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ON A PROBLEM BY N. KALTON AND THE SPACE [?(])

NUNO C. FREIRE AND M. F. VEIGA

ABSTRACT. We prove that each infinite dimensional quasi-Banach space has
a closed, proper infinite dimensional subspace, so answering the Atomic Prob-
lem by N. Kalton in the affirmative. We obtain applications concerning the
structure of the separable quasi-Banach spaces and of [?(I),0 < p < 1.

1. INTRODUCTION

The Atomic Problem of N. Kalton in [4] is the question whether each infinite
dimensional quasi-Banach space X always has an infinite dimensional, proper
closed subspace or not. In this paper we obtain the answer in the affirmative.
In the Sec. 2, we give definitions and properties that we use to prove Theorem
3.1 and Theorem 3.2 in Sec. 3. Corollary 3.1 contains the result mentioned in
the abstract and we obtain corollaries on the structure of the quasi-Banach space
IP(I), I a set of indices whose cardinality is that of the continuum. All vector
spaces are assumed to be either real or complex.

2. PRELIMINARIES

Definition 2.1 ([5]). For a vector space X over K a real functional ¢ on X
having the properties

(gnl) g(z) 20, q(z) =0 & z =0,
(gn2) g(Az) =[ A | q(=),

(qn3) q(z +y) < c(q(z) + q(y)),
where ¢ > 1 is a certain constant, for z,y € X, A € K is said to be a quasi-norm
on X. The pair (X, q) is said to be a quasi-normed space and the smallest suitable
constant ¢ in (gn3) is the quasi-norm constant.

Remark 1. A quasi-normed space (X, q) is a metrizable topological vector space.

Proof. 1t follows easily from Theorem 9.2 and Theorem 13.1 in [11] (pp. 96, 115)
that the class {eU; : € > 0}, where U; = {x € X : q(z) < 1} is the base of
neighborhoods of 0 for a metrizable linear topology on X. a
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Definition 2.2 ([5]). For a vector space X the functional ||.|| : X — [0, +00) is
said to be a p-norm on X where, 0 < p < 1 if the following conditions are satified
forz,ye X, e K:

W) ]le| =0 &z =0,
@) xall = A | ]

) llz +yll” < llzl” + lly]”-

Lemma 2.1. Any p-norm on X is a quasi-norm, where we may take ¢ = 21/p for
the constant in Definition 1. Conversely, if (X, q) is a quasi-normed space and c is
the quasi-norm constant, there is a p-norm ||.|| on X such that ||.|| < ¢ < 2V/7||.],
where ¢ = 21/P~1,

Proof. The first assertion follows easily. See [5], p. 47 to obtain the p-norm |.|
on X. O

Remark 2. The p-norm ||.|| as in Propositon 1 defining a linear topology on X
through the base of neighborhoods of zero {eU : ¢ > 0}, where U = {z € X :
||z|| < 1}, this topology coincides with the topology of (X, ¢) as in Remark 1.

Proof. Analogously as in the proof of Remark 1 {¢U : ¢ > 0} defines a linear
metrizable topology on X. The remark follows from the fact that ||x,| — 0 if
and only if ¢(z,) — 0, where (z,,) is a sequence in X. O

In what follows, (X, q) being a quasi-normed space, we consider X equipped
with the related p-norm |.|| as in Lemma 2.1. We also denote the space by

(X [1-1D)-

Definition 2.3 ([5]). A complete quasi-normed space (X,q) is called a quasi-
Banach space. Letting ||.|| stand for the p-norm on X as in Lemma 2.1, we also
say that (X, ||.||) is a p-Banach space.

Example 1 ([8]). The space LP[0,1], 0 < p < 1 consisting of the scalar valued
Lebesgue measurable functions f on [0, 1[, such that fol | f(t) P dt < o0, is a
quasi-Banach space when equipped with the p-norm || f|| = (fol | f(t) |P)V/P.

Example 2 ([6]). Let 0 < p < 1. The collection of all scalar-valued families
(@i)icfo,1) such that >, [ a; [P< oo, where ), | a; [P= s < oo, if for each ¢ > 0
we can find a finite subset F' of R such that | >, p | a; [P —s |< €, is a p-Banach
space when equipped with the p-norm ||(c;)|l, = (33, | i |P)'/P. We denote this
p-Banach space by P[0, 1].

Definition 2.4 ([8]). We say that a complete metrizable topological vector space
is an F-space.

Remark 3. Each quasi-Banach space X is an F-space. If N is a closed subspace
of X then the quotient X/N is an F-space, too.
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Proof. The first assertion follows from above. The second one follows from The-
orem 1.41 (d) in [8] (p.29). O

Lemma 2.2. Fach continuous linear bijection from an F-space onto another is
a linear homeomorphism.

Proof. This follows from Theorem 2.11 in [8] (p. 47). O

Recall [11] that, X being a vector space, K the scalar field, a Hamel basis of
X is an infinite linearly independent set of vectors {uq, : @ € A} C X such that,
each € X has a unique representation as a finite sum x = Zz(zzl) Antn (n(z)
depends on z). For s, being nonzero scalars, {squq : @ € A} is also a Hamel
basis. A Hamel basis always exists; also all Hamel bases of a vector space have

the same cardinality.

Remark 4. Denoting by dimX the cardinality of a Hamel basis of the vector
space X and c the cardinality of the continuum, we have that the cardinality of
X is cif dimX < c and it is dimX if ¢ < dimX.

Proof. This follows from 2. in [11] (p.43). O

Remark 5. For (X, q) a separable quasi-Banach space, each Hamel basis of X
has the cardinality of the continuum.

Proof. We first prove that X has no countable Hamel basis. In fact, if {u, :
n € N} is a countably infinite Hamel basis of X, then e, = w,/|u,|| where,
I|l|| is the p-norm on X as in Lemma 2.1, also form a Hamel basis. The series
Yoo, en/2™ is convergent in the subspace E = {> > Apen 1 > 00y | Ap [P< 00},
We may consider the p-norm ||.|[, on E defined by || 07 Aenllp = Oony |
An [P)V/P. Clearly that each linear functional fix(320°, Anen) = A (k= 1,2,...)
is continuous on (E, ||.||,) and, the identity injection of (E,||.||,) to (E,|.||) is
continuous. Hence we have that fi(x) = 1/2¥ # 0 for infinitely many &, where
z =) 7 e,/2" and it follows that z is not a finite linear combination of the
vectors e, contradiction. Since (X, q) is separable, there exists a countably
infinite dense subset S = {z,, : n € N}. It follows that the cardinality of X is
not greater than the cardinality of the set of all sequences in S, that is, of the
continuum. Applying Remark 4, the case where ¢ < dim X we conclude that the

cardinality of X is ¢, hence dim X = c. O

Remark 6. The linear span of the set of families {(dx,i)ic0,1) : & € [0,1]},dx.
being the Kronecker symbol, is dense in the p-Banach space (P[0, 1].

Proof. It is clear that ), | a; |= sup{d ,cp | @i [+ F C [0,1],F finite} for
(@i)ielo,1) € IP[0,1], hence it follows by [7] (20., p. 38) that (a;) € IP[0,1] only if
the set of indices ¢ such that a; # 0 is countable. Now the limit in P[0, 1] of the
family (a;xr(7)), where xp(i) =1 (i € F),xr(i) =0 (i ¢ F') and F ranges over
the set of finite subsets of [0, 1], is precisely (;);c[o,1] and the remark follows. [
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Remark 7. The space [P[0, 1] is the closure of a subspace having a Hamel basis
whose cardinality is that of the continuum.

Proof. This follows from Remark 6, since the set {(0x;)ic,1) : ¥ € [0,1]} is a
linearly independent subset of IP]0, 1] which has cardinality c. |

3. THE RESULTS

Theorem 3.1. If (X,q) is a non separable quasi-Banach space, then X has a
proper closed infinite dimensional subspace.

Proof. If X is not separable it follows that X is not the closure of any subspace Y
that has a countable Hamel basis (otherwise the set of all linear combinations of
vectors in the basis with rational coefficients would be a countable dense subset
of X). Hence we may consider an uncountable Hamel basis B = {e, : a € A}
of X. Some countably infinite subset B of B is a Hamel basis of span(B) and
span(B) is such a closed, proper subspace of X. [l

Theorem 3.2. Let (X, q) be an infinite dimensional separable quasi-Banach space.
Then there exists a proper closed infinite dimensional subspace of X.

Proof. Consider a separable infinite dimensional quasi-Banach space (X, q). Let
||.|| be the p-norm on X defining the topology as in Lemma 2.1, 0 < p < 1. Follow-
ing Remark 5, X has a Hamel basis {ex : k € [0, 1]} such that |eg|| = 1. Denoting
ug = (Ok,i)ic[0,1] in the proof of Remark 7, the linear operator T'Y " | Ag(n)Uk(n) =
> et Me(n)€r(m) (k(1),...,k(m) € [0,1]) is a continuous surjection on span{uy :
k € [0, 1]} equipped with the induced topology onto (X, ||.||). Therefore, following
[10] (pp.18, 78), it extends to the continuous linear surjection T : (12[0, 1], ||.||,) —
(X, ||.Il)- Hence the quotient map T /N(T) : IP[0,1]/N(T) — (X,].||) is a linear
homeomorphism. Let f:1P[0,1] = K, f(ci)icjo1] = @o- Then f is a continuous
linear functional and denoting N(f) = {(ai)icp,1) : f(i)icpp,) = 0} we have
that N(f) is closed. Hence N(f) N N(T) is closed. We find that uy/m € N(f),
n = 1,2,... in the notation as above and, TY " | Aui/m = D 0t Aneim = 0
implies A\; = ... = A, = 0 for each m. Hence the dimension of the subspace
N(f)/N(f) " N(T) of IP[0,1]/N(f) N N(T) is infinite. Also N(f)/N(f) N N(T)
is complete (Remark 3), hence it is a closed subspace of IP[0,1]/N(f) N N(T). It
follows that T/N(T)(N(f)/N(f)NN(T)) is a closed, proper infinite dimensional
subspace of (X, ¢) and the proof is complete. O

Corollary 3.1. For (X,q), an infinite dimensional quasi-Banach space, there
exrists a proper infinite dimensional closed subspace of X

Proof. This follows from Theorem 3.1, Theorem 3.2. d

Corollary 3.2. FEach separable quasi-Banach space (X, q) with quasi-norm con-
stant C' is linearly homeomorphic to a quotient of IP[0,1], C' = 2l/p=1 Iy (X,q)
is a separable Banach space, it is linearly homeomorphic to a quotient of 1']0,1].
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Proof. This follows from the proof of Theorem 3.2. a

Corollary 3.3. If 0 < p < 1, the space LP[0,1] is linearly homeomorphic to a
quotient of IP(0,1).

Proof. In fact, the proof that each continuous real-valued function on [0, 1] is the
uniform limit of a sequence of step functions in [3] and the Lebesgue’s Dominated
Convergence Theorem in [9] applies to conclude that the set of all step functions
5 = Y i1 SiX[a(i)p(s)] Where, s; € Q, 0 < a(i) < b(i) < 1,a(i),b(i) are rational
numbers, is a countable dense subset of LP[0,1]. The corollary follows from
Corollary 3.2. d

Recall [2] the Rademacher functions ro(t) = 1, ro(t) = sign(sin2"7t) (¢ €
[0,1]), r, € LP[0,1] (p > 0).

Remark 8. If 0 < p < 1, the inequality
00 1 00 m
A Lan )Y < (/ | Y anra(t) P AP < (O | an M)
n=1 0 n=1 n=1

holds. LP[0, 1] contains a basic sequence.

Proof. We easily conclude the inequalities using the method for the proof of
Proposition 1 in [2], pp. 141-3. We conclude that (r,) is also a basic se-

quence in LP[0,1]. Whence it follows that (fol | Zgz(ll) anrn(t) [P dt)/P < (3™,

L an )2 < (50 | ag PV < ASLf) | anra(t) [P dt)/P for all m(1) < m(2)

(see [2], Proposition 1, p. 81). O
Remark 9. If the cardinality of I is that of the continuum, there is a quotient
of IP(I) having a basic sequence.

Proof. This follows, as in the proof of Remark 8, from Corollary 3.3. |

Following Theorem 3.6 in [4], the above remark applies to conclude that the
space LP|0, 1] has a descending sequence (L) of infinite dimensional closed sub-
spaces, such that (2 ,{L,} = {0}. Also, following [1], LP[0,1] is primary if
1 < p < o0, that is, whenever LP[0,1] =Y @ Z a topological direct sum, either YV
is linearly homeomorphic to LP[0,1] or Z is linearly homeomorphic to L?[0,1]. If
0 < p < 1, then LP[0,1] is also primary. In fact, if LP[0,1] =Y @ Z we have that
Y is not a closed hyperplane (otherwise LP[0,1] = Y @& Ke and the linear func-
tional f(y+ Xe) = A, y € Y, A € K is continuous by means of Theorem 3.1.4.
p.124 in [11], which is impossible, since there is no nonzero continuous linear
functional on LP|0, 1], according to [8], p. 36). The closed graph theorem in [8]
applies to conclude that, taking zp € Z, we have LP[0,1] = (Y ®Kzy) @ W, where
W = span(Z\{z0}) and the linear projection P : LP[0,1] — Y & Kz defined by
P(y + Az + w) = y + Azp is continuous. Since f(y + Azp) = A is a nonzero con-
tinuous linear functional on Y @ Kz, the composite foP : LP[0,1] — K would
be continuous, which is a contradiction as we saw. Therefore LP[0,1] =Y & Z
implies Y = LP[0,1], Z = {0}.



44 NUNO C. FREIRE AND M. F. VEIGA

Recall [4] that a quasi-Banach space X has a proper closed weakly dense sub-
space (PCWD) if there is a proper closed subspace E such that the quotient X/E
has a trivial dual. We conclude

Corollary 3.4. If0 < p <1 and I is a set of indices whose cardinality is c, then
the space IP(I) has a primary quotient space. Also IP(I) has a PCWD subspace.

Proof. Clearly IP(I) is P[0, 1]. The corollary follows from Corollary 3.1, namely,
the proof of Theorem 3.2. In fact, as for the first assertion, the dual of IP[0, 1] /N (f)N

N(T) reduces to {0}, the space being linearly homeomorphic to LP[0,1] with a
trivial dual. LP[0, 1] being primary as we saw, hence is [P[0,1]/N(f)NN(T). Anal-

ogously N(f)NN(T) is a PCWD subspace of [P[0, 1]. The corollary is proved. O
ACKNOWLEDGEMENT

This work was developed in CIMA-UE with financial support from FCT (Pro-
grama TOCTI-FEDER).

REFERENCES

[1] D. Alspach and E. Odell, Lp Spaces, in Eds. W. B. Johnson and J. Lindenstrauss, The
Handbook of the Geometry of Banach Spaces, Vol. 1 (123-159), Elsevier, 2001.
[2] B. Beauzamy, Introduction to Banach Spaces and their Geometry, North-Holland Mathe-
matics Studies 68, North-Holland, 1985.
[3] J. Guerreiro, Curso de Andlise Matemdtica, Escolar Editora Lisboa, 1989.
[4] N. Kalton, Quasi-Banach spaces, in Eds. W. B. Johnson and J. Lindenstrauss, The Hand-
book of the Geometry of Banach Spaces, Vol. 2, pp. 1099-1130, Elsevier, 2003.
[5] H. Konig, Eigenvalue Distribution of Compact Operators , Birkhduser Verlag, 1986.
[6] A. Pietsch, Eigenvalues and s-numbers, Cambridge studies in advanced mathematics 13,
Cambridge University Press, 1987.
[7] H. L. Royden, Real Analysis, Macmillan Publishing Co., 1968.
[8] W. Rudin, Functional Analysis, Tata McGraw-Hill, 1973.
[9] W. Rudin, Real and Complex Analysis, Tata McGraw-Hill, 1983.
[10] H. H. Sheafer, Espacios Vectoriales Topologicos, Editorial Teide Barcelona, 1971.
[11] E. Taylor and C. Lay, Introduction to Functional Analysis, Krieger Publishing Company,
1986.

Av. REPUBLICA N°975 LOTE 2
2°DTO 2775-274 PAREDE, PORTUGAL

FACULDADE DE CIENCIAS E TECNOLOGIA UNIVERSIDADE NOVA DE LISBOA
QUINTA DA TORR 2829, MONTE DE CAPARICA, PORTUGAL

E-mail address: freirenuno2003@iol.pt mfvo@fct.unl.pt



