder
decomposition in H with constant M, for each x € H and for every N € Z we

have by virtue of Lemma 1, using (8), that
k+N

2 (o]
< (2M)*) |IP,
7=0

= (2M)* Y ||Pn (P = Jn) z||* — 0,

E+N 2

> Pu(Pu—Jn)a
n=k

k+N

(0.)
when k — oo. Hence, Y. P, (P, — J,)x converges and, consequently, the series
n=0

oo oo o0
> Pudpr =Y Pux—Y Pu(P,
n=0 n=0 n=0

also converges. Consider the operator

R= ZP —Jp) =1 — Py — ZPJ

n=1
and note that |R| < 1, since for every = € H,
|Rz|? = an (P, — Jn) Z (ZP ) =
n=1 =0 n=1
(2M) Z 1P ( W)zl < (2M) Pla)?,

by virtue of Lemma 1 and applying (8). Further observe that, since
S=PyJy+1—-PF,—R, 151 < || o]l + 3 < 0.

Thus, a theorem will be proved if we show that S is continuously invertible.
To this end we consider the operator

S=> Pun=I-P-R (10)
n=1
Since dim Py = m < oo by (1) we have that (I — P,) is Fredholm operator with
nul (I — Py) =m, ind(l—PF)=0, v(I—-F)=1,

where nul T denotes the nullity, ind T the index, and «y (T') the reduced minimum
modulus, of the operator T' (for these notions see, e.g., [12], Chapter IV, §5.1).
Indeed, first we note that nul (I — Fy) = dim Py =m

def (I — P0> = dimH|I’m(I—PO) = d]mH|m =
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= dimcoker (I — Py) = dim (Im (I — PO))J‘ =m,

ind (I — Py) =nul (I — Py)—def (I — P,) = 0, where defT denotes the deficiency
of T, see, e.g., [12, 4]. Second, since {F,}°°, is a sequence of orthoprojections
corresponding to orthogonal Schauder decomposition {9,}5°,, where Py = Fy,
we have that

o0 3
inf ool = inf (ZnFn@—v)n?) -
0 \n=0

veker(IfPO)

(ZHF (z — Foz) !2> (ZIIF x—Fo:U)||2> = [I(I = Po)|-

Consequently, v (I — P)) =

=supev: |({—Fy)z|]| > inf |t —v|,re D(I—-PF)=H,=1.
veker(I—F,)

Furthermore, since ||R|| < 1=~ (I — B,), S=(- P,) — R is also Fredholm
with B B
nul S <nul (I — Py) =m, indS=ind(I —F,)=0 (11)

(see |12], Chapter IV, Theorem 5.22). Since S = POJO+§, where F,J, is compact,
S is also Fredholm and ind S = ind S = 0 (see [12], Chapter IV, Theorem 5.26).
Therefore we obtain that nul S = def S, and S will be invertible if and only if
nul S = def S = 0. Thus it is sufficient to show that nul S = 0. To this end we
first show that

ker S = I'm.Jy. (12)

~ ~ o
If z € ImJy, i.e. x = Jyy, then Sz = SJyy = > P,J,Jyy = 0 and, consequently,

n=1
x € ker S. On the other hand, ker S C ImJy, since ker S and ImdJy are linear
subspaces, dim ImJ, = m and dimker S < m by (11). Assume now that = € ker S.
Then,

o
0=PySz =Py >  PuJnz = PoJox
n=0

and Sz = Sz — PyJoz = 0. Hence, = € ker g, x = Jyy by (12) and, therefore,
o o0
Pox = PoJoy = Py Y Pudndoy = Py > PoJnz =0.
n=0 n=0

As a result, (I — R)z = (S + Py)xz = 0. Since ||R|| < 1, we obtain = 0. Thus,
ker S = {0}, nul S = 0 and S is continuously invertible. Finally, we note that
Jn=S8"'P,S, n e Zy, implies M,, = SJ,,H, n € Z,, which completes the proof.
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Definition 6 We will say that {¢n}o> is a Riesz basis in H with constant M
provided the sequence of corresponding subspaces {Lin{¢n}}>2, forms an
unconditional Schauder decomposition with constant M.

In the case when all the subspaces 9, are one dimensional, we deduce from
Theorem 3 the following stability theorem for Riesz bases in H.

Theorem 4 Let {hy}22, be an orthonormal basis of H and assume that {¢n}22,
s a Riesz basis in H with constant M and corresponding sequence of coordinate
functionals {P}}0°, where ¢o = ¢y = ho. Consider a biorthogonal sequence

{on oo {¥5}02) in H such that 0 < inf ||¢)y,|| < sup||¢n| < oo. If for all
x € H we have

o0

D W 2@, ) — (0 @) Pllgnl® < Pz,

n=1

where ¢ € [0, (2M)71), then {1}, is also a Riesz basis of H.

5. Conclusions

We obtain a stability theorem for unconditional Schauder decompositions
in H, which is a generalization of the classical theorem of T. Kato [13]. More
precisely, it is proved that the sequence of mutually disjoint projections, which is
close in some sense to the sequence of projections corresponding to unconditional
Schauder decomposition of given structure, itself generates an unconditional
Schauder decomposition isomorphic to the original. As a direct consequence of this
result, we obtain a stability theorem for Riesz bases. Also we sharpen one stability
theorem of V.N. Vizitei in the case of unconditional Schauder decompositions.

In conclusion, we note the following. Just as Theorem 1 plays a special role
in the study of spectral properties of nonselfadjoint and unbounded operators
in H (see, e.g., |1, 2, 5, 11, 12, 18|), Theorem 2 and Theorem 3 may be very
useful in the analysis of spectral properties of different type operators in H. It is
enough to do the following. We should consider perturbations of nonselfadjoint
operators generating unconditional spectral Schauder decompositions, instead of
perturbations of selfadjoint operators generating an orthogonal spectral Schauder
decompositions. And this, in turn, allows us to extend in qualitative manner the
class of spectral problems which we can solve via known methods.
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