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ON %-SHRINKING AND £-BOUNDEDLY COMPLETE
BASES IN BANACH SPACES

DAviD W. DEAN, Bor-LUuH LIN AND IVAN SINGER

We study the problems of existence of bases of various
order of shrinkingness and boundedly completeness in Banach
spaces with bases and we give a characterization of quasi-
reflexive Banach spaces with bases.

For Banach spaces with bases, R. C. James has given the follow-
ing characterization of reflexivity ([4], Th. 1):

THEOREM (J). A Banach space E with a basis {x;} is reflexive if
and only if (a) the basis {x;} is boundedly complete [3] i.e., for every
sequence of scalars {a;} such that sup, || 3", ax;|| < +co the series
S, aw; 18 convergent and (b) the basis {x;} is shrinking [3], i.e.,
lim, .|| flla. =0 for all functionals fe E*, where || f||. denotes the
norm of the restriction of f to the closed linear subspace [%;]%mri OF
E spanned by X,i1y sy =0

From this theorem it follows that if E is a reflexive Banach space
with a basis then all bases of E are shrinking. In [5], the question
was raised whether the converse is also true, i.e., whether this prop-
erty characterizes the reflexivity of Banach spaces with bases and a
similar question for boundedly complete bases. Recently, M. Zippin has
proved that the answer to both questions is affirmative ([10], Theorems
1 and 2).

The notions of shrinking bases and boundedly complete bases have
the following extension ([7], Definitions 2 and 1): Let £ =0 be an
integer. A basis {x;} of a Banach space E is called k-shrinking (or
shrinking of order k) if (a) in every (k + 1)-dimensional linear sub-
space B,,, of E* there exists a nonzero element fe B,,, such that
lim,.. || fll. = 0; (b) there exists a (k + 1)-dimensional linear subspace

t+1 of E* for which the above element f is unique up to a homothety.
A basis {x;} of a Banach space E is called k-boundedly complete (or
boundedly complete of order k) if (a) in every (k + 1)-dimensional linear
subspace Py, of & = {{a;}|sup, || 2, a:x; || < 4 oo} there exists a non-
zero element {a;} € P,,, such that the series >}, a,x; is convergent; (b)
there exists a (k¥ + 1)-dimensional linear subspace P/, of & for which
the above element {a;} is unique up to a homothety.

It is natural to ask the following questions ([6], Chapter II, Prob-
lems 2.2 and 2.6): Let £ > 0 be an integer. Does every Banach space
with a k-shrinking (k-boundedly complete) basis have a non-k-shrinking
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(respectively, non-k-boundedly complete) basis? (For & = 0, the an-
swer is negative by the above theorem of James.) From the results
which we shall prove below it will follow as a consequence that the
answer to both questions is affirmative (see Corollary 1). Moreover, we
shall prove that in general the orders of shrinkingness and boundedly
completeness of bases can be both increased and decreased by 1 (Theo-
rems 1 and 3).

P. Civin and B. Yood have introduced [2], in connection with an
example of R. C. James [4], the following generalization of reflexi-
vity: A Banach space E is called quasi-reflexive (of order ) if
codimw w(H) < + oo (codimg. w(E) = n), where w denotes the canonical
embedding of F into E**; we recall that if X is a Banach space and
G a closed linear subspace of X, then, by definition codim, G = dim X/G.
The above theorem of James on characterization of reflexivity of
Banach spaces with bases admits the following extension ([7], Th. 3):
A Banach space E with a basis {x;} is quasi-reflexive of order = if
and only if there exists an integer k, 0 < k < n, such that {«;} is k-
shrinking and (n — k)-boundedly complete.

Hence, if a Banach space E with a basis is quasi-reflexive of order
<mn, then all bases of E are shrinking of order <% and it is natural
to ask whether the converse is also true and a similar question for
boundedly complete bases of order <n. From our results it will follow
that the answer to both questions is affirmative (see Theorem 2).

1. We begin with the following lemma, due essentially to M.
Zippin ([10], Lemma 3).

LEMMA 1. Let {x,} be a basis of a Banach space E and let

(1) Yo = zn: azxzio (/n:lyzv"')v

i=Mmy_1+1

where 0 = my < my, < my < ++-. Then there exists a basis {z,} of E
such that

(2) Bm, = Yu (nzlyzy”')y
(3) (7] = 1.l
where (f.}, {h.} C E*, fi(%;) = hiz;) = 04

Proof. By ([10], Lemma 3), there exists a basis {z,} of E satis-
fying (2) and such that

(4) [zi];{nznmn._l»!—) = [xi];{ri—?@mnal+1 (n = 1y 2, - ') .
Now, for {h,}C E* with hi(z;) = d;; we have, by (4), hi(x;) =0
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G=mu_, +1, e omyj+=wm,,+1, 0, m;;n =12, ...), that is,

(5) (Pl © (B 5]my g ryeeemy) ™ =1,2, <+2) .
On the other hand, for {f,} c E* with fi(z;) = d;; we have
(6) [fi]?:nmn_l+1 = ([xj]jaémn_l-}—i,m,mn)"' (n =12, .. *)

(see, e.g., [5], proof of Proposition 4).
From (5) and (6) we infer

[hi];’;nmn_l%—l = [f'i]:f—-%mn_1+l (’ﬂ/ = 17 29 i ') ’

whence (3), which completes the proof of Lemma 1.

REMARK 1. From Lemma 1 it follows that every block Dbasic
sequence {y,} with respect to a basis {x,} of a Banach space E can be
extended to a basis {z,} of E such that the orders of shrinkingness
and of boundedly completeness of {z,} remain the same as the corre-
sponding orders of the initial basis {x,}.

LeEMMA 2. Let k=0 be an integer. If a Banach space E has a
k-boundedly complete basis {x,}, then every subspace of finite codimen-
sion in K also has a k-boundedly complete basis.

Proof. Let us first prove that for each m =1 the sequence {x,};
is a k-boundedly complete basis of the subspace [z,]; of codimension
m —1 of K.

Indeed, let

(7) &= {l@)z]_sup || S]] < +2)
and let Q,,, be a (k + 1)-dimensional linear subspace of &,. Then

Plc+1 = {{0’ *t %y O’ Ay Opiry Ky *° '} l {an}: € Qk+1}
Ny’

m—1

is a (k + 1)-dimensional linear subspace of
& = &, = (@] sup || B amil| < +0) .

Hence, since {z,} is a k-boundedly complete basis of E, there exists a
nonzero element {0, ---, 0, @,,, Xpiyy Apisy + - -} € Piyy such that the series
e —

m—1

= . 0%, is convergent. Then {a,}: € @;., and the series >2, ax; is
convergent. Similarly, {x,}: also satisfies condition (b) of the definition
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of k-boundedly complete bases and thus {x,}; is a k-boundedly complete
basis of [x,]5.

Since by a remark of C. Bessaga and A. Pelezynski [1] all sub-
spaces of codimension m of E are isomorphic to each other it follows
that every subspace of codimension m of E has a k-boundedly complete
basis, which completes the proof of Lemma 2.

In particular, from Lemma 2 it follows (for k¥ = 0) that every sub-
space of finite codimension of a Banach space E with a boundedly
complete basis is isomorphic to a conjugate Banach space.

REMARK 2. A result similar to Lemma 2 for k-shrinking bases is
also valid, but we shall not need it in the sequel. Let us also men-
tion that if & has a k-boundedly complete (k-shrinking) basis {x,} then
every superspace of K in which E is of finite codimension also has a
k-boundedly complete (respectively, k-shrinking) basis ([7], proof of
Theorem 5).

2. Now we can prove

THEOREM 1. Let k=0 be an integer and let E be a Banach space
which 1s not quasi-reflexive of order k.

1°. If E has a k-shrinking basis {x,}, then E has a (k + 1)-
shrinking basis.

2°, If E has a k-boundedly complete basis {x,}, then E has a
(k + 1)-boundedly complete basis.

Proof. 1°. Assume that {x,} is k-shrinking and E is not quasi-
reflexive of order k. Then by ([7], Th. 3), {,} is nonboundedly com-
plete, whence by ([5], Th. 1, 2°) {x,} admits a block basic sequence {y,}
of type P. By Lemma 1 there exists a basis {z,} of E satisfying (2)
and (3), where {f,}, {r.} C E*, fi(x;) = hy;) = 0;;. Then, as observed
by M. Zippin ([10], p. 77, proof of Theorem 1), the sequence

2 for 7 #= m, n=1,2,.-9)
(8) U = i

S2n, fori=m, (@m=1,2 )
i=1

is a basis of FE, with the associated coefficient functionals

h; for ¢ = m, =12 -
(9) g,-={ ( )

-

We shall show that {u,} is a (¢ + 1)-shrinking basis of E, which will
complete the proof of 1°.

for ¢ = m, m=1,2,..-).

My +1
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Since {z,} is a basis of E and sup, || 33}-,2a, || < + o (because {z,,}
is of type P), there exists by [9], a functional @ ¢ E** such that
o(h) = 0 for z:;émn n=12-.)
1 for ¢ = m, nmn=12,.--).
Hence @(h,) =1,9P(9;) =0 (¢ =1, 2, ---) and therefore &, ¢ [g;]7.
Consequently, by (9),

o7 = [h]7 = [9:]7 D [ha,]

and hence codimg.[g;]° =k + 1, i.e., {u,} is a (k + 1)-shrinking basis
of K.

2°, Assume that {z,} is k-boundedly complete and E is not quasi-
reflexive of order k#. Then by ([7], Th. 4), {f.} is a k-shrinking basis
of [f.]. Observe now that [f,] is not quasi-reflexive of order % since
otherwise, by ([7], Th. 8), {f,} would be k-shrinking and boundedly
complete whence by ([7], Th. 4), {z,} would be shrinking and k-bounded-
ly complete and hence by ([7], Th. 3), £ would be quasi-reflexive of
order k%, in contradiction with our hypothesis. Therefore, by part 1°
proved above, [f,] has a (k + 1)-shrinking basis {g,} and hence, the
coefficient functionals associated to {g,} constitute a (k¥ + 1)-boundedly
complete basis of a subspace of codimension k¥ + 1 in [f,].* Conse-
quently, by Remark 2 (second part), [f.]* has a (k + 1)-boundedly
complete basis. Since {x,} is k-boundedly complete, by ([7], Th. 1) we
have codim;; 1. p(E) = k < + oo, where ¢ denotes the canonical mapping
of F into [f.]* (.e., [p(x)|(f) = f(x) for all xe€ E, fe[f,]) and hence,
by Lemma 2, the subspace ¢(&) of [f,]* also has a (k + 1)-boundedly
complete basis. Since by ([6], Th. 1.13), ¢ is an isomorphism of E into
[f.]* it follows that E has a (k + 1)-boundedly complete basis, which
completes the proof.

REMARK 3. In the particular case when k& = 0 the above proof
of Theorem 1,1° reduces essentially to ([10], proof of Theorem 1);
we establish here somewhat more, namely, that the basis {u,} is 1-
shrinking (in [10] it was only proved that {u,} is nonshrinking). Let
us also observe that in the particular case when k& = 0, the above proof
of Theorem 1, 2° gives a simpler proof of ([10], Th. 2) (namely, if {x,}
is a boundedly complete nonshrinking basis of E then by ([5], Propo-
sition 5), the sequence of coefficient functionals {f,} is a shrinking non-
boundedly complete basis of [f,], whence by ([10], Th. 1), sharpened
as above, [f,] has a 1-shrinking basis {g,} and consequently E = [f,]*
has 1-boundedly complete basis, which is, of course, nonboundedly com-
plete).
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REMARK 4. Both hypotheses in Theorem 1,1° (respectively,
Theorem 1, 2°) are essential. Indeed, the spaces I' and ¢, are not quasi-
reflexive of any order k& but the space E = I' has no k-shrinking basis
for any k and the space E = ¢, has no k-boundedly complete basis for
any k. Furthermore, if F is quasi-reflexive of order % then by ([7],
Corollary 1), every basis of E is k,-shrinking and k,-boundedly complete
with &k, k, < k.

COROLLARY 1. Let k > 0 be an integer and let E be a Banach
space.

1°. If E has a k-shrinking basis then E has a mon-k-shrinking
basis as well.

2°. If E has a k-boundedly complete basis then E has a non-k-
boundedly complete basis as well.

Proof. 1°. If E is quasi-reflexive of order % and if all bases of
E are k-shrinking, then by ([7], Th. 3), all bases of E are boundedly
complete, whence by ([10], Th. 2), E is reflexive. Consequently by
([4], Th. 1), all bases of E are shrinking and hence non-k-shrinking
(because k£ > 0). If E is not quasi-reflexive of order %, then by Theo-
rem 1, 1° it must have a (k + 1)-shrinking basis.

The proof of 2° is similar.

REMARK 5. Corollary 1 gives the answer to ([6], Problems 2.2
and 2.6). Corollary 1 may be also regarded as a sharpening of the
following results of L. Sternbach ([8], Theorems 38.11,15): If £ >0
and E has a k-shrinking (k-boundedly complete) basis, then E has a
(k — 1)-shrinking (respectively, 1-boundedly complete) basic sequence.

COROLLARY 2. Let k=0 be an integer and let E be a Banach
space which s not quasi-reflexive.

1°. If E has a k-shrinking basis then E has an n-shrinking
basis for all n = k.

2°. If E has a k-boundedly complete basis them E has an n-
boundedly complete basis for all n = k.

THEOREM 2. Let n =0 be an integer and let E be a Banach space
with a basts. Then

1°. E is quasi-reflexive of order n if and only if all bases of
E are k-shrinking with &k < n depending on the basis and there exists
an n-shrinking basts {x,} of E.

2°. E s quasi-reflexive of order n if and only if all bases of
E are Ek-boundedly complete with k < n depending on the basis and
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there exists an n-boundedly complete basis of E.
Moreover, in this case, for each k with 0 <k <n, E has a k-
shrinking basis and a k-boundedly complete basis.

Proof. 1°. If E is quasi-reflexive of order » then, by ([7],
Corollary 1), every basis of E is k-shrinking with £ < n. Conversely,
assume now that the conditions of Theorem 2 are satisfied but E is
not quasi-reflexive of order n. Then, since £ has an #n-shrinking basis,
by Theorem 1, 1°, E also has an (n + 1)-shrinking basis, in contradie-
tion with the assumption that all bases of  are k-shrinking with k£ < n.

The proof of 2° is similar.

Assume now again that E is quasi-reflexive of order n and let {x;}
be an arbitrary basis of E. Then by ([7], Corollary 1), {x;} is k-
shrinking where k, < n. Hence, by Theorem 1, 1°, £ has an n-shrink-
ing basis. Consequently by virtue of ([7], Th. 5), E* has an n-bounded-
ly complete basis, say {,}. Since E* is also quasi-reflexive of order
n ([2], Lemma 3.4), by ([7], Corollary 1), {%,} is shrinking. Therefore,
by Theorem 1, 1°, E* has a k-shrinking basis for every k with 0 <k < n
and hence by ([7], Th. 5), E has a k-boundedly complete basis for every
k with & < n. Consequently, by ([7], Corollary 1), E has an (n — k)-
shrinking basis for every k& with 0 <k < n, which completes the proof
of Theorem 2.

Let us observe that the last part of Theorem 2 is also a conse-
quence of Theorem 1 and of Theorem 3 below.

In the particular case when % = 0, the necessity part of Theorem
2 reduces to results of R. C. James [4] and the sufficiency part reduces
to results of M. Zippin ([10], Theorems 1 and 2).

THEOREM 3. Let k>0 be an integer and let E be a Banach
space.

1°. If E has a k-shrinking basis, then E has a (k — 1)-shrink-
ng basis and hence also a k.-shrinking basis for every k, with 0 <
k, < k.

2°. If E has a k-boundedly complete basis, then E has a (k — 1)-
boundedly complete basis and hence also a k-boundedly complete basis
for every k, with 0 <k, < k.

Proof. 1°. Let {x,} be a k-shrinking basis of E. Then, since
k>0, {x,} is nonshrinking and hence there exist an fe E* and a block
basic sequence {y,} such that 0 < inf, ||y, || < sup, ||¥.|| < o, fly;) =1
(j=1,2,--:). By Lemma 1 there exists a basis {z,} of E satisfying
(2) and (3), where {f,}, {h,} < E*, fi(x;) = hi(z;) = 6;;. Moreover, as
observed by M. Zippin ([10], proof of Theorem 2), {z,} can be chosen
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so that
(10) fz) =0 for i#m, (n=1,2, ---)
and in this case the sequence

11) "y = 2; for e =m, n=1,2,---)

Zm, — % for o =m, m=1,2,-.-:)

Mp—1

is a basis of K, with the associated coefficient functionals

h; for iv#m, =12, -.-¢)
(12) g = f for 7 = m,

n—1

f_zhmj fOI"i:mn (%22,3,'“).

J=1

Then, by (12) and (3) we have [g,] = [f] + [k.]7 = [f] + [/fu]7s
whence, since f¢[f,] (by the choice of f and {y,}), we infer
codimg. [g,] = codimg.[f,] —1 =k — 1, and thus {u,} is a (k — 1)-
shrinking bosis of E.

2°. Let {x,} be a k-boundedly complete basis of E. Then, by
(7], Th. 4), {f.} is a k-shrinking basis of [f,]. Therefore, by part 1°
proved above, [f,] has a (k — 1)-shrinking basis {g,}. Hence, as in
the final part of the above proof of Theorem 1, it follows that E has
a (k — 1)-boundedly complete basis, which completes the proof.
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