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Lipschitz-free Banach spaces
by

G. GODEFROY (Paris) and N. J. KaLTON (Columbia, MO)

Abstract. We show that when a linear quotient map to a separable Banach space
X has a Lipschitz right inverse, then it has a linear right inverse. If a separable space X
embeds isometrically into a Banach space Y, then Y contains an isometric linear copy
of X. This is false for every nonseparable weakly compactly generated Banach space X.
Canonical examples of nonseparable Banach spaces which are Lipschitz isomorphic but not
linearly isomorphic are constructed. If a Banach space X has the bounded approximation
property and Y is Lipschitz isomorphic to X, then Y has the bounded approximation

property.

1. Introduction. A (real) Banach space X is in particular a metric
space, equipped with the distinguished point {0}, and to such a pointed
metric space we can associate the space Lipy(X) of all real-valued Lipschitz
functions which vanish at 0. We refer to [29] for basic facts on this space
and some of its uses. It is clear that Lipy(X) is a Banach space when it is
equipped with the Lipschitz norm, defined by

I fllLip = sup{w xye X, x #y}.
lz = yll

This space is denoted by X* in [5, Chapter 7], where it is called the Lipschitz
dual of X. The closed unit ball of the space Lipy(X) is compact for the
topology of pointwise convergence on X, and therefore this space has a
canonical predual, namely the closed linear span of the linear forms 0 (x) such
that d(z)(f) = f(z), where z runs through X. We refer to [3] for uses of the
map ¢ in a Fenchel duality context. This predual is defined and analysed in
[29, Chapter 2] where it is called the Arens—Eells space. It turns out that this
space enjoys remarkable functorial properties (see Section 2 below), quite
reminiscent of those of free groups, which motivate the following definition.

DEFINITION 1.1. Let X be a Banach space, and let Lipy(X) be the
Banach space of real-valued Lipschitz functions on X which vanish at 0.
The Lipschitz-free space over X, denoted by F(X), is the canonical predual
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*

of Lipy(X), that is, the norm closed linear subspace of Lipy(X)* spanned

by the evaluation functionals é(x) with z € X.

We shall refer to F(X) as the free space over X. We note that such a
notion has been investigated before in the frame of topological vector spaces
[11]. Our purpose in considering the free spaces is to investigate the following
general problem: if X and Y are Lipschitz isomorphic Banach spaces, that
is, if there exists a bijective and bi-Lipschitz map F : X — Y, are X and Y
linearly isomorphic? It is known that the answer to this question is negative
in full generality, but it remains an important open problem in the separable
case. We refer to the authoritative book [5] for this topic and related matters.

Free spaces are naturally relevant to this problem. Indeed, it is clear
that the spaces Lipy(X) and F(X) are Lipschitz invariants. Moreover, the
map ¢ defines a nonlinear isometric embedding from X into F(X), with
a linear left inverse. Finally, moving to free spaces allows linearization of
Lipschitz maps and this opens the way for applications of the linear theory
to nonlinear problems.

We now describe the contents of this paper. Section 2 gathers general
results about free spaces. These results and their proofs are essentially alge-
braic. The crucial lifting property is introduced in Definition 2.7. Section 3
addresses the separable theory. It is shown there that every separable space
has the lifting property. The main consequence of this result is that when
a separable space X embeds isometrically into a Banach space Y, then Y
contains a linear subspace isometric to X (although a Lipschitz embedding
does not provide in general a linear one, see [1]). Section 4 investigates the
nonseparable theory. It turns out that the nonseparable case is completely
different from the separable case, since for instance every nonseparable WCG
space fails the lifting property. This provides many canonical examples of
pairs of nonseparable spaces which are Lipschitz but not linearly isomorphic.

The standard examples of Banach spaces which are Lipschitz isomorphic
but not linearly isomorphic were constructed by finding a Lipschitz section
of a quotient map ([2], [9], [10], [5]). The results of Sections 3 and 4 together
show that this method is simply not available for separable spaces, but
provide a plethora of nonseparable examples. We refer to [8] and references
therein for twisted sums and nonlinear methods.

It is shown in Section 5 that X has the metric (respectively bounded)
approximation property if and only if its free space F(X) has the met-
ric (respectively, bounded) approximation property. An application is that
the bounded approximation property is invariant under Lipschitz isomor-
phisms.

This work contributes to support the feeling that the separable spaces
“behave well” with respect to Lipschitz isomorphisms, and that very subtle
differentiabilty statements could provide in many (in all?) separable cases
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the identification of the Lipschitz isomorphism class with the linear one,
already shown for most of the classical spaces (see [18], [16]). We refer to
[17] and [23] for recent and deep differentiability theorems.

The methods used here can also be applied to study uniform homeo-
morphisms and even isomorphisms of nets. This theory is a little different
because infinitesimal arguments are not available any more in this context.
We refer to the forthcoming paper [21].

2. Free spaces and diagrams. This section contains the basic facts
concerning the behavior of free spaces with respect to commutative dia-
grams. Some of these facts are well known (see [20], [29]) but we recall the
simple proofs and fix the notation.

Let X be a real Banach space (all Banach spaces will be assumed real).
First we observe that F(X) has the same density character as X; in partic-
ular if X is separable then so is F(X).

We denote by § = 0x : X — F(X) the canonical embedding so that
(0(x), f) = f(z) for f € Lipy(X). It is sometimes convenient to think of
F(X) as the completion of the set of Borel measures 1 on X with finite
support under the norm

Iz = sup | fdp.
”fHLipSl

The following proposition states some obvious properties of 4.

PROPOSITION 2.1. The map 6 : X — F(X) is a nonlinear isometry and
is nowhere Gateauz differentiable.

Proof. We only need to remark that if ¢ — J(u + tv) has any point
of differentiability at 0 then it would follow that for every f € Lipy(X)
we would have differentiability of ¢ — f(u + tv) at 0. Consider the map

f(@) = [l —ull = flu]|. =

It now follows that any finite Borel measure p supported on a compact
subset K of X can be identified with a member of F(X). Indeed,

p= | 8x) du(z)
K

as a Bochner integral.

LEMMA 2.2. Let X and Y be Banach spaces and suppose L : X — Y
is a Lipschitz map such that L(0) = 0. There exists a unique linear map
L:F(X)— F) such that Lox = dyL, i.e. the following diagram com-
mutes:
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x Loy
| Ja
F(X) 5 FY)
and ||L|| = |L||Lip where || - ||rip denotes the Lipschitz norm of L.

Proof. The linear map L# : Lipy(Y) — Lipy(X) defined by L#(F) =
F o L is pointwise-to-pointwise continuous, hence there is a linear map L
between the preduals such that L* = L#. It is clear that ||L#| = Lip(L),
and ||E|| = ||E*|| = ||L#||. The other assertions are clear. m

Note that it is straightforward to check that ST = ST in full generality.
One special case should be singled out.

LEMMA 2.3. If X is a subspace of Y and v : X — Y is the canonical
embedding then v: F(X) — F(Y) is an isometric embedding.

Proof. Suppose p is a finitely supported measure on X. Choose f €
Lipy(X) with § f du = ||ul| £x) and || f||Lip = 1. Then f has an extension to
g € Lipy(Y') with ||g[|Lip = 1. It follows that |ipl| 7y = llpllFx)- =

Lemma 2.3 allows one to consider F(X) as a subspace of F(Y') whenever
X is a subspace of Y.

Let us make a remark on typical applications of Lemmas 2.2 and 2.3.
Suppose X and Y are Banach spaces. Suppose there are Lipschitz maps
L:X —-Yand F:Y — X such that FFL = Idx (equivalently X is Lipschitz
isomorphic to a subset of Y onto which there is a Lipschitz retraction). Then
F(X) is isomorphic to a complemented subspace of F(Y') by considering F
and L. In the case when X is simply a subspace of Y and there is a Lipschitz
retraction of Y onto X then F(X) is a complemented subspace of F(Y).

If © is a measure of finite support on X we can define its barycenter

B(p) = Bx(u) € X by
Bu) =\ dp.
Note that if z* € X™* we have

[(B(), ) < [l ([l ull 7

and so [ extends to a bounded linear operator 3 : F(X) — X. The following
lemma is clear.

LEMMA 2.4. Let X be a Banach space. Then (3 is a linear quotient map
F(X) — X and is a left inverse of 0, i.e. 3§ = Idx.

If we define L = Byf, we deduce from Lemma 2.2 the following
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LEMMA 2.5. Let L be a Lipschitz map from a Banach space X to a
Banach space Y such that L(0) = 0. There exists a unique linear map L :
F(X) =Y such that Léx = L, and |L|| = || L||Lip-

Now suppose
022y 2 x o0

is a short exact sequence. We recall that this sequence splits if there is a
bounded linear map V : X — Y so that SV = Idx, or equivalently there is
a bounded linear map W : Y — Z so that W R = Idz . We shall say that the
sequence Lipschitz splits if there is a Lipschitz, but not necessarily linear,
map L : X — Y so that SL = Idx . We can always assume that L(0) = 0.

Let Zx = % (0) be the kernel of Bx. Then Lemma 2.4 can be inter-
preted as saying that the short exact sequence of Banach spaces

0—>ZX—>.7:(X)£>X—>0

Lipschitz splits. In fact § is an isometric Lipschitz lifting for 4. Our next
statement goes back to the seminal paper [22].

PROPOSITION 2.6. If the short exact sequence
0—-z8y 2 x-0
Lipschitz splits then the dual sequence
0 x* Sy Bz o
splits (linearly). Moreover in the isometric case, if R is a linear isometry,
S is a linear quotient map and there is an isometric Lipschitz section L :

X —Y, then there is a linear isometry V : Y* — X* with |V|| = 1 and
VS* =Idx-.

Proof. Let L : X — Y be a Lipschitz section. We recall that by [5,
Proposition 7.5] there is a contractive linear projection P : Lipy(X) — X™.
Let L# : Lipy(Y) — Lipg(X) be defined by L#f = f o L. Then PL# :
Y* C Lipy(Y) — X* is a linear map and PL#S* = Idx+. The remaining
statements are clear. m

Proposition 2.6 implies that if a short exact sequence Lipschitz splits,
then its bidual sequence splits. In particular, when the spaces involved are
reflexive, Lipschitz splitting and linear splitting are equivalent. Also, a Lip-
schitz splitting implies that X is isomorphic to a subspace of Y**. This
last statement follows, when X is separable, from [5, Corollary 7.10], which
follows by a Gateaux differentiation technique. We will see below that in
the separable case one can do better and X actually embeds into Y in this
setting.
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We now define a new concept which turns out to be crucially important
for our purpose.

DEFINITION 2.7. A Banach space X has the (isometric) Lipschitz-lifting

property if there exists a (norm one) continuous linear map 7' : X — F(X)
such that T = Idx.

We shall refer to the Lipschitz-lifting property as the lifting property.

PROPOSITION 2.8. Let X be a Banach space. Then X has the lifting
property if and only if every short exact sequence

0-2Z2—-Y—-X—->0
which Lipschitz splits also linearly splits.
Proof. We show that a short exact sequence
0—zB8y2x-0
which Lipschitz splits is a pushout of the short exact sequence
0—-Zx - F(X)— X —0.
Indeed, let L : X — Y be a Lipschitz section. By Lemma 2.5 we can find a
linear map L : F(X) — Y with Lox = L. Hence SLox = Idx from which it

follows that SL = Bx. Hence SL(Zx) = {0} so that we can find an operator
V : Zx — Z so that the following diagram commutes:

0—>ZX—>.7:(X)LX—>O

| al |
o — 2z B v Zox o

Now it is clear that if T : X — F(X) is a linear lifting of 3 then LT is a
linear lifting of S. =

The reasoning of Proposition 2.8 gives the following isometric version.

PROPOSITION 2.9. Suppose X is a Banach space with the isometric lift-
ing property. Suppose Y is a Banach space and Q :'Y — X is a quotient
map. Then if there exists a (not necessarily linear) isometry L : X — Y with
QL = Idx then there is also a linear isometry V : X — Y with QV = Idx .

The first examples of spaces which have the lifting property are provided
by our next lemma.

LEMMA 2.10. Let X be an arbitrary Banach space. Then the free space

F(X) over X has the isometric lifting property.
Proof. Consider the isometry §zx)0x : X — F(F(X)) = F*(X). B
=1a

Lemma 2.5 there is a linear map T : F(X) — F2(X) with ||T| d
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such that Tox (z) = dr(x)dx(x). Thus Brx)Tdx(x) = dx (), from which

Diagram chasing also provides the following fact.

LEMMA 2.11. If X has the lifting property and Y is a subspace of X
onto which there is a continuous linear projection w, then Y has the lifting
property. If X has the isometric lifting property and ||7|| = 1 then'Y has the
isometric lifting property.

Proof. If 7 : F(X) — F(Y) is the corresponding free extension, we have
By7ox = 7 and it follows since 7 is linear that Gy 7 = w8x. If T is a linear
lifting of X, then By 7T = m and thus the restriction of 77" to Y is a linear
lifting from Y to F(Y'). The second part is clear. m

We are now ready to state the two main results of this section.

THEOREM 2.12. Let X be a Banach space. Then F(X) is Lipschitz iso-
morphic to the space G(X) = Zx ® X. Moreover, these two spaces are
linearly isomorphic if and only if the space X has the lifting property.

Proof. The map L : F(X) — G(X) defined by

L(p) = (n— 6xBx (1), Bx (1))

is easily seen to be a Lipschitz isomorphism between F(X) and G(X). If
T is a linear lifting of X, then we may replace dx by T above to show
that the spaces are linearly isomorphic. Conversely, if F(X) and G(X) are
isomorphic, then X is isomorphic to a complemented subspace of F(X), and
thus by Lemmas 2.10 and 2.11 the space X has the lifting property. =

Proposition 2.8 already provides us with examples of spaces which fail
the lifting property: indeed, it implies by [2] that for any uncountable set I,
the space co(I) fails the lifting property. We will see in Theorem 4.3 below
that a much more general statement holds true.

THEOREM 2.13. Suppose X is a Banach space. Then X has the isometric
lifting property if and only if whenever Y is a Banach space such that there
exists a (not necessarily linear) isometry L : X — Y with L(0) = 0 and
Y = span(L(X)) then Y contains a contractively complemented subspace
linearly isometric to X.

Proof. If X has the isometric lifting property and L : X — Y is an
isometry with the linear span of L(X) dense, then a theorem of Figiel [13]
asserts the existence of a quotient map ) : Y — X so that QL = Idx . The
conclusion then follows from Proposition 2.9. On the other hand if X has
the latter property we take Y = F(X) and deduce that X is contractively
complemented in F(X) and hence has the isometric lifting property. m
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3. Liftings of separable spaces. The main result of this section is
Theorem 3.1 below. Its proof should be compared with the proof of [5,
Proposition 7.5] as it in some sense consists in localizing the invariant means
on a compact subset of X. Theorem 3.1 can also be viewed as a weak dif-
ferentiability result. We have seen, however, that the natural Lipschitz map
0 : X — F(X) is nowhere Gateaux differentiable, and that F(X) contains
an isometric copy of the space Ly = F(R) and thus fails in particular the
Radon—Nikodym property.

We now state and prove

THEOREM 3.1. Fvery separable Banach space has the isometric lifting
property.

Proof. Let {x,} be a linearly independent sequence in X which spans a
dense linear subspace D of X, and such that the set

o0
K:{Ztnxn:()gtngl}
n=1

is a norm compact subset of X. We denote by H = |0, 1]N the Hilbert cube,
and by A the product of the Lebesgue measures on every factor. Similarly,
we let N, = N\ {n}, H, = [0,1]"», and 7, be the natural restriction map
from H onto H,. We let \,, = m,(\). For t = (t,,) € H, we let

L(t) = tpax
k=1
and we define S, : H, — X by
Su(t) = trap.

k#n
With this notation, we now define ¢,, € F(X) by the Bochner integral
(3.1) b= | (8(xn + Su(t) = 6(Sa(t))) dAa(?)

Hy,
and we denote by Rp the linear map from D to F(X) which satisfies
Rp(zy) = ¢n. Since A\, is a probability measure, we clearly have 5(¢,,) = z,
and thus SRp = Idp. If f is a Lipschitz Gateaux differentiable function
on X, we have
1

f(ﬂfn + Sn(t)) - f(Sn(t)) = S <vf(u-rn + Sn(t))a $n> du
0

and it follows from (3.1) and Fubini’s theorem that for such functions

(F.60) = [ (VL)) 2a) dA(E),

H
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and thus for all x € D we have

(3.2) (f, Rp(@)) = [ (VF(LE®),z) dA).

H
Note we have the estimate ||V f(y)||x+ < || f||Lip and so

[{fs Bp (@) < [ flluipl]]-

By [5, Cor. 6.43], the subset of the unit ball of Lipy(X) consisting of the
Gateaux differentiable functions is uniformly dense in this unit ball, and in
particular weak™ dense. It follows that (3.2) implies that

[Bp(z)[|F <[]

for every x € D, and thus the linear map Rp extends to a linear map R of
norm 1 from X to F(X) which clearly satisfies SR =Idx. m

What we do in the above proof is differentiate the convolution of the
Dirac lifting § with a cube measure. Differentiable measures can also be
used for this purpose: indeed, if F' : X — Y is a Lipschitz map from a
separable Banach space X to a Banach space Y and if v is a nondegenerate
Gaussian probability measure on X with mean 0 (see [5, Chapter 6]), then
for every y* € Y*, the real-valued map

(y* o F)xy(x) = | y* o Fz +1) dy(t)
X
is Gateaux differentiable everywhere on X (see e.g. the proof of Theorem 7
n [7]). If G(y*) € X* denotes the Gateaux derivative of this map at z = 0, it
is clear that G is linear in y* and has norm less than the Lipschitz constant
of F. By [6, Theorem 5.1.8], for all h in the dense subspace H(7y) of X we
have
Gy*)(h) = [ y" o F(t) dva(t)
X

for some measure v, on X, and Lebesgue’s dominated convergence theorem
shows that G is weak*-to-weak™ continuous. Hence there is a bounded linear
operator R from X to Y with G = R*. This linear operator R is the weak
Gateaux derivative of F'xy at ¢ = 0. If T : Y — X is a bounded linear
left inverse to F', a straightforward computation shows that TR = Idx.
This applies in particular to F' = § and provides an alternative proof of
Theorem 3.1.

COROLLARY 3.2. Let Y be a Banach space, and @ :' Y — X be a
quotient map from'Y onto a separable Banach space X . If Q has a Lipschitz
right inverse L, then Q has a linear right inverse V with ||V || = ||L||Lip-

Proof. This follows immediately from Theorem 3.1 and Proposition 2.8. =
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Theorem 3.1 has an application to the results of Figiel on isometric
embeddings. The following corollary combined with Corollary 4.4 below an-
swers a problem from [12] (see [14, Question 1.6.2]).

COROLLARY 3.3. Let X be a separable Banach space. If there exists an
isometric embedding from X into a Banach space Y, then Y contains a
linear subspace which is isometric to X.

Proof. We may and do assume that L(0) = 0, and then the result follows
from Theorem 2.13. =

We refer to [25] for an explicit linear embedding when the spaces X and
Y are C(K) spaces. Note that we cannot replace “isometric embedding”
by “Lipschitz embedding” in Corollary 3.3. Indeed, any separable Banach
space can be Lipschitz embedded into ¢o(N) ([1]; see [26] for a quantitative
improvement) but few of them are isomorphic to subspaces of ¢o(N). The
proof of Corollary 3.3 relies heavily on Figiel’s theorem [13]. We will see
in Proposition 4.5 below that this theorem admits a converse, and thus
Corollary 3.3 requires the existence of some isometric embedding, and is
truly separable as well (see the comments after Corollary 4.4).

We recall that for every closed subspace F' of a Banach space Y, the
quotient map @ : Y — Y/F admits a continuous positive homogeneous
lifting (see [5, Proposition 1.19]). However we have:

COROLLARY 3.4. Let Y be a Banach space, and let ' be a closed sub-
space such that Y/F is separable. If there exists a uniformly continuous
positive homogeneous right inverse to the quotient map Q : Y — Y/F, then
F is linearly complemented in'Y .

Proof. 1t is easily checked that a positive homogeneous map is Lipschitz
as soon as it is uniformly continuous. The result then follows from Corol-
lary 3.2. =

Note that the above statement fails in general when the right inverse is
not homogeneous. Indeed, [21] provides canonical examples of linear quotient
maps between separable Banach spaces with a uniformly continuous right
inverse but no linear continuous right inverse.

4. Nonseparable spaces. We will show in this section that the non-
separable theory is completely different from the separable one. This will
in particular provide us with canonical examples of nonseparable Banach
spaces which are Lipschitz but not linearly isomorphic.

The following technical result will easily imply the main result of this
section.

PROPOSITION 4.1. Let X be a weakly compactly generated Banach space.
Then every weakly compact subset of F(X) is separable.
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Proof. We first note that if V' is a separable Banach space, the subset
of Lip(V') consisting of all weakly continuous functions is norming (to check
this, use Lemma 2.3 and embed V' in C]0, 1], which has a monotone basis,
and consider functions F' o P, where P, is the nth basis projection).

LEMMA 4.2. Let W be a weakly compact subset of X and suppose (pin)
is a sequence of measures of finite support in W with sup |u,|(W) = K
< o00. Suppose infy, 1y ||pin — pim||7 > €. Then there exists f € Lip(X) with
| fllLip < 1 and an infinite subset M of N so that
> 16 n € M.
- 8 )

|15 din

Proof. By using Lemma 2.3 we may and do assume that X is separable.
We may assume that sup{||z| : * € W} = A < oco. Then we also have
sup{llnll} < AK.

We first pick a subsequence (vy,) of (145,) inductively. Let S, be the closed
convex hull of the union of the supports of v1, ..., v,_1. Let E, be the closed
absolutely convex hull of the set {§(z) : © € S,}. Then E,, is compact in
F(X). It is clear that we can pick a subsequence so that

(4.1) dr (v, b2"Ey_1) > ¢ > e

where b = 16 K2 As~!. By a Hahn-Banach argument we may find a Lipschitz
function f, with constant one so that

(4.2) \ fodpn > c+ 62"\ £, dvy

for v € Ey,_1. This implies that
(4.3) an dfy‘ < KAV 27", e B, ..

Next we use the fact that the set of weakly continuous functions in
Lipy(X) is norming. It follows that we may replace each f, by a weakly
continuous function with [ f,[|rip < 1 and have the same inequalities valid.
Hence we assume each f,, is weakly continuous.

We can further assume, by passing to a subsequence, that |v,| is weak*
convergent to some v € C'(W)*, where W is equipped with the weak topol-
ogy. If k < mn,

Vraldivel =\ fadlvl = | fodivl.
fn>0 fn<0

Observe that both xf,>0|vk| and xf,<o|vk| belong to K E,_1 and so by (4.3)
we have an estimate

(4.4) VIfnldlve] < 22467127, k<.
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From (4.2) we also have
(4.5) an dvy, >c¢, neéeN,

Let S be the norm closure of | J;~, S, C X. Note that S contains the
support of v by Mazur’s theorem. Furthermore lim,, o fn(z) = 0 for x € S.
Hence f,(x) — 0 on the support of v. Thus

lim | |f|dv = 0.
n—oo
Now since each f, is weakly continuous,
Jim §1f] dlv] = §1ful v
Thus passing to a subsequence we can suppose that
(4.6) VIl ldvg] < 2K2Ab~'27F  for k # n.

Now for each n let h,, = max(fy,0) or h, = max(—fy,0) in such a way
that

1
th dpn| > 3 c.
Finally, let f = sup,, hy. Then || f||Lip < 1 and

0<f=hn <
k#n

Thus from (4.6),
Hfdun —Shndvn <2KZ2Ab~! = ég_

The result follows. =

We return to the proof of Proposition 4.1. Suppose that X is an arbitrary
WCG space. Assume that there exists ¢ > 0 and an uncountable relatively
weakly compact subset (v;) in F(X) with ||v; —v;|| > e if i # j. Let W be a
weakly compact subset of X such that | JnW is dense in X. For each m € N
let Cy,, C F(X) be the set of all x4 with finite support in mW and with
|| (mW) < m. Then for each i, lim,,_,o d(v;, Cpp) — 0. It follows that we
can find an infinite countable set M and a fixed m so that d(v;, Cy,) < /26
for i € M. Pick p; € Cp, so that ||v; — pil|p < €/26. Note that ||p; — pj]) >
122/13 when i # j.

We can suppose, by passing to a subsequence, that (v;) converges weakly
to some v € F(X) and hence find m; and u € C,y,, so that ||v—pu||r < £/26.
Then by Lemma 4.2 we can find an infinite subset My of M and a function
f with Lipschitz constant one so that

’Sfd<ﬂi_ﬂ>‘ > %6, i € M.
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However, since v; — v weakly in F(X), we have
lim(v; —v, f) =0

and hence for some 7 we have
1
Hfd(ﬂi - u)‘ <3e
This contradiction gives the result. =

We can now prove the main result of this section.

THEOREM 4.3. A weakly compactly generated Banach space has the lift-
ing property if and only if it is separable.

Proof. Let X be a nonseparable WCG space. Let W be a weakly compact
subset which spans a dense linear subspace of X. If T is a linear right inverse
to the map By, then T'(W) is a weakly compact nonseparable subset of
F(X), and this contradicts Proposition 4.1. =

The following consequence provides us with a wealth of Lipschitz but
not linearly isomorphic Banach spaces.

COROLLARY 4.4. Let X be a nonseparable weakly compactly generated
Banach space. The space F(X) is Lipschitz isomorphic to the space G(X) =
Zx x X, but F(X) does not contain a subspace isomorphic to X . In partic-
ular, F(X) and G(X) are not linearly isomorphic.

Proof. The first assertion was shown in Theorem 2.12. Since every weakly
compact subset of F(X) is separable, this space does not contain a subspace
isomorphic to X and in particular F(X) and G(X) are not linearly isomor-
phic. Note that this last assertion also follows from Theorems 2.12 and 4.3. =

Corollary 4.4 shows in particular that Corollary 3.3 fails in the non-
separable case: if X is any nonseparable WCG space, then the map dx is
an isometric embedding from X into F(X), but F(X) does not contain a
subspace isomorphic to X.

Note that it follows from Lemma 2.10 and Theorem 4.3 that if X is
not separable, then the space F(X) is not WCG. However, there exist two
Lipschitz isomorphic but not linearly isomorphic WCG Banach spaces. This
follows from a recent work of M. Bell and W. Marciszewski ([4]; see also [15]).
The density character of these spaces is R, .

The space F(X) is a twisted sum of the two components of the space
G(X). The first examples of Lipschitz isomorphic but not linearly isomorphic
spaces have been constructed in this manner ([2]; see [9] for a generalization),
which is natural in view of Figiel’s theorem [13]. We now show that this
theorem admits a converse.
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PROPOSITION 4.5. Let X andY be Banach spaces such that there exists
a Lipschitz embedding L : X — 'Y such that L(0) = 0 and span(L(X)) =Y.
Then L admits a continuous linear left inverse Q) if and only if there exists
an equivalent norm on'Y for which L becomes an isometric embedding.

Proof. If there is such a norm, the existence of () follows from Figiel’s
theorem (see [5, Theorem 14.2]). Conversely, we assume that there is a con-
tinuous linear map @ such that QL = Idx. Using a first renorming of Y, we
may and do assume that ||Q|| = 1. Let L : F(X) — Y be the linear map ob-
tained from Lemma 2.5. We denote the closed unit ball of a Banach space Z
by Bz. We define an equivalent norm on Y through its unit ball B’ such that

B = W(E(B]:(X)) U By).

It is clear that with this new norm one has ||L|| = 1 and thus L be-
comes 1-Lipschitz. On the other hand, since Br(x is the convex hull of the
“molecules” (5(z) — 6(y))/|lz — y|| (see [29, p. 38]) and QLS = Idx, we still
have Q(B’) = Bx and thus the new norm of @ is still 1 and it follows that
L is an isometric embedding from X to Y equipped with the new norm. =

Proposition 4.5 allows us to find more examples of pairs of spaces X
and Y such that X can be isometrically embedded into a space Y with-
out being isomorphic to a subspace of Y: using for instance [10, Lemma
VI1.8.10], we see that the C(Kp) space from [10, Example VI.8.7] is an As-
plund space which can be renormed to contain an isometric copy of co(I")
with Card(I") = ¢ although it does not contain an isomorphic linear copy of
that space.

It is a natural question to ask which nonseparable spaces have the lifting
property. We note that for any set I", the space ¢1(I") trivially has the lifting
property since in fact any quotient map onto ¢1(I") has a linear right inverse.
This can be generalized easily to uncountable /1-sums of separable spaces.
Moreover, by Lemma 2.10 the space F(X) has the lifting property for every
Banach space X. On the other hand, we have:

PROPOSITION 4.6. The space Lo (N) fails the lifting property.

Proof. For j € N, let e; € £o(N) be such that e;(j) = 1 and e;(k) =0
if £ # j. Assume that there is a linear lifting 7" of 8 = 3. Then there
exists a subspace X of (o (N) such that T'(e;) € F(X) for all j and X is
isometric to a separable C(K) space. By [5, Theorem 1.6], X is an absolute
Lipschitz retract and thus by Lemma 2.2 the space F(X) is linearly com-
plemented in F (¢« (N)) by a projection P. Since £+ (N) is a Grothendieck
space, the operator PT is weakly compact, but this contradicts the fact that
ﬂPT((i]) =€;. m
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Proposition 4.6 and Lemma 2.11 imply that all the spaces which con-
tain £ (N) fail the lifting property. In particular, although ¢ (N) embeds
isometrically into F (o (N)), it does not embed as a linear subspace.

We note that when a quotient map @ : Y — X between nonseparable
spaces has a Lipschitz right inverse, then Lemma 2.3 and Theorem 3.1 show
that every separable subspace of X can be lifted to Y. The above results
show that these partial liftings cannot usually be organized into a global
lifting of X. However, there is a weaker statement which we will use later.

PROPOSITION 4.7. Let X be a Banach space and suppose E is a finite-

dimensional subspace of X . Then there is a linear operator W : X — F(X)**
such that |W| =1, 8Wz =z forx € X and W(E) C F(X).

Proof. Let eq,...,e, be a basis of F. As in the proof of Theorem 3.1
there is a linear map U : E — F(E) C F(X) with ||[U| = 1 and gUe = e
for e € FE given by

11

Uep = SX <5<th€j +€k) —5<th€j)) H dtj.
0 0 j#k J#k i#k
Now for every finite-dimensional subspace G of X containing E and every
e > 0 we will define a linear lifting Vg : G — F(G) with |Vge|| = 1 and
BVaeg = g for g € G. We do this by defining a basis g1, ..., gm of G so that
g =e¢jfor 1 <j<mand} gl <e Then Vg, is defined by the
same procedure, i.e.

11

VG.egk = S .. S (5(2 tjg; + gk> — 5(2 tjgj)> H dt;.

0o 0 J#k J#k J#k

Then for 1 < 57 < n we have

HVG756]' — Ueij: S 2¢e.

Extend Vg, to a nonlinear map 176;,5 : X — F(X) by setting Vg .z = 0 if
x ¢ G. By a standard compactness argument we may find a subnet of the
net {Vg. : G D F, e > 0} which converges pointwise weak* to some W :
X — F(X)**. Then W is clearly a linear operator of norm one, "Wz = x
forx € X and We=Ueforec E. n

5. Approximation properties. We recall that a Banach space X has
the \-bounded approzimation property (A-(BAP)) if for every compact set
K C X and every € > 0 there exists a finite-rank operator T : X — X with
IIT]] < A and ||[Tz — z|| < € for x € K. The 1-(BAP) is called the metric
approzimation property (MAP). If X has A-(BAP) for some A we say that
X has (BAP).
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PROPOSITION 5.1. Let E be a finite-dimensional Banach space. Then
F(E) has the metric approximation property (MAP).

Proof. We will show that given € > 0 there is a sequence L,, of Lipschitz
maps L, : E — F(F) with finite-dimensional range and L(0) = 0 such that
limy, o0 (L (), f) = f(z) for € Bg and limsup,, o || Ln|lLip < 1+ €. Let
us first observe that this will suffice to show the result. First we note that L,z
converges weakly to d(x) and so by a convex combination argument we can
suppose we actually have strong convergence. Once this is done we can find
a sequence H,, of Lipschitz maps H, : F — F(FE) with finite-dimensional
range such that H(0) =0, ||Hy,||Lip < 1+ 1/n and ||[Hyz — §(z)|| < 1/n? for
x € Bg. Let F,(z) = A,Hy(z/n) where A, : F(E) — F(E) is the linear
map induced by the Lipschitz map 6(z) — 6(nz). Observe that ||F,|/Lip <
14+ 1/n and [|F,(z) — 0(x)|| < 1/n for x € nBg. Now it easy to see that
F, : F(E) — F(E) provide a sequence of finite-rank operators such that
Fov—vforve F(E)and ||F,| <1+ 1/n.

In order to construct L,,, we use convolutions with Fejér kernels on cubes.
We identify E with RY in such a way that ||z||e < ||z|| < M]|z||c for some
M where || -||o is the standard £,.-norm on RY. Let B, denote the unit ball
of /. Suppose a is chosen so large that loga > Me~!. We write a typical
element of RN as o = (x1,...,on) or t = (t1,...,tN); let dt = dt1...dty.

Define 1
gp(w)zmax(l—w,()), zeRY,
loga

For n € N define g, : RY — F(E) by

1 N Gn2nm(Ee—te) N2 nt
d@n(-%') = ( 8a — 8a )X4G/Boo (t)dt
23N g Np N kllll sin2 W(l’ga ty) klZII sin2 7;;;9

(Thus o,(z) is a compactly supported measure which is identified as an
element of F(E).)

It is clear that o, maps RY into a finite-dimensional subspace of F (E).
We next estimate the Lipschitz constant of g, on the set aBs,. Suppose
12|00, [|¥]lco < @. Since we estimate a Lipschitz constant on a convex set, we

may and do assume that ||z — y|| < 2. Let u = $(z — y) and v = (2 +y),

1 N gin? (e —te) N gin2 nrte
_ | | 8a . | | 8a
d,LL - 23NaNnN ( .2 w(xp—tr) Xut4aBoo (t) Sin2 Tty X4aBoo (t)> dt

k=1 SHL" ——¢g k=1 8a
and
N .
1 sin2 nﬂ(lgca ty) sin2 ngék
dv = 23N NN H T (Yr—tr) X—utdaBas () = H -2 ity XdaB.. (1) | dt.
i1 sin® TS k=1 U g

Then if f € Lipy(E) and || f||Lip < 1 we have
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Sfdu—xfdu:m | e+w—ri—u Hsm — dt.

4aBoo k=1 sin” ~8a
Hence

§ran—frav| <o -yl
and so

(5.1) [ = vllF < llz—yll.

Next we estimate ||, (x) — p|| 7. Suppose f € Lipg(E) and || f||Lip < 1.
Then, since ||u|loo < [Jul],

(5:2)  |{fdoa(w) - | fdp

2 nﬂ(xk tx)

1 sin
= 23N g NpN S ‘H 2 W(mk %) dt.
(4a+||uH)J.ffoo\zlcu?oo f=1 SN =g

Now

Il2 nTr(a:k tx)

N S1
S 1;[ w(z— tk) dt

(4a+\\U||)Boo\4aBoo 8a
N da+t|ul 2 nﬂ'(av;C tx) N 4a . 9 nﬂ(:pk tx)
sin® ——g—+ sin® ——%2
< da ——¢_dt;, — —2C ¢
- 5 (H S San 7T($k tx) k H S Sin2 TF(J?k tk) k
k=1 —(4a+|ul|) 8a k=1 —4a Ra

N (datlul)7/(4a) Sin2(n(m’“ Hk))

< 5_23NaN+1<H S

k=1 —(4a-+lul)7/(4a)

- ﬁ 7§ sin? (n (% — %)) d0k>

7T.1’k _ Gk 27T
Sln b} )

o

=1-m

N /() e ) (Gl 2

<52V (] S n’("55) doy,
sinQ(e—k
k=1 [z /(4a)—(da+|ul))/(4a)]m 2

LR

k=1 Sll’l

s
3N N+1 [l N N
<5-2°%a +(<n+—> -n )
2a

Here the last estimate follows from the fact that if 7 < 0] < 7+ %||ulja™!7

then sm?(ﬂéﬂ’“ — %’“) > %
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Returning to (5.2) we have

Hfden(x) —Sfdu(w)‘ < 5<<1+ %)N —~ 1>a.

Thus as ||u|| <1,
(5.3) lon(@) = pllz < 507 T N2V 72 ful).
We have a similar estimate on ||0,(y) — v||# and so

(5.4) lon(z) = en ()l < enllz —yl|

where ¢, = 1 + 5n 1 N2V -2,
Next let L, (z) = ¢(z)on(x). Again suppose ||z oo, ||¥]|cc < @ and sup-
pose [[z]|loo < [y[loo- Then

[ Ln(z) = Lo(W) |7 < loW)] - [lon(y) — on(@)||l 7 + [¢(y) — p(z)] - [[on ()]

- Y
< cull = ol + loga) og 11 o]
o0
(Iyllos — Il ]
<oz ot + e
o0

< en(llz = yll + M(oga) |z — ylloo)
< en(14 M(loga) )|z — yl|.
It is then easy to see that this estimate applies to all z,y, i.e.
||Ln||Lip < Cn(l + M(log a)_l).

Hence limsup,, . || Ln|lLip < 1 + €. It is clear that if z € Bg then x € B
and so ¢(z) = 1. Hence by standard Fourier series arguments

lim {f, Ln(x)) = f(x), € Lipg(X).
This shows that L,, satisfies our requirements and the proof is complete. =

DEFINITION 5.2. Let X be a Banach space and A > 1. Then we say that
X has the A-Lipschitz bounded approximation property if for every compact
set K C X and € > 0 there exists a Lipschitz map F : X — X with
finite-dimensional range such that ||[F|lLip, < A and ||F(z) — z|| < € for
xz e K.

We remark that it is easy to see that we can assume F'(0) = 0 in the
above definition.

THEOREM 5.3. Let X be an arbitrary Banach space. Then the following
conditions are equivalent:
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(1) X has the \-(BAP).
(2) F(X) has the A\-(BAP).
(3) X has the \-Lipschitz bounded approximation property.

Proof. 1t is trivial that (1) implies (3). Let us prove that (3) implies (2).
To show F(X) has the A-(BAP) it suffices by a density argument to show
that if ¢ > 0 and z1,...,7, € X then there exists a finite rank linear map
T : F(X) — F(X) such that | T(6(x;)) — d(z;)|| < e for 1 < j < n and
IT|| < A. To do this, note there is a finite-rank Lipschitz map F : X — X
with F(0) = 0, || F||Lip < A and || F(z;)— ;| < e for 1 < j < n. Let F be the
induced linear map as in Lemma 2.2. Then F has range included in F(E)
for some finite-dimensional subspace E of X. By Proposition 5.1 this space
has (MAP) and we can find a finite-rank linear operator S : F(E) — F(E)
so that ||S]| < 1 and ||SF(8(x;)) — 8(z;)|| < e for 1 <j < n.Let T = SF
and we are done.

That (2) implies (1) is trivial if X is separable by Theorem 3.1, which
asserts that X is isometric to a contractively complemented subspace of
F(X). In the nonseparable case we use Proposition 4.7. Suppose z1,...,x,
€ X and ¢ > 0. Let E = [21,...,2,) be their linear span. Then we can
find a linear operator W : X — F(X)** with |W| = 1 so that "Wz =z
for x € X and W(FE) C F(X). Let T : F(X) — F(X) be a finite-rank
operator with ||T|| < A and [|[TWx; — Wzj|| < e for 1 < j < n. Then
let S = *T**W. Since T** maps into F(X) we see that S : X — X is
finite-rank and ||Sz; — x| <eforj=1,...,n. =

REMARK. Suppose U is Pelczyniski’s universal basis space [27]. Then
F(U) has (BAP) and hence ([19], [28]) embeds complementably into U.
However, by Theorem 3.1, U embeds complementably into F(U). Hence
F(U) is isomorphic to U by the standard Pelczynski decomposition tech-
nique.

THEOREM 5.4. Let X be a Banach space with (BAP) and suppose Y is
a Banach space which is Lipschitz isomorphic to X. Then Y has (BAP).

Proof. The Lipschitz isomorphism induces a linear isomorphism between
F(X) and F(Y). The conclusion follows from Theorem 5.3. =

THEOREM 5.5. Let X be a Banach space which is an absolute Lipschitz
retract. Then X has the bounded approximation property.

Proof. The space X is a Lipschitz retract of G = ¢ (Bx~). The space
G has (MAP), and thus F(G) has (MAP) by Theorem 5.3. By applying
Lemma 2.2 to the retract of G onto X, the space F(X) is complemented in
F(G) and thus it has (BAP). By Theorem 5.3, X also has (BAP). =
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