THE HAHN-BANACH PROPERTY
AND THE AXIOM OF CHOICE

J.DoDU AND M.MORILLON

ABSTRACT. We work in the set theory without the axiom of choice: ZF. Though
the Hahn-Banach theorem cannot be proved in ZF, we prove that every Gateaux-
differentiable uniformly convex Banach space E satisfies the following continuous
Hahn-Banach property: if p is a continuous sublinear functional on F, if F is a
subspace of E, and if f : ' — R is a linear functional such that f < p|p, then
there exists a linear functional g : E — R, such that g extends f and g < p.
We also prove that the continuous Hahn-Banach property on a topological vector
space E is equivalent to the classical geometrical forms of the Hahn-Banach theorem
on E. We then prove that the axiom of Dependent choices (DC) is equivalent
to Ekeland’s variational principle, and that it implies the continuous Hahn-Banach
property on Gateaux-differentiable Banach spaces. Finally, we prove that, though
separable normed spaces satisfy the continuous Hahn-Banach property, they do not
satisfy the whole Hahn-Banach property in (ZF+DC).

1 INTRODUCTION

We work in set-theory without the axiom of choice, ZF, such as sketched by
Jech, (see [9]). We denote by w the first infinite ordinal. All vector spaces that we
consider in this paper are vector spaces over R, the field of reals.

Let E be a vector space. A sublinear functional on E is a mapping p : F —
R such that for every z,y € F and A\ € Ry we have p(z + y) < p(z) + p(y)
and p(A.z) = Ap(x). We say, that E satisfies the Hahn-Banach property if, for
every sublinear functional p : E — R, for every subspace F' of E and every linear
functional f : F' — R such that f < p;r, there exists a linear functional g : £ — R
that extends f and such that g < p.

The Hahn-Banach axiom says that:
HB. Ewvery vector space satisfies the Hahn-Banach property.

It is well-known that, in ZF', the axiom of choice implies HB but, Cohen’s second
model of ZF does not satisfy HB (see [9]), hence the theory ZF does not imply the

axiom HB. In fact, Pincus and Solovay (see [11]) have found a model of ZF+-HB
which satisfies the following aziom of dependent choices:
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DC. (axiom of Dependent Choices) : If R is a binary relation on a nonempty set
E such that Vx € E Jy € E xRy, then there is a sequence (T, )new of elements of
E such that Vn € w, xp,Rxpq1.

hence DC does not imply HB.

On the other hand, HB does not imply DC, since Cohen’s first model satisfies
HB but this model does not even satisfy the following countable axiom of choice:

AC,,. For every family (A,)new of nonempty sets we have [, o, An # 0.
which is a consequence of DC, (see [9]).

Let E be a topological vector space. We say that E satisfies the continuous Hahn-
Banach property (in abbreviated form: CHBP) if, for every continuous sublinear
functional p : F — R, for every subspace F' of E, and every linear functional
J + F — R such that f < pjp, there exists a linear functional g : £ — R that
extends f and such that ¢ < p. The theory ZF does not imply the following
continuous axiom of Hahn-Banach:

CHB. FEvery topological vector space satisfies the continuous Hahn-Banach prop-
erty.

because the axiom HB is equivalent to the axiom CHB (see [6]).

Let S be the set of pairs (p, f) where p : E — R is a continuous sublinear
functional on E and f : F' — R is a linear functional defined on a subspace F' of E
satisfying f < p;p. We say that E satisfies the effective continuous Hahn-Banach
property if, there is a function ¢ which is defined on the set S, and which associates
to every (p,f) € S a linear functional g = ¢(p, f) which is defined on E, such
that g extends f and g < p; here ¢ is called a witness of the effective continuous
Hahn-Banach property on E.

In this paper, we prove in ZF the following theorem:

Gateauz-differentiable uniformly conver Banach spaces satisfy the effective con-
tinuous Hahn-Banach property.

We also define the spaces LP(u),1 < p < 400 when p is a finitely additive mea-
sure and we prove that these spaces are uniformly convex and uniformly smooth
for 1 < p < +00. We show that the continuous Hahn-Banach property on a topo-
logical vector space E is equivalent to various classical geometrical Hahn-Banach
properties on E, which deal with separation of convex subsets of E. We then
prove that the axiom of Dependent choices is equivalent to Ekeland’s variational
principle, so this last statement is neither stronger nor weaker than HB. Using
this equivalence, we prove that DC implies the continuous Hahn-Banach property
on Gateaux-differentiable Banach spaces. Finally, we show that, though separable
normed spaces satisfy the continuous Hahn-Banach property, the theory ZF+DC
does not imply the Hahn-Banach property on separable normed spaces. We end
with some rules that imply the continuous Hahn-Banach property on some normed
spaces and we observe that the CHBP on I}(R) or [°°(w) cannot be proved in
ZF+DC.



2 UNIFORMLY CONVEX NORMS

Let E be a vector space and let N be a semi-norm on E. The semi-normed space
(E,N) is said to be uniformly conver if, for every real number € > 0, there exists
a real number 0 > 0 such that, for every z,y € E, if N(z) < 1,N(y) < 1 and if
N(z —y) > e then N(ZH¥) < 1-4.

A mapping § : R} — R such that for every z,y € E, if N(z), N(y) < 1 and
N(z —y) > e then N(ZH) <1 — §(e) is called a witness of the uniform converity
of the semi-norm N on E. It is easy to see that a semi-normed space is uniformly

convex with witness § if and only if all its finite dimensional subspaces are uniformly
convex with this witness d. For every real number € such that 0 < € < 2 we put

dn(€) = inf{l — N( i N@x)=N(y)=1; Nz —y) > €}

T+ y)
2
and we call the mapping dn the modulus of convezity of (E, N). The semi-normed
space is uniformly convex if and only if for every € such that 0 < ¢ < 2 we have
dn(e) > 0 and in this case, for every witness ¢ of uniform convexity on (E, N) we
have § < ¢ ; this means that d is the best witness of uniform convexity on (E, N).

For example, Hilbert spaces are uniformly convex (see [1] page 190) with the

modulus of convexity e — 1 —4/1 — %.

We say that a metric space is complete if every Cauchy filter has a limit point
in this space. For example R is complete. If X is a topological space, we denote
by C*(X) the set of real bounded continuous functions on X, equipped with the
uniform norm; it is easy to see that the normed space C*(X) is complete. A normed
space which is complete (for Cauchy filters) is called a Banach space. Every normed
space has a completion, which is defined using the following well-known results:

. Let (X,d) be a metric space and a € X. For every x € X we put jo(z) =
(d(z,y) — d(a,y))yex : the mapping j, : X — C*(X) is isometric and the closure
JalX] of jo[X] in C*(X) is a completion of X.

I (XL L) is a normed space, if a = Op, then there is a unique Banach space
structure on jo[X] such that j, is linear.

We define the Cauchy-completion of a semi-normed space (E, N) as the Cauchy-
completion of the quotient normed space E/N.

We say that a normed space (F, ||.||) satisfies the property of Projection (in
abbreviated form property P) if and only if:

P. For every nonempty complete convex subset C of E, and every a € E\C, there
exists ¢ € C' such that ||c — a|| = inf{||x — a|| ;2 € C}.

We will use the following result (see [1] pages 194-195): uniformly convex normed
spaces satisfy the property P, and in fact, for these spaces, the element c is unique.

Remark. In set-theory with the axiom of choice, one can prove James’s sup theorem:
”A Banach space is reflexive iff every continuous linear functional attains its
norm on the closed unit ball of E.”
and one can deduce, (see [12]), that in ZFC, a Banach space satisfies the property
of projection if and only if it is reflexive.



3 GATEAUX-DIFFERENTIABLE AND UNIFORMLY SMOOTH NORMS

If O is an open subset of a topological vector space E, we say that a map-
ping f : O — R is Gateaux-differentiable at a point a € O if for all h € E the
quotient w admits a limit when t — 0,¢ € R*. We note that, if f
is convex, then for every a € O and h € FE the previous quotient has a limit
when ¢t — 0, > 0 and ¢ — 0,t < 0 so, we introduce the following notations:
G}'(a,h) = lim;_,o+ w and G (a,h) = limtﬂof(w); morover,
the functional G}'(a, .) is continuous and sublinear, the functional —G7 (a,.) is con-
tinuous and sublinear, for every a € O and h € E we have the following equality
G'}'(a7 h) = =G (a, —h) and the following extra inequality: G (a,h) < G'}'(a7 h).

If N is a semi-norm on a vector space E that is Gateaux-differentiable at a
point a we put G(a,h) = lim;_ w; in this case, (see [1] page 179), the
function h — G(a, h) is a continuous linear functional on F, with G(a, a) = ||a|| and
IG(a,.)|| = 1. We say that a semi-normed space (E, N) is Gdteauz-differentiable if
and only if the semi-norm N is Gateaux-differentiable at every point a such that
N(a) # 0. It is equivalent to say that every finite dimensional subspace of FE is
Gateaux-differentiable; it implies that for every a € E\{0}, the mapping G(a,.) is
the unique supporting functional at point a: here we say that a continuous linear
functional f : E — R is a supporting functional at point @ if and only if ||f|| = 1
and f(a) = [lall

The semi-normed space (F, N) is said to be uniformly smooth if and only if it is
Gateaux differentiable and if
N th) — N N(a—th)— N

i (N0t 1) = N@) _ Na—th) = N(@)

t—0+ t —t
uniformly for a,h € E such that N(a) = N(h) = 1. The modulus of smoothness of
the semi-normed space (E, N) is the function

N(a+tb) + N(a — tb)

PN it sup | -1}
N(a)=N(b)=1 2

It is easy to see that (E, N) is uniformly smooth if and only if limtﬁw(pNt(“) =0.
We say that a mapping p : R} — R is a witness of uniform smoothness on the

semi-normed space (E, N) if and only if p; < p and lim;_, g+ (@) = 0. If the space

(E, N) is uniformly smooth then py is the best witness of uniform smoothness on
(E,N).

We now recall Lindenstrauss’ duality formula (see [10] page 61): if (E, N) is
a finite dimensional semi-normed space, if dy is the modulus of convexity on
E, then the modulus of smoothness on the continuous dual (E',N') is py/ :
t — supg..o{es — dn(€)}; morover, if (E, N) is uniformly convex then we have
litho(%(t)) = 0 hence (see [5] page 132) the space (E’, N') is uniformly smooth
with modulus py-. It is easy to prove the following slight modification: if (E, N) is
uniformly convex and if § is only a witness (and not the modulus) of the uniform
convexity on (E, N), then, the mapping p : t — supg_..o{€5 — d(¢)} is such that
pn' < p and, since lim.¢(d(€)) = 0 a slight modification of the proof of [1] page

209-210 leads to litho(@) =0 so (E’, N') is uniformly smooth with witness p.
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4 THE SPACES LP(u),1 < p < 400 ARE
UNIFORMLY CONVEX AND UNIFORMLY SMOOTH

The Lebesgue measure on R cannot be proved to be g-additive in ZF since there
exists a model of ZF in which R is a countable union of countable sets (see [9]
page 142-144). Anyhow, we now show that it is possible to define the spaces LP(u)
without choice, when p is a finitely additive measure on a Boolean algebra of sets.

4.1 Integration on a measured space.

Let B be a Boolean algebra; we say that a mapping p from B to Ry U {+o0}
is a measure on B if, for every x,y € B such that z Ay = 0, we have p(z Vy) =
w(x) + puy). If Eis a set, if B is a sub-algebra of the Boolean algebra P(E), and
if u is a measure on B, we say that (F,B,u) is a measured space; we say that a
function f : E — C is simple if there exist disjoint subsets Aq,...,A,, € B and
scalars Ay,..., A, € C such that f = Z:il Aila, where 14, is the characteristic
function of the set A;. Among all the decompositions, we distinguish the canonical
decomposition, for which the \; are distinct reals.

Though the algebra B is not stable for countable unions and g is not countably
additive, it is possible to define the integral of a simple function as usual:

Aif f: E — Ry is a positive simple function, and if f = Y/", \jla, =
Z;;l v;1p, are two decompositions of f with Ay,... , Ay, v1,... , v, € Ry, we have
S Nip(Ay) = Y0 vip(B;) and we define [ f.dp =Y "0" Xip(A;) with the usual
conventions: 0x (+00) = 0,if A > 0 then Ax (+00) = 400 and (+00) X (+00) = +00;

-if f: E — R is a simple function, and if [ | f | .dp < 400 we put [ f.dp =
J frdp— [ f~.du where f* =sup(f,0) and f~ = sup(—f,0).

The set £(F, B, 1) of simple p-integrable functions is a vector subspace of R¥
and the mapping f — [ f.dp is linear on E(E, B, u); hence, for every real number

p > 1, the function N, : f— ([ | f [P .du)% is a semi-norm on E(F, B, u); we
call LP(E,B, ) the Banach space which is the Cauchy-completion of the semi-
normed space (E(E, B, 1), Np) and we denote by | . |, the norm on the Banach
space LP(E, B, ).

Ifp>1andifg= 1% then for all a,b € C we have:

[if2<p<+4oothen |a+b|P+|a—b|P< 2P (|alP +|bP)

[ifl<p<2then|a+bP+|a—-b|P<2(|a P+ |bP)
hence the following Clarkson’s inequalities hold for all f,g € E(E,B,u), and by
density, they hold for all f,g € LP(E, B, n):

P2 < p < oo then | 18 |5 4 | 50 |p < VIESHE

A1 <p<2then | B2 Jg 4 | f52 g < (Hegle)s
hence the Banach space LP(u) is uniformly convex: for 2 < p < 400 we obtain the
following witness of uniform convexity: d,(e) =1 — (1 — (%)p)% and for 1 <p <2
we obtain the following witness: d,(e) =1 — (1 — (g)q)% These two formula lead
to the same formula d,(e) =1 — (1 — (g)’")% where r = max(p, q). We note that if

p = 2 the two formula give da(e) =1 — /1 — % which is the modulus of convexity
for Hilbert spaces.



4.2 Examples of measured spaces.

-For every set I, the Banach space [P(I) is uniformly convex and a witness is
dp, because the counting measure on I is a (countably additive) measure on the
algebra P(I).

-Let B be the Boolean algebra P({0,1}) and let u be the uniform probability on
B; for every set I, let B; be the coproduct ®;c;B and let p be the coproduct measure
®ierpi on Br; then the normed space LP({0,1}!,B;, ui7) is uniformly convex.

-If p is a real number such that p > 1, if m € w and 1 < m, for all positive
real numbers as, ..., am, we call [)'(ay,. .. , o) the space R™ equipped with the
following semi-norm N : (z1,...,%m) — Y ie; &; | ; |P. The semi-normed space
Iy (ay, ... o) is in fact the space £(m, P(m), i) associated to the measured space
(m,P(m),u) where p is the measure on the set m = {0,... ,m — 1} such that
p({i}) = ;. Hence the semi-normed space [;*(a1,... ,am,) is uniformly convex
and 4, witnesses this uniform convexity.

4.3 The spaces LP(u),1 < p < 400 are uniformly smooth.
-Let p be a real number such that p > 1, let m € w such that 1 < m, and let

a1y... 0, € Ry, Let ¢ = p%l. The continuous dual of the semi-normed space
l;"(al,... , Q) 1s the semi-normed space lgl(al, ..., Q) so, by Lindenstrauss’
duality formula, the space [} (1, ... ,q;,) is uniformly smooth and the function

pp it Supgo{€s — d4(€)} is a witness of this uniform smoothness. With some
calculus, we obtain that p,(t) = —1 4 (1+t%)% with s = min(p, ).

-Hilbert spaces are Gateaux-differentiable: just take G(a,h) =< ﬁ’h >; in
fact, the continuous dual of a finite dimensional Hilbert space is a Hilbert space
so every Hilbert space is uniformly smooth with modulus of smoothness ps(t) =
SUP0<e<2{6% —d2(e)} =1+ V142

-If p is a real number such that 1 < p < 400, if (E,B, 1) is a measured space,
then the semi-normed space £(F, B, 1) is Gateaux-differentiable and, for all a,h €
E(E,B, ), if Ny(a) # 0 we have G(a,h) = (Np(a))*™? pu(] a [P71 sgn(a) h)
where sgn is the signum function. If B is finite then (£(E, B, 1), N,) is isometric
to l;"(al, ..., Q) where m is the number of atoms of B and ay,... ,q, are the
measures of these atoms. If F' is a finite dimensional subspace of (£(F, B, 1), Np)
then F' is isometric to a subspace of (£(F,A, ), N,) where A is the finite sub-
algebra of B generated by the elements of B which occur in the decompositions of
elements of F. Hence every finite dimensional subspace of E(E, B, i) is isomorphic
to some subspace of [*(ai,... ), hence the semi-normed space £(E, B, u) is

uniformly smooth with a smoothness witness t — p,(t) = —1 + (1 + )% with
s =min(p, q) so its completion LP(E, B, i) is also uniformly smooth with the same
witness of smoothness.

5 GATEAUX-DIFFERENTIABILITY + PROPERTY P IMPLY THE MAZUR PROPERTY

A topological vector space E is said to satisfy the Mazur property (in abbreviated
form MP) if, for every nonempty closed convex subset C of E, and every point
a € E\C, there exists a continuous linear functional f : E — R such that f(a) <
infc f

We recall that the weak topology on E is the topology which is generated by the
sets {z € E/f(x) < a} where f € E' and o € R. If E satisfies the Mazur property,
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then every closed convex subset C of F is weakly closed. The converse is also true
thanks to the following lemma:

Lemma 1. Let E be a topological vector space, let C' be a conver subset of E and
let a € E\C. If there are f1,..., fm € E'\{0} and a1, ..., ;n, € R such that the weak
open set O = i~ {z € E/fi(x) < a;} satisfies ONC =0 and a € O then there
exists f € E’ such that f(a) < infc f.

proof. Let V. =", Ker(f;), let F be a finite dimensional subspace of E such that
V@ F =FE and let p: E — F be the projection on F with kernel V. Let K = p[C]
and U = p[O]; the convex subsets K and U are disjoint in F' and U is open in F'
hence, since F' is finite dimensional, there is g € F” such that g[U] < g[K] and we
deduce that g(p(a)) < infx g. Let f = g o p; we now have f(a) < infe f. O

The space E is said to satisfy the effective Mazur property if, there is a mapping
which associates to every nonempty closed convex subset C' of F, and every point
a € E\C continuous linear functional f : E — R such that f(a) < infc f.

It has been proved by Ishihara (see [8]), in a constructive way, that if F is a
separable uniformly convex Banach space, if f is a continuous linear functional
which is defined on a Géateaux-differentiable subspace of E, then there is a unique
functional g : E — R which extends f and such that ||g|| = ||f||. Following
Ishihara’s idea, we now prove, that Gateaux-differentiable uniformly convex Banach
spaces satisfy the effective Mazur property.

Lemma 2. Let (E,|.||) be a normed space, let C be a nonempty closed convex
subset of E and a € E\C, let p = inf{||x — a||;x € C}. If there exists x € C such
that || — a|| = p and if ||| is Gateauz-differentiable at point x — a, then the affine
functional f : E — R which associates to every z € E the number G(x — a,z — a)
satisfies f[B(a, p)] < p, f(a) =0, and f[C] > p.

proof. Since G(z —a,.) is a linear functional with norm 1, it is clear that f is affine
and that f[B(a,p)] < p and f(a) = 0. Let z € C. For every real number t € [0, 1]
we have z +t(z —x) = (1 —t)x + tz € C hence ||z +t(z — ) — al]| > p and since
the norm ||.|| is Gateaux-differentiable at © — a, we get: f(z) = G(z —a,z — a) +

Hr*ath(Z*tI)H*HI*all > ||z — a|| = p hence we

Gz —a,z—x) = [z —af +limy_o+
deduce that f[C] >p. O

Theorem 1. i) If a Gateauz-differentiable normed space satisfies property P then
it also satisfies the Mazur property.

i1) Gdteaux-differentiable uniformly convexr Banach spaces satisfy the effective
Mazur property.

proof. i) Let E be a Gateaux-differentiable normed space which satisfies property
P. Let C be a nonempty closed convex subset of F and a € E\C. Using property
P, let z € C such that inf{||z —a||; 2 € C} = ||z — a||. The linear functional z
G(z —a, z) satisfies f(a) = G(x —a, a) hence f[C] > p+G(r—a,a) > G(zx—a,a)

ii) Let E be a Gateaux-differentiable uniformly convex Banach space, let C be a
nonempty closed convex subset of E and a € E\C': since C is complete (for Cauchy
filters) let = be the unique element in C such that inf{||z — al|;z € C} = ||z — q].
Let f be the linear functional G(z — a,.). Then g = fjg is a continuous linear
functional on E such that g(a) < infcg. O



6 THE GEOMETRICAL HAHN-BANACH PROPERTIES
AND THE CONTINUOUS HAHN-BANACH PROPERTY

We now show that the classical geometrical forms of the Hahn-Banach axiom
on a topological vector space E are equivalent to the continuous Hahn-Banach
property on E.

Lemma 3. Let E be a topological vector space. i) The continuous Hahn-Banach
property on E is equivalent to the following property:

For every continuous sublinear functional p : E — R, there exists a linear func-
tional f : E — R such that f < p.

1) The effective CHBP on E is equivalent to the following form:

There is a mapping which associates to every continuous sublinear functional
p: E — R a linear functional f : E — R such that f < p.

proof. see [6]. O

Lemma 4. Let E be a vector space, let p: E — R be a sublinear functional on F,
and let f: E — R be a linear functional on E. Let O = {x € E/p(x) < —1}, let
C={ze€E;plx)< -1} andlet « =supp f. If O #0 and if Vx € O f(z) <0
then a < 0 and f < —ap.

proof. First we note that o < 0 because if € C, then 2z € O hence f(z) < 0.
For every ¢ € E the following implications hold: p(z) < -1 = f(z) < «;
Ve >0 (p(x) < —t = f(x) < at) Hence we obtain:

Vo€ B (p(z) <0 = f(z) < —ap(x))

Let € > 0. Let z € C such that f(z) > a—e. Let a = —z) We have pla) = —1

and f(a) > =7 = @ — € because o — e < 0 and p(z) < —1. For every x € E
such that p(z) < 0 we have: p(z 4+ a) < p(x) + p(a) < —1 hence z + a € C so
f(x+a) < « therefore f(z) < —f(a)+a < e This last inequality is true for every

€ > 0 hence f(z) < 0. Hence we deduce:

Ve e E (p(x) <0 = f(x) <0)

Let x € E such that p(x) = 1: we have p(z+a) < 1+4+p(a) = 0 hence f(zx+a) <0
so f(z) < —f(a) < e — «; this last inequality is true for every ¢ > 0 whence
f(z) < —a. Hence we obtain:

Ve € B (p(a) >0 = f(x) < —ap(x))
and finally:
Vo e E f(z) < —ap(x)

We have a # 0 because if @« = 0 then f < 0 hence f = 0 and this is contradictory!
O

We now consider the following properties on a topological vector space E:
8



HB,.. If C is an affine subspace of E and if O is an nonempty open convex subset
in E such that C NO = 0 then there exists a linear functional f on E such that
Vo € O f(x) < infe f.

HB.. If C is a nonempty convex subset of E and if O is a nonempty open convex
subset in E such that C N O = 0 then there exists a linear functional f on E such
that Yz € O f(x) < infc f.

HBs;. Ifa € E and if O is a nonempty open convex subset in E such that a & O
then there exists a linear functional f on E such that Vx € O f(z) < f(a).

HBy. If C and O are two nonempty disjoint convex subsets of E, and if O is open
then there exist a linear functional f on E such that f]O] < f[C].

HB;. If C and O are two nonempty disjoint open convex subsets of E, then there
exist a linear functional f on E such that f]O] < f[C].

HBg. IfC is a nonempty closed conver subset of E and if K is a nonempty compact
convex subset of E then there exists a linear functional f on E such that supy f <

infc f

Theorem 2. On every topological vector space E, the following properties are
equivalent: CHBP, HB{, HB,, HB3, HB,, HB5.

proof. CHBP = HB{ and HB| = HBy: see [4], EVT II p. 39-41. The sublinear
functional p used by Bourbaki is dominated by 1 on the nonempty open set O,
hence p is continuous (see [4], EVTIL.20, proposition 21). The proof of HBy =
HBj is obvious. HB3 = HBy: we apply HBg to the open convex set O — C
which does not contain 0. The implication HB4 = HBp is obvious.

HB; = CHBP: Let p: E — R be a continuous sublinear functional. We want
to define a linear functional f : E — R such that f < p. If p > 0 then we take f =0
else, let O = {z € E/p(z) < =1} and C = {a € E/p(x) > —1}; the open convex
sets are nonempty and disjoint so let f : E — R be a linear functional such that
flO] < f[C]; we deduce that Yz € O f(z) < 0. We put C = {x € E;p(z) < —1}
and o = sup f and thanks to lemma 4 we obtain o < 0 and L <p O

[e3

Theorem 3. Let E be a topological vector space. If E satisfies the (resp. effec-
tive) Mazur property, then E satisfies the (resp. effective) continuous Hahn-Banach

property.

proof. The proof is similar: let p : E — R be a continuous sublinear functional;
if p > 0 then we take f = 0 and we are done! Else, C = {z € E / p(z) < —1}
is a nonempty closed convex subset of E such that 0 ¢ C; thanks to the Mazur
property on E, we take a linear functional f : E — R such that sup, f = —1 and
we get f < p thanks to lemma 4. [O

Corollary 1. Gateauz-differentiable uniformly convex Banach spaces satisfy the
effective continuous Hahn-Banach property.

proof. See theorem 1 and theorem 3. O
9



In particular, if p is a real number such that 1 < p < o0, if (E, B, 1) is a mea-
sured space, then L?(FE, B, 1) satisfies the effective CHBP because it is both uni-
formly convex and uniformly smooth. We will see in section 10 that, if u(15) < 400
then L'(E, B, 1) also satisfies the effective CHBP, though it is neither uniformly
convex nor Gateaux- differentiable.

Corollary 2. If E is a locally convex topological vector space, then the following
properties are equivalent on E: CHBP, HBg, MP.

proof. CHBP = HBg: see [4], EVT IL.41, proposition 4: here we use the fact
that E is locally convex. The implication HBg = MP is clear and MP = CHBP
comes from theorem 3. [

If a topological vector space satisfies the Mazur property, then all its subspaces
also satisfy this property. Therefore, and thanks to corollary 2, we obtain the
following result:

Corollary 3. If E is a locally convexr topological vector space that satisfies the
continuous Hahn-Banach property, then all its subspaces also satisfy this property.

In particular, if a normed space satisfies the CHBP then its subspaces also
satisfy the CHBP.

7 EKELAND’S VARIATIONAL PRINCIPLE

We first prove that DC is equivalent to Ekeland’s variational principle and that
it implies the principle of uniform boundedness on Banach spaces. We will use
these two principles to prove the continuous Hahn-Banach property on Gateaux-
differentiable Banach spaces.

Let us consider the following weak form of the axiom of dependent choices:

DMC. (aziom of Dependent Multiple Choice) If E is a nonempty set and if R is
a binary relation on E which satisfies the condition Vx € E Jy € E xRy, then
there is a sequence (Fy,)new of finite nonempty subsets of E such that ¥n € w Vx €
F, 3y € F,,+1 zRy.

It is known that the axiom DC is equivalent to the statement ” Complete metric
spaces are Baire spaces” (see [2]) and the axiom DMC, which was introduced by
Blass (see [3]), is equivalent (see [6]) to the following statement:

BC. (Buaire for Compact Hausdorff spaces) Compact Hausdorff spaces are Baire.

It is easy to see that DC implies DMC, and it is known that, in set theory
without the axiom of foundation (ZFA), the axiom DMC does not imply DC
because Fraenkel’s second model of ZFA satisfies DMC but does not satisfy DC
(see [9]). As far as we know, the question "Does DMC imply DC in set theory
ZF” is open.

On the other hand, the axiom HB does not imply DMC since the stronger axiom
BPI, the Boolean Prime Ideal axiom, does not imply BC: in fact, BPI4+BC is
equivalent to BPI4+DC (see [7]) and BPI does not imply DC since Cohen’s first
model satisfies BPI+—- DC.

If every Cauchy sequence of a metric space (F,d) has a limit point we say that
(E,d) is sequentially complete. We now recall Ekeland’s variational principle:
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Ek. If (E,d) is a nonempty sequentially complete metric space, if f : E — R 1is
lower semi-continuous and bounded bellow, if e € RY , then there exists a € E such
that: YV € E f(a) < f(x) + ed(z,a).

and we introduce the following weaker axiom:

WEXKk. If C is a nonempty sequentially complete convex subset of a normed space
(E,||.]) and if f: C — R is lower semi-continuous, conver and bounded bellow, if
e € R%, then there exists a € C such that: Vo € E f(a) < f(x) + ed(z,a).

Lemma 5. i) DC implies Ek.
ii) DMC implies WEk.

proof. 1) We follow the classical proof and we define by recursion a sequence (Z,)ncw
of points of E and a sequence (E,)nc. of subsets of E. Let g € E and Ey = E.
Using axiom DC, we define a sequence (E,,Z,)ne, such that for every n € w
the following three conditions are satisfied: E,41 = {y € E/f(y) < f(z,) —
€d(n,y)}, Tnt1 € Fnp1 and f(zpyq) < f(wn)+1nf{f(”f)?IEEﬂ+1} The sequence
(f(2n))new is decreasing and it is bounded below hence it converges; since we

have d(zy, Tpt1) < w we deduce that for every n,p € w we have:

d(Tp, Tntp) < M hence the sequence (x,)new is a Cauchy sequence:
let = limy,— 400 (J:n) We have Mhew En = {z}: in fact, x € (), ¢, En because the
E,, are closed and the sequence (En)new is decreasing; and if y € [ E,, then
we have for every n € w:

necw

2f(xng1) — flzn) < inf f < f(y) < flan) — ed(zn,y)

Enta

It follows that:

n—-+oo

limf(en) < () € lim_f(z) = ed(z,y)

hence d(z,y) = 0 and © = y. Let y € E such that y # z; then, there exists
N € w such that for all n > N, f(z,) < f(y) + ed(z, y); hence for n — +oo we get
f(@) < fy) + ed(z, y).

ii) We first take z¢ € E and Ey = E, then, using DMC, for every n € w, we put
Eni1={y € E/f(y) < f(x,) — ed(xn,y)} and we take a finite nonempty subset
F C E,41 such that for all y € F we have f(y) < f(w’LHinf{fQ(w);IEE”*l}; then

we put T,y1 = Z‘y}ify where | F' | is the cardinal of F’; we get x,41 € F,11 and

f@ns1) < f(zn)+inf {fém); 2€8n11} hecause f and d(z,,.) are convex; the end of the
proof goes through without changes. 0O

In the spirit of "reverse mathematics”, we now prove that the axiom Ek implies
DC.

Theorem 4. Ek & DC

proof. We follow Blair (see [2]). Let R be a binary relation on a nonempty set E
such that Vo € E Jy € F xRy. We denote by 4 the discrete distance on F; we know

that E* equipped with the usual distance: d((zn)new; (Un)new) = Donew MI;JLy")

is a complete metric space. Let o be a set such that « ¢ E and Z = E U {a}.
11




Let P = {(n)new € Z% 20 # a and (VYn € w 2, = @ or x,Rxp1)}: since P is a
closed subset of FE, P is a complete metric space.

We suppose that for every (z,)nen € P, there exists n € w such that z, = «a;
for every © = (@n)necw € P, we put f(x) = ﬁ where A(z) is the first element
of the set {n € w/x, = a}. Using Ekeland’s variational principle with ¢ = 1,
since f is continuous and bounded below by 0, let m = (my,)ne. € P such that
Ve e P f(m) < f(x)+d(m,z); let y € P such that for all k € w such that k < A\(m)

we have y(k) = m(k) and A(y) > %; then we have f(m) > f(y) + d(m,y)

hence a contradiction! O

8 THE AxioM DC IMPLIES THE MAZUR PROPERTY
ON GATEAUX-DIFFERENTIABLE BANACH SPACES

On a Gateaux-differentiable normed space E, one can extend each linear func-
tional f which is defined on a finite dimensional subspace F' of E, to a linear
functional g defined on E, with ||g|] = ||f||: in fact, if f # 0, by compacity of the
closed unit ball T of F', there exists a € T such that f(a) = || f]|, and since ||| is dif-
ferentiable at a, we have f = || f|| G(a,.)|g, and the linear functional g = || f|| G(a, .)
is defined on E, extends f, and ||g|| = || f]]-

Our aim is now to prove the Mazur property for Gateaux-differentiable Banach
spaces, using the axiom of Dependent choices. We say that a normed space E
satisfies the bounded Mazur property if for every nonempty bounded closed convex
subset C' of E and every a € E\C there is f € FE’ such that f(a) < inf¢ f; using
lemma 1, the bounded Mazur property on FE is equivalent to say that every bounded
closed convex subset of E is weakly closed.

We now consider the two following axioms:
SM. Gateauz-differentiable Banach spaces satisfy the Mazur property.
SBM. Gateauz-differentiable Banach space satisfy the bounded Mazur property.

Lemma 6. WEk = SBM

proof. Let (E,||.||) be a Gateaux-differentiable normed space: we prove the Mazur
property on E. Let C' be a nonempty closed bounded convex subset of E and let
a € E\C. Let p = d(a,C); let R be the diameter of the set C. For every z € C we
put f(z) = ||z —a|. Let € = . Using WEK, let m € C such that
VzeC Im—al < |z —al + ez —m]
Let g = G(m — a,.) the Gateaux-differential at point m —a. If z € C;h € E and
t € R% then
I+ t(z — m) — all — lIm — al] = —et |}z — m|

hence

[m —a+t(z—m)| — [lm —a]

t

so it follows that g(z —m) > —% whence

p
> —ellz—m|| > =L
> —€l|lz—m| > 5

g(z—a)=gm—a)+g(z—m)>=>0

NI

we deduce that g[C] > g(a) + § > g(a). O

We now recall the following principle of uniform boundedness:
12



o If (wi)ier is a family of continuous linear functionals on a normed space E, if E
is a Baire space, if C is an open bounded subset of E, and if for every x € C' we
have sup{| u;(x) [;i € I} < 400 then sup,cc.ieri| wi(x) ;i € I} < 4o0.

The proof is classical: let u = sup(] u; |); the function w is sublinear and lower
continuous; for every n € w we put C,, = {z € C/u(z) < n}; we have C = |, ,, Cn
and each C), is closed; since C is open in a Baire space, C' is also a Baire space so,
let ng € w,a € C and p > 0 such that Vo € E (||]z —a|]| < p = u(z) < nyp); since u
is sublinear we deduce that there is M € R such that Vo € E u(z) < M ||z||; since
C is bounded we deduce that sup,cc.e{| wi(z) [;i € I} < 400 .

If (E,d) is a metric space, if a € E and p € R%, we denote by B(a, p) the open
ball {z € E;d(a,z) < p}. We say that a subset A of a topological vector space E
is weakly bounded if and only if for every f € E’, the set f[A] is bounded in R.

Lemma 7. Let E be a normed space. If for every x € E we have
Jall = sup{u(z); u € E' and |jul < 1}

and if E' is a Baire space then every subset of E which is weakly bounded is strongly
bounded.

proof. Let A be a nonempty subset of E which is weakly bounded. Let I =
Uy B(a,1); the set I is open in £ and weakly bounded in E. Let C = {u €
E';|lu]l < 1}: since C is open in the Baire space E’, the space C is also a Baire
space. We now have

sup{[[il ;i € I} = sup {u(i)} = sup {di(u)}
ueCiiel ueCiiel
where §; : B/ — R is the evaluating form at 4; using the principle of uniform
boundedness, we deduce that I is strongly bounded so A is also strongly bounded.
O

Lemma 8. Let E be a normed space such that each weakly bounded subset of
E is strongly bounded. If C is a subset of E, and if for every n € w the set
C,, ={z € C/|z|| < n} is weakly closed, then C is weakly closed.

proof. Let (I,<) be a poset and let (x;);c; be a family of C such that (x;);cr
weakly converges to a point z € E. For every u € E’, the family (u(x;))ser is
weakly bounded hence strongly bounded: let n € w such that for every i € I we
have x; € Cp,; since C,, is weakly closed we deduce that = € C,, hence x € C. O

We deduce the following theorem:
Theorem 5. DC = SM.

proof. Let C be a closed convex subset of a Gateaux-differentiable Banach space F.
Using WEKk, which is a consequence of DC, for every n € w the set {z € C/ ||z]| <
n} is weakly closed; using DC, the Banach space E’ is a Baire space, and since E
is Gateaux-differentiable, for every x € E\{0} there is a supporting functional at
x hence ||z|| = sup{u(z); v € E" and |ju|| < 1} so, using the two previous lemmas,
the set C' is weakly closed. [
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Since HB implies the Mazur property on every normed space, and since HB
does not imply DC, we deduce that SM does not imply DC. We do not know the
answers to the following questions:

Question 1. Does a Gateaux-differentiable Banach space satisfy the Mazur prop-
erty in ZF ? the bounded Mazur property?

Question 2. Does the bounded Mazur property on a normed space imply the Mazur
property on this space?

9 THE HAHN-BANACH PROPERTY ON SEPARABLE
SPACES IMPLIES NON-TRIVIAL MEASURES ON w

We now show that there is a great difference between the continuous Hahn-
Banach property, which holds on every separable normed space, and the Hahn-
Banach property, which cannot be proved in ZF+DC, for separable spaces.

If a topological vector space FE has a dense subset which is well-orderable, then
FE satisfies the continuous Hahn-Banach property, and the proof relies on some
transfinite recursion and the following classical lemma:

Lemma 9. If E is a vector space, if p : E — R is a sublinear functional, if
F is a subspace of E, if a € E\F, if m = sup,cp{f(z) —p(z —a)} and M =
infoer{p(x + a) — f(z)} then m < M and for every real a € [m, M], the linear
functional g : E ® Ra — R, which extends f and such that g(a) = «, satisfies the
inequality g < p.

In particular, separable normed spaces satisfy the continuous Hahn-Banach prop-
erty.

Let B be a Boolean algebra. We say that an element a € B is an atom of the
Boolean algebra B if a is a minimal element of B\{0z}. Let m be a measure on
B; if a € B we say that a is an atom of the measure m if m(a) > 0 and for every
x € B,z < a= m(x) =0. We say that m is purely atomic if there is a nonempty
set D of atoms of B, and (\;); € I*(D) such that Vo € B m(z) = >, p Xi€i(2)
where ¢;(z) = 1 if i < x else ¢;(x) = 0. We say that the measure m is unitary if
m(1g) = 1. For example, if a = (a;)ie; € I*(I) and if >°,; | a; |= 1 then the
mapping m : P(I) — [0, 1] which associates to every subset A of I the real number
> ical @i | is a unitary measure on I, which is purely atomic. The authors Pincus
and Solovay (see [11]) have described a model of ZF4+DC in which all unitary
measures on w are purely atomic; in this model, all ultrafilters on w are trivial.

We now consider the following axiom:

HB,,. FEvery separable normed space satisfies the Hahn-Banach property.

Theorem 6. The axiom HB,, implies that there exists a unitary measure on the
set w, without any atom.

proof. We consider the following norm M on [*°(w); for every & = (zk)kew € [ (w)
[z |

we put M(z) = > ;c., arnz- The normed space (I°°(w), M) is separable because

k+1)2
Q) is dense in (1°°(w), M). For every = = (zj)rew € [°(w) we put p(z) = lim(zy):
14



we obtain a sublinear functional p : {*°(w) — R; using axiom HB,,, let f : [*°(w) —
R be a linear functional such that f < p. Since p(1) =1 and p(—1) = —1 we have
f(1) = 1. For every finite subset A C w we have p(14) = 0 hence f(14) = 0. Hence
f is in the continuous dual of [*°(w) but f ¢ I}(w). For every subset A C w we
put m(A) = f(14). Then the measure m : P(w) — [0, 1] is unitary and has has no
atoms. O

Corollary 4. The Hahn-Banach property for separable normed spaces is not prov-
able in ZF+DC.

proof. The vector space [*°(w) equipped with the previous norm M is separable;
we take a model of ZF4+DC where all unitary measures on w are purely atomic:
the normed space (I°°(w), M) does not satisfy the Hahn-Banach property in this
model. O

10 WHICH NORMED SPACES SATISFY THE
CONTINUOUS HAHN-BANACH PROPERTY?

Topological vector spaces that satisfy the continuous Hahn-Banach property,
obey the following rules:

-a/ Géateaux-differentiable uniformly convex Banach spaces satisfy the CHBP;

-b/ Topological vector spaces which have a dense well-orderable subset satisfy
the CHBP;

-c¢/ If a dense subspace of a topological vector space E satisfies the CHBP, then
E also satisfies the CHBP;

-d/ If a topological vector space satisfies the Mazur property, then all its sub-
spaces satisfy this property, hence if a locally convex topological vector space sat-
isfies the CHBP then all its subspaces satisfy this property.

-e/ If two topological vector spaces E and F satisfy the CHBP then the topo-
logical vector space E @ F' also satisfies this property.

Here is an other rule:

Theorem 7. Let E, F be two vector spaces and letu : E — F be a linear functional.
i) If E satisfies the Hahn-Banach property then u|E] also satisfies this property.
it) If E and F are topological vector spaces, if E satisfies the continuous Hahn-

Banach property and if u is continuous then u[E] also satisfies this property.

proof. 1) Let p : u[E] — R be a sublinear functional. Then ¢ = p o u is a sublinear
functional; thanks to the Hahn-Banach property on E, let g : E — R be a linear
functional such that g < g; for every x € Ker(u) we have g(z) < ¢(z) = 0 hence
IKer(u) = 0 hence there exists a unique linear functional f : u[E] — R such that
fou=g; it is clear that f < p.

ii) Proof similar to i). O

It follows that, if a normed space E satisfies the CHBP, and if F is a closed
subspace of E, then the normed space E/F also satisfies the CHBP.

Let (E,7T) be a topological vector space, and let X be a dense subspace of E.

If there is a topology 7' on X such that (X,7") is a topological vector space that

satisfies the CHBP (resp. effective CHBP), and if 7x C 7", then the topological
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vector space (E,7T) also satisfies this property. In particular, for every set I, the
space co(I) = {z € RT ; Ve > 0 IF € Py(I) Vi € I\F | z; |[< €} equipped with the
uniform norm ||.|| satisfies the continuous Hahn-Banach property, because, the set
I2(I) is dense in co(I), and the Banach space (I(I), N2) is Gateaux-differentiable
and uniformly convex, and the norm Nj is such that ||.|| < Na.

For the same reasons, if u(1g) < —|—oo then L'(E, B, u) also satisfies the effective
CHBP because Vf € E(E,B,u) Ni(f) < /u(15)Na(f) so L?(E, B, i) is a dense
subspace of L'(E, B, 1) and L2(E B, ,u) satisfies the effectlve CHBP.

Corollary 5. Let (E,|.||) be a Banach space. If D is a dense subset of the closed
unit ball of E, and if the normed space I (D) satisfies the continuous Hahn-Banach
property, then E also satisfies this property.

proof. If (Ae)ees € 11(S) then Y- g || Ae.e ||< +00; hence, since E is complete,
we can define: u((Ae)ees) = YooegAe-e. It is clear that u : ['(S) — E is linear;
it is also continuous since [[u((Ae)ees)|| = ||PcegAee] < Pees | Ae | Hence
u[l1(D)] = E and E satisfies the continuous Hahn-Banach property. O

In particular, if E is a set such that [!(E) satisfies the continuous Hahn-Banach
property, and if ||.|| is a norm on E such that (E,||.||) is a Banach space, then E
also satisfies the CHBP. We know (see [11]), that in some models of ZF+DC,
the continuous dual of [*°(w) is I!(w), so the continuous Hahn-Banach property
on [*°(w) cannot be proved in ZF4+DC; but there is a bijection between the sets
[*°(w) and R, so the continuous Hahn-Banach property on I*(R) cannot be proved
in ZF4+DC.

If a is an ordinal which is not countable, it is known, (see [5] page 59), that
there is no Gateaux-differentiable norm on I!(«) which is equivalent to the norm
of I'(a), but I*(a) satisfies the continuous Hahn-Banach property because Q() is
a dense well-orderable subset of I!(a), hence there are normed spaces which satisfy
the CHBP, but which do not have an equivalent Gateaux-differentiable norm.

We have seen that, in some models of ZF, there are separable normed spaces
without the Hahn-Banach property, so we ask the following question:

Question 3. Is there a model of ZF in which there is a separable Banach space
which does not satisfy the Hahn-Banach property?
A positive answer to the next question would solve the question 3:

Question 4. If a vector space satisfies the Hahn-Banach property, do its subspaces
also satisfy this property?

REFERENCES

[1] B. Beauzamy, Geometry of Banach spaces, Mathematical studies 68, North-Holland, Am-
sterdam, 1985.

2] Blair, C.E., The Baire Category Theorem implies the principle of dependent choice, Bull.
Acad. Polon. Sci. Sér. Math. Astronom. Phys. 25, No 10 (1977), 933-934.

3] Blass, A., Injectivity, projectivity and the Axziom of Choice, Trans. Amer. Math. Soc. 225
(1979), 31-59.

[4] N. Bourbaki, Espaces Vectoriels topologiques, Chapitres 1 a 5, Masson, Paris, 1981.

16



(5]

(6]
[7]
(8]
(9]
(10]
(11]

(12]

R. Deville, G. Godefroy and V. Zisler, Smoothness and renormings in Banach spaces,
Pitman monographs and surveys in pure and applied mathematics, Longman Scientific
and technical, London, 1993.

J. Fossy and M. Morillon, The Baire Category Property and some Notions of Compactness,
Journal of the London Mathematical Society to appear.

Goldblatt, R., On the role of the Baire Category theorem and dependent choice in the
foundations of Logic, Journal of Symbolic Logic 50, No2 (1985), 79-81.

Ishihara, On the constructive Hahn-Banach theorem, Bull. London Math. Soc. 21 (1989),
79-81.

T. Jech, The Aziom of Choice, North-Holland Publishing Company, Studies in logic and
the foundations of mathematics, vol.75,, Amsterdam, 1973.

J. Lindenstrauss and L. Tzafriri, Classical Banach spaces I and II, Springer-Verlag, Berlin,
1977.

D.Pincus and R.Solovay, Definability of Measures and Ultrafilters, The Journal of Symbolic
Logic 42 (2) (1977), 179-190.

D. Schechter, Foundations of Analysis, Academic Press, 1997.

JULIETTE DODU, MARIANNE MORILLON, DEPARTEMENT DE MATHEMATIQUES ET INFORMA-
TIQUE, 15 AV. RENE CASSIN, 97489 SAINT-DENIS CEDEX, FRANCE
E-mail address: Marianne.Morillon@univ-reunion.fr

17



