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LIPSCHITZ OPERATOR IDEALS AND THE
APPROXIMATION PROPERTY

D. ACHOUR, P. RUEDA!, E.A. SANCHEZ-PEREZ AND R. YAHI

ABSTRACT. We establish the basics of the theory of Lipschitz op-
erator ideals with the aim of recovering several classes of Lipschitz
maps related to absolute summability that have been introduced
in the literature in the last years. As an application we extend the
notion and main results on the approximation property for Banach
spaces to the case of metric spaces.

1. INTRODUCTION AND NOTATIONS

Since Farmer and Johnson [20] extended absolute summability to
Lipschitz mappings, several works have appeared with the aim of ex-
tending different classes of linear operators to the Lipschitz context
(see for instance [11, 12, 13, 26] and the references therein).

Although in recent years there is an increasing interest for finding
results on approximation properties related to Lipschitz functions and
the free spaces A(X) of metric spaces X (see [15, 16, 21, 22, 29]),
there are no explicit definitions of approximation properties on metric
spaces. For example, [5] reproduces the approximation property for
Banach spaces considering approximating Lipschitz mappings instead
of linear operators.

Recently, new extensions of the approximation property for Banach
spaces related to operator ideals have been introduced (see [4, 30]).
In [30], the definition is based on a notion of compactness depending
on a given operator ideal, that has its roots in the paper by Carl and
Stephani [9] and has been developed in the context of polynomials and
holomorphy in [2, 3, 23]. The general notion of Lipschitz operator
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ideal provides a natural context for giving suitable definitions of such
notions.

Our purpose is to develop a basic theory of the Lipschitz operator
ideals that unifies all the recently introduced new classes of Lipschitz
mappings, and apply it to the establishment of a suitable context for
the study of the approximation property intrinsic to metric spaces and
Lipschitz mappings.

Throughout the paper X, Y denote pointed metric spaces with a base
point denoted by 0, and E, F' are (real or complex) Banach spaces.
We will write K for R or C. If d is the metric on X, Bx stands
for the set {z € X : d(z,0) < 1}. Given a Banach space Z, Z*
denotes its topological dual, and By is its closed unit ball (which is
coherent with the above notation). As usual, L(E, F') denotes the
space of all continuous linear operators from E to F' with the operator
norm. If '€ L(E,F), T* : F* — E* is the adjoint operator of T.
The Lipschitz space Lipg(X, F) is the Banach space of all Lipschitz
mappings 7" from X to E that vanish at 0, under the Lipschitz norm
Lip(.), where Lip (T') its the infimum of all constants C' > 0 such that
|T(x) —T(2")| < Cd(x,2’) for all z,2" € X. The notation Lipy stands
for the class of all Lipschitz mappings from pointed metric spaces to
Banach spaces. For £ = K, we write X# = Lipy(X) = Lipo(X, K).
Along the paper we consider By# endowed with the pointwise topology.
It is well know that Lipo(X) has a predual, namely the space of Arens
and Eells A(X) [1]. A molecule on X is a scalar valued function m on
X with finite support that satisfies > m (z) = 0. We denote by M(X)

zeX
the linear space of all molecules on X. For z, 2’ € X the molecule m,,

is defined by m,.» = X{s} — X{a’}, Where x4 is the characteristic function

n
of the set A. For m € M(X) we can write m =} Ajmy, ./ for some
j=1
suitable scalars A;, and we write

n

7j=1

where the infimum is taken over all representations of the molecule m.
Denote by AE(X) the completion of the normed space (M (X), .| v4(x))-
The map dx : X —A(X) defined by dx(x) = m, isometrically embeds
X in E(X). Given T € Lipy(X, E), there exists a unique linear map
Ty, : B(X) — E such that T = T}, o 0x. The operator T}, is referred
to as the linearization of T' (see [35, Theorem 2.2.4 (b)]).
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The correspondence T <— T, establishes an isomorphism between
the vector spaces Lipy(X, F) and L(E(X),FE). In particular, the
spaces X7 and /B(X)* are isometrically isomorphic via the linearization
R(f) := fr, where fr(m)= > f(z)m(z) (see [35, Theorem 2.2.2]).

rzeX
Sawashima [34] defined the Lipschitz adjoint (or dual) of T € Lipy(X, E)

as the continuous linear operator

T#: Lipo(E) — Lipo(X)
g = T#(g)=goT

The restriction of T# to E* is called the Lipschitz transpose map of T
and is denoted here by T*.

Section 2 contains the basics of the theory of Lipschitz operator
ideals, that are introduced in a natural way. Especial emphasis is
made on examples: we recover the main classes of Lipschitz mappings
such as approximable Lipschitz mappings, Lipschitz p—summing map-
pings, Lipschitz p—integral mappings, Lipschitz p—nuclear mappings,
Lipschitz compact and Lipschitz weakly compact mappings. In Section
3 we extend to the Lipschitz mappings setting some linear procedures
to construct ideals of operators from a given operator ideal Z: by com-
position with linear operators from Z and, by considering those Lips-
chitz mappings whose Lipschitz transposes belong to Z. It is proved
that the Lipschitz dual of a given operator ideal Z coincides with the
Lipschitz composition ideal with the dual ideal of Z. A direct conse-
quence is the well-known Lipschitz variant of Schauder’s (respectively
Gantmacher’s) theorem: a Lipschitz operator is compact (respectively
weakly compact) if, and only if, its transpose is compact (respectively
weakly compact). In Section 4 we initiate a study of approximation
properties for metric spaces, that come from considering composition
ideals of Lipschitz mappings. The main aim is to relate the linear and
the Lipschitz theories. To do so, we strongly make use of linearization
techniques.

2. LIPSCHITZ OPERATOR IDEALS

The aim of this section is to introduce the concept of Lipschitz oper-
ator ideal. We will follow the spirit of the definition of linear operator
ideal explained in the excellent monographs [17, 33].

Definition 2.1. A Lipschitz operator ideal Ip;, is a subclass of Lipg
such that for every pointed metric space X and every Banach space E
the components

ILip<X7 E) = LZpO(X, E) N ILip
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satisfy:
(i) Zrip(X, E) is a linear subspace of Lipy(X, E).
(ii) vg € Zpip(X, E) for v € E and g € X7.
(iii) The ideal property: if S € Lipy(Y,X), T' € Zp;p(X, E) and w €
L(E, F), then the composition wT'S is in Zp;,(Y, F).

A Lipschitz operator ideal Zy;, is a normed (Banach) Lipschitz op-
erator ideal if there is H'Hlup : Ly — [0, +o00] that satisfies
(i) For every pointed metric space X and every Banach space E, the
pair (Zpip(X, E), |.llz,,)) is a normed (Banach) space and Lip(T') <
||T||ILip for all T' € ILip(X7 E)
(ii") [{dx : K — K, Idg(A) = All7,, = 1.
(iii’) If S € Lipg(Y,X), T € Ipp(X,E) and w € L(E,F), then
lwTSll,, < Lip(S) ITll,,. Il

From conditions (i’), (ii’) and (iii’) we get for any v € E and any
g€ X#,

lvgllz,,, = [I(v Idx) o Idx o gllz,,, < [lv Tdxl|[[Idk]|z.,, Lip(g)
= |wllLip(g) = Lip(vg) < [lvgllz,.,,

that is, [vgllz,,, = l|lvl|Lip(g) = Lip(vg).
Following [26] a mapping T € Lipo(X, E') has Lipschitz finite dimen-

sional rank if the linear hull of the set {%, x,x' € X,z # x’} is

a finite dimensional subspace of E. We denote by Lipoz(X, F) the set of
all Lipschitz finite rank mappings from X to E. Clearly, Lipyzr(X, E)
is a linear subspace of Lipo(X, E). It is proved in [26, Proposition
2.4] that having finite dimensional rank is equivalent to having Lip-
schitz finite dimensional rank. This is also equivalent to saying that

the linearization Ty, of T has finite rank. Such a mapping admits a

finite representation T = > g fi, with (up)k<n € E, (fi)r<n € X7.

k=1
Indeed, given T' € Lipor(X, E), according to [26, Proposition 2.4],
Ty, € L(E(X), E) has finite rank. Thus

Ty =Y m! @u;, (w)icn C B, (m])icn C B(X)".

=1

Since B(X)* and X# are isometrically isomorphic then, there is (f;)i<, C
X# such that (f;), = mj}.
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For x € X we obtain
T(x) = Tpodx(z)=Tr(ma) = Z(fz)L ® i (Mgp)
i=1
= Z ((fi) L, ma0) wi

k=1

Thus T' = > wu; fi.
i=1
The class Lipyr is the smallest Lipschitz operator ideal.

Definition 2.2. (1) A Lipschitz operator ideal Zp;, is said to be injec-
tive if for every metric linear injection I : E' < F' (that is, [ is linear
and ||I(z)]| = ||z| for all x € F) and every T' € Lipy(X, E), T is in
Z1ip whenever I oT € Zp;,(X, F). A normed Lipschitz operator ideal
is called injective if moreover ||T||ILip =|[Io T||ILip . In a straightfor-

ward way, the injective hull I’LZJ) can be defined as the smallest injective
Lipschitz operator ideal that contains Zp,,. Note that each Lipschitz
operator ideal is contained in an injective Lipschitz operator ideal, and
so the notion of injective hull makes sense. Indeed, as in the linear
case, Zy7(X, E) is formed by all Lipschitz mappings 7" : X — E that
satisfy that Jp o T € Z(X, o (Bg+)), where Jg is the canonical inclu-
sion Jp : E — (o (Bg+). The space Iz’g(X, E) is endowed with the
norm HTH;ZP = ||Jgo Tz, forall T € Iﬂ;(X, E) (see for example
(17, 9.7]).

(2) The closed hull I, of a Lipschitz operator ideal Zy;, consists of
all Lipschitz mappings that can be approximated, with respect to the

Lipschitz norm, by a sequence of Lipschitz mappings in Zp;,.

2.1. Approximable Lipschitz operators. Following [26], a Lips-
chitz mapping T' € Lipy(X, E) is said to be approzimable if it is the
limit of a sequence of Lipschitz finite rank operators from X to E in
the Lipschitz norm Lip.

The collection of all approximable Lipschitz operators 7" € Lipy(X, E)
is denoted by Lipyr(X, E). It is clear that Lipyz(X, E) is an example
of Lipschitz ideal. Given E and F' Banach spaces, let L;(E, F') denote
the space of all finite rank linear operators from E to F'.

The following is inspired in [6].
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Lemma 2.3. Let T € Lipo(X, E). The following statements are equiv-
alent.

(1) T € Lipo(X, E).
(2) T, € ,Cf(/E(X) ,E).
(3) T' € L(E*, X*).

Proof. The equivalence between (1) and (2) appears in [26, Proposition
2.4]. The equivalence with (3) follows from the fact that (T;,)" = RoT"
and the ideal property. O

Corollary 2.4. Let T € Lipy(X, E). The following statements are
equivalent.

(1) T can be approzimated by finite rank Lipschitz operators.
(2) T, can be approzimated by finite rank linear operators.
(3) T can be approxzimated by finite rank linear operators.

Proof. 1t is a direct consequence of Lemma 2.3 the fact that the corre-
spondence 1" € Lipy(X,E) — T, € L(E(X), E) is an isomorphism,
and Hutton’s theorem [25, Theorem 2.1] that assures that 77, can be
approximated by finite rank operators if, and only if, (77)" can be
approximated by finite rank operators. 0

2.2. Lipschitz p—summing operators. Let 1 < p < oo. In [20]
Lipschitz p—summing operators defined between metric spaces are in-
troduced. A mapping T € Lipy(X, F) is Lipschitz p—summing if there
exists a constant C' > 0 such that for all (z;)i<n, (@})i<, in X and all
(ai)icn C RT

n

Y aillT(ws) = T@@)|" < C” sup > ail f(a:) = ()],

i1 feByy 1

The infimum of all such constants C' > 0 is denoted by «/(T). This
class of mappings is denoted by Hﬁ(X , E). Thanks to an argument de-
tailed in [20] the scalars ay, ..., a, can be removed from the definition.

It is well known that II)(X, E) with the norm =//(.) is a Banach
space that satisfies the ideal property (this is straightforward, see for
instance [20]) and that Lip(T) < w}(T) for every T' € IIJ(X,E). A
direct calculation shows that 7} (vg) < |lv||Lip(g) for any v € E and
0 # g € X#. Theorem 2 in [20] assures that ! (Idx) = m,(Idx) = 1,
where Idg : K — K, Idg(\) = A\. Moreover, consider a metric linear
injection I : E < F and T € Lipy(X, E) such that I o T € II}(X, E).
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Since [ is a metric injection, given (x;)i<n, (2})i<n, in X we get

1

(Z () —T(x;>||”)p - (Z 17 - fT(x;>||”>
< sup <Z|fxz z‘|>p'

feB -

P

Hence T' € II}(X, E) and 7}(T) < w}(IT). The ideal property gives
the reverse inequality and then 7 (T) = 7(IT). That proves that IT}
is injective. Summarizing, we have the following.

Proposition 2.5. (I}, 7}) is an injective Banach Lipschitz operator
1deal.

2.3. Lipschitz p—integral operators. Let 1 < p < oo Lipschitz
p—integral operators from metric spaces to pointed metric spaces are
introduced in [20] (see also [13]). A map T € Lipy(X, E) is Lipschitz
p—integral if there are a probability measure space (2,3, 1) and two
Lipschitz mappings A : L,(1) — E** and B : X — L (u) such that
the following diagram commutes:

where 8 : Loo(pt) — Ly(t) is the canonical mapping and kg : E —
E** is the canonical isometric embedding. For short, we will say that
(A, B) is a factorization for T. Denote by ¢(T) the infimum of
Lip(A)Lip(B) taken over all factorizations as above. This class of
mappings is denoted by Z!'(X, E).

Using some standard techniques from [7, Proposition 2.1] (see also
[19, Theorem 5.2] ) we can show that Z(X, E) is a Banach Lipschitz
operator ideal with the norm ¢J(.). For the convenience of the reader,
we include the proof.

Proposition 2.6. (ZL, /L) is a Banach Lipschitz operator ideal.

P p
Proof. We check all conditions in Definition 2.1.

(i) We start checking that Lip(T) < 5(T) for all T € IV(X, E).
Let (A, i#, B) be a factorization for a T' € Z}(X, E). Clearly kgT €
Lipo(X, E**) and Lip(T) = Lip(kgT) < Lip(A)Lip(B). Taking the
infimum we get Lip(T) < 1J(T).
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We check now that Z)'(X, E) is a linear subspace of Lipy(X, E). Let
T € T} (X,FE) and let (A,ZZ,B) be a decomposition for 7. For any

a € K, kg(aT) = (aA)itB. Since aA € Lip(Ly(1), E**) then oT is
Lipschitz p—integral and

sz(ozT) < Lip(aA)Lip(B) = |a| Lip(A) Lip(B).

It follows that .2 (aT) < |a| ) (T). Then, for o # 0, we have JJ(T) =
LL(a aT) < |oz Y (al), hence la] (S(T) <} (aT) and so o} (aT) =
] 1 (T).

Let T, T, € I)(X,E) and e > 0. Consider factorizations (A;, i, B;)

’L7p7

for T; such that Lip(B;) = 5 and Lip(A;) < 15(T;)+ 5, for i = 1,2. We
may assume also that Q; N Qg = 0.
Take Q:=Q U, X:={SCQ:5NQ; €%,,i=1,2} and define
the probability measure p on €2 by
/L(S) ‘: LZp(Al)ﬂl(S N Ql> + LZp(AQ)ILLQ(S N Qg)
' Lip(Ay) + Lip(As) '

Define A : L,(n) — E** and B : X — Loo(pt) by

A(f) = Al(f|§21) +A2(f|92)’
B(z) = Bi(r)-xa, + Ba(z) - X,

where xgq, is the characteristic function of ; for i = 1,2. We have
A(0) =0. If % + % = 1, using Holder’s inequality we get

— Ai(f

IA(S) = AU < Z”Ai(fQ

< }:LW) DPPLip(A) (= f) e

)

(ZLWh) (isz VPN = 1) e )>
(Zw&><im )%fo

= (Lip(A1) + Lip(A2)) ||(f — [') HLp(u

for all f,f" € L,(n). Hence A € Lipy(L,(p), E**) and Lip(A) <
Lip(A;) + Lip(Ay). Moreover B € Lipy(X, Loo(pt)) with Lip(B) < 1

IA

IA

>1/p
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because B(0) = 0 and
1B(x) = By < I1Bi(®@) = Bl u) + I1B2(x) = Ba(2)l1 ()
< (Lip(By) + Lip(By)) d(z, x")
= d(x,2)
for all x, 2’ € X. For each x € X |, we have
AiyB(z) = Aiy(Bi(r)xe, + Ba(r)xa,)
= All’;lBl(ZL‘) + AQZ";2B2(1‘)
= kp(T1 + T3)(2),
and thus At B = kg(T) +T5). Hence T} + T3 € IL(X E) and
(E(Ty+ Ty) < Lip(A)Lip(B) < Lip(A) < 5(Th) + 5(To) + <.
Since e was arbitrary, it follows that o[(Ty 4+ T3) < oJ(T1) + 1} (T3).
To prove the completeness of the space IpL (X, E), take a sequence

(T,) in Z}(X, E) such that ngl 1 (T,) < oo. Since Lip(.) < o} ()

and (Lipo(X, E), Lip(.)) is a Banach space, there exists T':= Y T, €

n=1
Lipy(X, E). We prove that Z T, =T for .J(.). Let ¢ > 0. For each
n € N we can find a probablhty space (2, X, itn ), Lipschitz operators

B,, € Lipo(X, Loo(ptn)), A € Lipo(Ly(pn), E**) with Lip(B,) = 1/2"
and Lip(A,) < o)(T,) + /2" such that kgT, factors as

kT = Ayt By o X 2% Lo (1) 25 Ly (i) 22 B*

We can assume that the €2,,’s are pairwise disjoint and set  := U,,en$2,
and X :={S CN:5NQ, € X,, Vn € N}. Define the probability mea-
sure i on X by

o 220:1 :un(S N Qn>Lip(An)
ME) = e Ty

S e X. Define A: Ly(n) — E™ and B : X — Lo(u) by

A(f) = ) Aulflan),

B(x) = Z Bn(z)xa
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Clearly A(0) =0 and B(0) = 0. When p = o it is clear that Lip(A) <
> Lip(A,) < co. For 1 < p < oo, using a similar argument as
above we get

IA(f) — (Z Lip(A ) 1= £l

and

1B(x) = By < dlx,2"),

for all f, f' € L,(p) and all x, x € X. Hence, A € Lipy(L,(1), E*)
with Lip(A) < iL p(A,) < Z 2(T,) + €, and B € Lipg(X, Loo(11))

with Lip(B) < 1.
For each x € X , we have

Ai"B(z) = A<Zi$(Bn(w)xQn)>

n=1

= ZAm <(Ziﬁ(3n($)>mn))|gm>
- Z AmZ#mB Z kgT,(z) = kgT(z)

and thus Ai%B = kgT. Hence, T € Z!'(X, E) and
(T < Lip(A)Lip(B) < Lip(A Z

Since ¢ was arbitrary, it follows that oJ(T) < 3>, WL(T,,).

We now show that 7' =}~ T} for the ¢} norm. For each n € N,
define t, : L,(1) — E** by to(f) = > ini1 Ae(flo, ). By the same
argument used above we obtain, t,, € Lipo(L,(u), E**) with Lip(t,) <
> rens1 Lip(Ay) and so lim Lip(t,) = 0. It is easy to see that T —

n—oo
>one1 Ti = tpih B. Then, lim (T — 377 T;;) = 0.
n—oo

(i) Fix a point zy € X and take Q = {zo}, ¥ = {Q,0} and u :
¥ — R defined by p(2) = 1, u(0) = 0. Then (X, 2, 1) is a probability
space. Clearly, Lo (p) and L,(u) contain only constant functions.

Let g € X# and v € E. Define B € Lipy(X, Loo(it)) and A €
Lipo(Ly(pi), E**) by A(t1l) = tkg(v) for all ¢t € K and B(z) = g(z)1
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for all x € X, where 1 is the constant function equal to 1 on €. It is
clear that

(ke(vg))(x) = g(x)kp(v) = g(x) A1) = A(g(2)1) = A (g(x)1) = Aiy B(x)

for all z € X. Then vg € Z'(X, E) and ¢} (vg) < Lip(A)Lip(B) =
[v]l Lip(g)-

Let Idg : K — K, Idg(\) = A By [13, p. 5275] o (Idx) =
Lp(Id]K) =1.

(iii) Let v € Lipo(Y,X), T € (X, E) and w € L(E, F). Since T is
Lipschitz p—integral then we have the following factorization

E—Y o p M pw
e
E**
e

Loo(pt) —> Ly(p)

Since the mappings B o v and w** o A are Lipschitz then wo T owv is
Lipschitz p—integral and

(woTov) =1 (w*oAoiloBov) < |wl|Lip(A)Lip(B)Lip(v).

p

v T

Y X

Taking the infimum, we obtain

EwoTowv) < |lwl Lﬁ(T)Lip(v).

p

U

2.4. Lipschitz p—nuclear operators. Let 1 < p < oco. Lipschitz
p—nuclear operators from metric spaces to Banach spaces are intro-
duced in [13]. A map T € Lipy(X, E) is Lipschitz p—nuclear if there
are two Lipschitz mappings A : ¢, — E and B : X — /{, and
A = (An)n € ¢, such that the following diagram commutes:

X—1-E

]
goo&)KP

where My((n)n) == (Ann)n, for all (z,)n € lo. Let v (T') denote the
infimum of Lip(A) || M, || Lip(B) over all factorizations as above; note
that | M|l = [|All¢,. The set of all such T is denoted by NJ(X, E).

Proposition 2.7. (NZ)L, VpL) is a Banach Lipschitz operator ideal.
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Proof. We start proving that Lip(T) < v} (T) for any T € NJ (X, E).
Assume that T € NJ(X,E). Then, there exist A € Lipy(X, /o),
B € Lipy(¢,, E) and a diagonal operator M) € L({w,¢,) with A € ¢,
such that 7' factors as

T:X 50,50 5E
Clearly T € Lipy(X, E) and
Lip(T) = Lip(BM)A) < Lip(B) || M,|| Lip(A).

Taking the infimum we get Lip(T) < v2(T).

The spaces L,(u) and Lo (p) are the standard sequence spaces £,
and /, respectively, whenever p is the counting measure on N. Then,
an easy adaptation of the proof of Proposition 2.6 proves that /\/;)L is a
Banach Lipschitz operator ideal. 0

2.5. Lipschitz compact and Lipschitz weakly compact oper-
ators. Following [26] a Lipschitz map T € Lipy(X, E) is Lipschitz
compact (Lipschitz weakly compact) if the set

{%,x,x/ € X x #x/}

is relatively compact (respectively, relatively weakly compact) in E.
Denote by Lipoc (X, E) and Lipow (X, E) the sets of Lipschitz compact
operators and Lipschitz weakly compact operators from X to F, re-
spectively. The ideal property has been proved in [26, Proposition 2.3].
Now we prove that Lipoc(X, E) (respectively Lipow (X, E)) contains
the finite dimensional rank Lipschitz operators. Let T be a finite di-
mensional rank Lipschitz operator, then by [26, Proposition 2.4] the
linearization 77, has finite dimensional rank and so is compact (respec-
tively weakly compact) and by [26, Proposition 2.1 and Proposition
2.2] T is Lipschitz compact (respectively Lipschitz weakly compact).
By [26, Corollary 2.6] the spaces Lipoc(X, E) and Lipow (X, E) are
closed subspaces of Lipy(X, E)). Then Lipox and Lipgy are Banach
Lipschitz operator ideals with the norm Lip.

We can get the next result regarding the classical approximation
property; we will adapt this notion to the Lipschitz setting in a more
general way in the last section of the paper.

Proposition 2.8. If E has the approximation property and T € Lipy(X, E),
then T is Lipschitz compact if, and only if, T can be approximated by
Lipschitz finite rank operators.

Proof. If T is Lipschitz compact then T} is compact and by the ap-
proximation property of E we conclude that 77, can be approximated
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by finite rank operators. Then, by Corollary 2.4 T" can be approx-
imated by Lipschitz finite rank operators. For the converse see [26,
Propositions 2.1 and 2.4]. O

Remark 2.9. If 7;,, is a Banach Lipschitz operator ideal and we define
Z1ipNL as the class of all linear operators between Banach spaces that
belong to Zp,,, then Zp;,NL is a linear operator ideal. It is shown in
20, Theorem 2] that for a linear operator T, 7} (T') coincides with the
absolutely p—summing norm and then, H]’; N L is the ideal of absolutely
p—summing operators. The same thing occurs for Lipschitz p—integral
operators: for a linear operator T, L£ (T') coincides with the p—integral
norm and then, sz N L is the ideal of p—integral operators. Also, from
[13, Theorem 2.1] it follows that N/(X, E*) N L(X, E*) = N,(X, E*)
whenever X is a separable Banach space and E* is a dual Banach space.

3. METHODS TO PRODUCE LIPSCHITZ OPERATOR IDEALS

We undertake here some methods to produce Lipschitz operator
ideals.

3.1. Composition ideal of Lipschitz mappings.

Definition 3.1. (Composition Ideals) Given an operator ideal Z, a
Lipschitz mapping T € Lipy(X, E) belongs to the composition Lipschitz
operator ideal ZoLipy, denoted T' € ZoLipy(X, E), if there are a Banach
space F'| a Lipschitz operator S € Lipo(X, F) and an operator u €
I(F,E) such that T'=wuo S. If (Z,|.||;) is a normed operator ideal we
write || T 7., = inf [lull; Lip(5), where the infimum is taken over all
u, S as above.

Proposition 3.2. Let Z be an operator ideal. The following are equiv-
alent for T € Lipy(X, E):

(1) T € ZoLipy(X, E).

(2) TL € I(/E(X)v E)

If (Z,||.1l7) s a normed operator ideal, then

||T||IoLip0 = ”TLHI'

Proof. (1) = (2) Assume that T' € ZoLipy(X, E). Then there is a
Banach space F', a Lipschitz operator S € Lipo(X, F') and an operator
u € Z(F, F) such that T'=wuo S. Since T}, = uo .Sy, the ideal property
ensures that T, € Z(A(X), E). If (Z,].||;) is normed then,

ITellz = llwe Sclly < Nullz [[1Scll = [lullz Lip(S).
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Taking the infimum over all such factorizations we obtain ||T[; <
HTHIoLipO'

(2) = (1) Consider the factorization of T given by T = T o Jy.
Since dx is Lipschitz and Ty, € Z(&(X), E) then T € ZoLipy(X, E)
and, if (Z, ||.]|;) is normed we have

1T N zonipo = ITL © Ox Ml 20y < ITLllz Lin(dx) = T £ -
OJ

Corollary 3.3. IfZ is a (normed, closed, Banach) operator ideal then,
ZoLipy is a (respectively normed, closed, Banach) Lipschitz operator
ideal.

Proof. Let us check that a composition Lipschitz operator ideal is a
Lipschitz operator ideal. Using Proposition 3.2,

T.S € To Lipy(X,E) < T.,S; € I(E(X), E)
<~ (aT + B9, =T+ Sy € Z(HE(X), E),Va, 5 € K
< ol + S €Zo Lipy(X,E),Va, B € K.

As a consequence of Proposition 3.2, ZoLipy(X, E) contains the finite
dimensional rank Lipschitz operators. To prove the ideal property con-
sider v € Lipo(Y,X), T € ZoLipy(X,E) and w € L(E,F). There
are a Banach space G, a Lipschitz operator S € Lipy(X,G) and an
operator u € Z(G, F) such that T'= wo S. From the ideal property,
wou € Z(G, E). It is clear that S owv € Lipy(Y, E) and we conclude
that woT ov € ZoLipy(Y, F'). Therefore ZoLip, is a Lipschitz operator
ideal.

Now we show that ZoLipg is closed whenever Z is. Consider a se-
quence (T;); € ToLipy(X, E) converging to T" in Lipy(X, E). From

lim [|(73), — T || = lim [[(T; = T).[| = lim Lip(T; = T) = 0.
i—00 1—00 i—00

it follows that Ty, € Z(A(X), E) and so, T' € ZoLipy(X, E).

Clearly, (ZoLipo, |||l 71y, ) is @ normed Lipschitz ideal whenever (Z, |-
llz) is normed. Just for the sake of completeness note that if v €
Lipo(Y, X), T € ZoLipy(X, E) and w € L(E, F) then, by [27, Lemma
3.1]) the linearization of w o T o v is w o T, o v for a suitable linear
operator v € L(E(Y) ,E(X)), with ||9|| = Lip(v).

|[woTo UHIoLipO = [lwoTyo @HzoLz‘po
< wl Tzl 1ol

= NwlTlzoLip, Lir(v).
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To finish the proof, it easily follows from Proposition 3.2 that if
(Z, ||-ll7) is a Banach operator ideal then, (ZoLipy, ||-|7,14,,) is @ Banach
Lipschitz operator ideal. 0

Example 3.4. Let 1 < p < oo. Cohen [14] introduces the class of
strongly p—summing linear operators as those T' € L(FE, F) fulfilling
that there exists C' > 0 such that for all n € N, x1,...,x, € E and

Yl .y €

Z\ () yz\<0(ZHxlnp) s (Zm )

F**

The space of all strongly p—summing linear operators is denoted by
D,(E, F) and the infimum of all C' by d,(T"). In [14, Theorem 2.2.2] it
is shown that T' € D,(E, F) if, and only if, T* € IL,(F™*, E*) whenever
1 < p < oo. In [36] the strongly Lipschitz p—summing mappings are
introduced. A map T' € Lipy(X, F) is strongly Lipschitz p—summing
(1 < p < o0), if there are a Banach space F' and an operator u €
D,(F, E) such that

(y*, T(x) — T(2"))| < d(z,2") ||u*(y*)| for all z,2" € X,y* € E*.

The infimum of all constants d,(u) is denoted df, ,(T'). This class
of mappings is denoted by DY (X, E) and with the norm df ,(T) it
is a Banach space. Moreover, it is proved that T is strongly Lips-
chitz p—summing if, and only if, T} is strongly p—summing. Then by
Proposition 3.2 every strongly Lipschitz p—summing mapping 7' can
be considered the composition of a Lipschitz mapping and a strongly

p—summing mapping, that is, Dé,p = D, o Lipy.

Example 3.5. The following variant of Lipschitz integral mapping is
introduced in [7]. A mapping T' € Lipo(X, E) is Lipschitz Grothendieck-
integral if there are a probability measure space (£2, ¥, 1), a linear oper-
ator A € L(Li(p), E**) and a Lipschitz mapping B € Lipo(X, Loo(p))
such that kp o T = Ao i} o B. The Lipschitz G-integral norm of T
is defined by Lipg(T) = inf || A||Lip(B), where the infimum is taken
over all factorizations as above. This class of mappings is denoted by
Lipocr(X, E). If we denote by (Zy,¢1) the Banach ideal of integral lin-
ear operators (we refer to [19, 17] for integral linear operators) then,
T\(F,FE) C Lipyi(F,F) C IZF(F, FE), for all Banach spaces E and
F. The maximality of Z; implies that ¢;(T) = Lipg(T) = &(T), for
all T € Z,(F,E). In [7, Proposition 2.1] it is proved that Lipog; is
a Banach Lipschitz operator ideal (a similar notion of Lipschitz op-
erator ideal is considered in [7], without going into a general study).
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Proposition 2.4 in [7] shows that T € Lipogr(X, E) if, and only if,
Ty, € T, (E(X), E). Hence, by Proposition 3.2, Lipogr = Z; o Lipy.

Proposition 3.6. Let X be a pointed metric space and E be a Banach
space. We have

(1) Lipox(X, E) = K o Lipy(X, E) isometrically.

(2) Lipow(X, E) =W o Lipy(X, E) isometrically.

Proof. Tt is a consequence of Propositions 2.1 and 2.2 in [26] and Propo-
sition 3.2. 0

Remark 3.7. In general, a Lipschitz operator ideal Z;, does not co-
incide with Z o Lipy. For example, the ideal of Lipschitz p-summing
operators Hﬁ and the corresponding composition II,0Lip, do not co-
incide. Indeed, dk is Lipschitz p-summing, but its linearization is the
identity map on the infinite dimensional space A (K) and so, it cannot
be absolutely p-summing. Proposition 3.2 ensures now that dx does not
belong to II,o0Lip,. The same situation occurs for Lipschitz p-nuclear
and Lipschitz p-integral operators.

3.2. The dual Lipschitz ideal. The dual of an operator ideal Z is
defined as follows: for Banach spaces F and F',

Idual(E’ F): {U & ,C(E,F) ut e I(F*,E*)}7

where u* : F* — E* is the adjoint of u. It is well known that Z9! is
an operator ideal. We write ||u||zauva = [|u*||7.

Definition 3.8. The Lipschitz dual of a given operator ideal Z is de-
fined by

Thivo—dul(X F) = {T € Lipo(X,E) : T" € Z(E*, X*)}
If (Z,].]l;) is a quasinormed operator ideal, define

||T||ILip0—dual = HTt

”
Theorem 3.9. If T is an operator ideal then,
ILipo—dual — IdualOLipO

Moreover, if (Z,||.||z) is normed then,

[l zipo-auar = [|-|| zavato Lip, -

Proof. Assume that T € ZFpo—dual that is, T* € Z(E*, X#). Consider
the linearization operator R : X# — FE(X)* defined in Section 1. As
we said there, it is linear, continuous and ||R|| < 1. Since (77)" =



LIPSCHITZ OPERATOR IDEALS AND THE APPROXIMATION PROPERTY 17

RoT' € Z(E*,/B(X)*) then, Ty, € Z%(E(X), F). By Proposition 3.2
we conclude T' € Z%%o Lip,. Besides,

17| zauar Tl zavar = I(T)" Nl = ||[R o T*|;
< NRIT!|; = 1Tl ziro-avar -

oLipo

Assume that T € T%%oLipy(X,E). Then T = uo S with u* €
IZ(E*, F*) and S € Lipy(X, F) for some Banach space F. We have
Tt = Stou*. By the ideal property we conclude that T € Z(E*, X#),
that is 7' € ZFPo—dual Ty finish the proof, we show the equality of the
norms. Let ¢ > 0, choosing F, S and u such that ||u|zaw. - Lip(S) <
(1 + ) [|T[| zavato i, We gL

||THILip07dual - HTtHI:HStOu*
= [lullzaa Lip(S5)
< (1 +6) [T zaue

Letting € — 0 we obtain |1 7zipg-duar < ||T|| zaua

7 < il [|S°]

oLipg *

O

oLipg*

Propositions 3.4 and 3.5 in [26] can be proved directly from our
previous results.

Corollary 3.10. A Lipschitz operator is compact (weakly compact) if,
and only if, its transpose is a compact (weakly compact) linear operator.

Proof. We get the results directly from Proposition 3.6, Schauder’s
(Gantmacher’s) theorem and Theorem 3.9; indeed, they give the equal-
ities Lipox = K o Lipy = K% o Lip, = Klro—dwal and Lipyy =
W o Lipo — Wdual o Lipo — WLipo—dual' O

4. APPLICATIONS: THE APPROXIMATION PROPERTY FOR LIPSCHITZ
OPERATOR IDEALS

Recall first the classical approximation property: a Banach space
E has the approzimation property if for every Banach spaces F' (or
just for E) every linear operator 7' : E — F can be approximated
uniformly on compact sets by finite rank operators or, equivalently, for
every Banach space F' every compact linear operator 7' : I' — E can be
approximated uniformly on bounded sets by finite rank operators [24,
Proposition 35]. The approximation property has been widely studied
and the reader can find several books where it has been treated (for ex-
ample in [17, Ch.I1,85] and [10]). Roughly speaking, three are the main
ingredients that play an important role in the approximation property:
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the approximating operators (the finite rank operators), the approxi-
mated operators (the linear or compact operators) and the bornology
where the convergence is considered (compact or bounded sets). In the
last decades, some variants of the approximation property related to an
operator ideal Z have been considered. These variants concern to what
extent the approximation property can spread whenever its ingredients
are replaced by some others related to Z. The main situations that
have been considered are:

e To replace finite rank operators by operators belonging to an op-
erator ideal. The main purpose in [4] is the study of Banach spaces
E for which every linear operator T' € L(F, E) can be approximated
uniformly on compact subsets of E by operators in Z(E, E).

e To replace bounded linear or compact operators by elements in a
general ideal Z. This variant of approximation property on a Banach
space F related to an operator ideal Z studies when the space of finite
rank operators F(F, F) is dense in Z(F, F) for every Banach space F'
(see for example [32] and the references therein).

e To replace compact sets by another class of sets with some kind of
compactness related to Z. The new class of sets is formed by Z-compact
sets. This notion was introduced by Carl and Stephani [9] and the
related approximation property has been studied in e.g. [18, 30, 31].

The space of all finite rank linear operators between two Banach
spaces F and F' is denoted by F(FE, F). Let Z be an operator ideal.
A subset B of a Banach space E is relatively Z-compact if there is a
Banach space G and an operator S € Z(G, E) such that B C S(M),
where M is a compact subset of G. The associated operator definition
of this set-theoretic notion is the following. Let T" be a linear operator
between Banach spaces E and F' and consider an operator ideal Z. It
is said that T" is Z-compact if T'(Bg) is a relatively Z-compact subset
of F'. The operator ideal formed by all linear Z-compact operators is
denoted by Kz (see [30, Sec.2]).

Let (Z, || - ||z) be a Banach operator ideal. Following [32], a Banach
space E has the Z-approzimation property if for every Banach space
F| the space of finite rank linear operators F(F, E) is || - ||z-dense in
Z(F, E). In [30] it is also considered the situation of replacing the norm
| - ||z by the operator norm || - || in £: a Banach space E has the Z-
uniform approximation property if for every Banach space F', the space
of finite rank linear operators F(F, E) is || - ||-dense in Z(F, E'). Note
that, whenever the ideal of compact operators K is considered, the K-
(uniform) approximation property is just the approximation property.

In particular, a Banach space F has the Kz-uniform approxima-
tion property if for every Banach space F', F(F,E) is norm dense in
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Kz(F, E), that is, every Z-compact operator from F' into £ can be uni-
formly approximated by finite rank operators. In [30, Proposition 3.2]
it is proved that a Banach space E has the Kz-uniform approximation
property if, and only if, the identity Idg : E — FE can be approximated
uniformly on relatively Z-compact sets by finite rank operators.

This is the starting point of our analysis of the “Lipschitz version”
of these notions, that is explained in what follows. We will consider
Lipschitz ideals Zp;, that are composition ideals, that is, Zr;, = Z o
Lipy for some linear operator ideal Z. Taking into account that each
Lipschitz operator can be factored as

X T E,
E(X),

Zrip = T o Lipy satisfies that a Lipschitz map T belongs to Zp,,(X, E)
if, and only if, 77, € Z(E(X), X) (see Proposition 3.2).
We consider the following natural definitions.

Definition 4.1. Let X and Y be pointed metric spaces, and Zp;, =
7 o Lipy a composition Lipschitz operator ideal.

A set K C X is relatively Z-Lipschitz compact if there is a pointed
metric space Y and a Lipschitz operator S : Y — AE(X) in 7, such
that dx(K) C S(M), where M is a compact subset of Y.

Let Y and X be pointed metric spaces. We say that a Lipschitz
operator ¢ : Y — X is Z-Lipschitz compact if ¢(By) = ¢({x € YV :
d(z,0) < 1}) is relatively Z-Lipschitz compact.

Note that, if F is a Banach space then, a Lipschitz operator 7' : X —
E is Z-Lipschitz compact if T({z € X : d(x,0) < 1}) is a relatively
Z-Lipschitz compact subset of F.

We will write KZ(X, E) for the class of all Z-Lipschitz compact oper-
ators from X to F, considered as a topological subspace of the Lipschitz
operators. This class satisfies some good composition properties. For
example, taking into account that the Lipschitz image of a relatively
Z-Lipschitz compact set is again relatively Z-Lipschitz compact, we
obtain the following fact: if 7' : X — Y is Z-Lipschitz compact and
R € Lipy(Y,Z), then RoT : X — Z is also Z-Lipschitz compact.

Proposition 4.2. Let X be a pointed metric space and let A C X.
Then A is relatively Z-Lipschitz compact if, and only if, 0x(A) is rela-
tively Z-compact.
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Moreover, if E is a Banach space, every relatively Z-Lipschitz com-
pact subset of E is relatively Z-compact.

Proof. Assume that A is relatively Z-Lipschitz compact. There is a
pointed metric space Y, M C Y compact and S € Zp,;,(Y, E(X))
such that dx(A) € S(M). Since we can write S = Sp o dy with
S e Z(E(Y), E(X)), and dy (M) is compact, we conclude that dx(A)
is a relatively Z-compact set.

Now assume that dx(A) is relatively Z-compact. Let Z be a Ba-
nach space, K a compact subset of Z and T € Z(Z, £(X)) such that
dx(A) C T(K). This implies that T € Zp,,(Z, £(X)), which now does
give the result.

Finally, assume that X is a Banach space E. Let us see that ev-
ery relatively Z-Lipschitz compact subset of E is relatively Z-compact.
Take a relatively Z-Lipschitz compact subset K of E. This means that
there is a Lipschitz map S : Y — A(E) in Zp,, from a pointed metric
space Y and a compact subset M C Y such that 0g(K) C S(M). We
have the canonical factorization for S given by Sp, o dy, and since 7,
is a composition Lipschitz ideal, we have that Sj, belongs to the linear
ideal Z. Then the compact subset M; := dy (M) of AE(Y) satisfies that
there is a linear operator Sy in Z such that dg(K) C Sp(M;). Con-
sider (Idg)y, : B(F) — E. Then we have that K = (Idg).(0g(K)) C
(Idg)r o Sp(My), where (Idg) o Sy, is a linear map in Z, and so K is
a relatively Z-compact subset of E.

O

From Proposition 4.2, we obtain the next

Corollary 4.3. A linear map T : ' — E between Banach spaces is
TI-Lipschitz compact if, and only if, it is linear Z-compact.

In what follows we will show more concrete information about the
relation between the linear and the Lipschitz Z-compactness for opera-
tors. We start with a lemma that is already known. The linearization
Br : B(E) — E of the identity map in F is known as the barycentric
map, and it is in fact a quotient map (see for example [28, p.25] and [21,
Lemma 2.4|, where this map is denoted by /3). This gives a proof of the
lemma; however, we write a direct proof for the aim of completeness.

Lemma 4.4. Let E be a Banach space and let g : B(FE) — E be the
linearization of the identity map 1d¥ : E — E. Then, Bp(Brr)) =
Bg.

Proof. Since fg o dg(xz) = Id¥(z) = = and dg(Bg) C Bg), the in-
clusion By C Bp(Bgg)) is trivial. Let us prove the other inclusion.
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It is enough to prove that Sg(Buyg) = Bp. Assume that there is
m € Bg) such that Bg(m) does not belong to Bg. The Hahn-Banach
theorem gives a linear functional ¢ € E* of norm ||¢|| = 1 such that
|o(Be(m))| > 1. Write f := ¢ o B € M(E)* and take a real number
a so that 1 < a < |f(m)|. Let ¢ > 0. Consider a representation of m,
m = AiMy, o s0 that Y0 [\il[|; — 2j]] < 1+ e Then,

a < |f(m |—|ZAZ¢5E Op(w:)—Op(x Z)\ )] < 1+e.

=1

Letting € — 0, we get a contradiction. U

The map (dg o T');, appearing in (iii) of the next result is already
known (see [21, Lemma 2.2)): it is the unique linear map 7" : E(F) —
KE(FE) such that T odp = 0goT.

Proposition 4.5. Let ' and E be Banach spaces, and Zr;, = Z o Lipy
a composition Lipschitz operator ideal. Consider a Lipschitz map T :
F—F.

(i) If T is linear and Z-Lipschitz compact, then Ty, : B(F) — E is
(linear) Z-compact.

(ii) If 0p o Ty, : BE(F) — HE(FE) sends the unit ball to a relatively
Z-compact set, then T is I-Lipschitz compact.

(i) If (g oT)y : B(F) — E(E) is (linear) T-compact, then T is
Z-Lipschitz compact.

(iv) If T is linear, then T is Z-Lipschitz compact if, and only if,
Ty, : B(F) — E is (linear) I-compact.

Proof. (i) Assume that 7" is linear and Z-Lipschitz compact. By def-
inition, T'(Bp) is relatively Lipschitz Z-compact. By Proposition 4.2,
T (BF) is relatively Z-compact. Note that since T is linear so is T'o S :
E(F) — E (where S is the barycentric map defined above), and

(ToBrp)odp=To(frodp)=

But T}, is by definition the unique linear map A(F) — E such that
T =T}, 00p, so we obtain that T;, =T o Sr. Now, using Lemma 4.4,

Tr(Bewr) =T o Br(Brr)) = T(Br),

so Tr(Bmr)) is a relatively Z-compact set and thus 77 is linear Z-
compact.

(ii) This is an immediate consequence of Proposition 4.2. By hypoth-
esis we have that dp o Tr(Bgr)) is relatively Z-compact. By Propo-
sition 4.2, we have that T7,(Bgr)) is a relatively Z-Lipschitz compact
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set. Since dp(Br) C Bgr) and T = T}, o 6, it follows that T'(Bp) is
relatively Z-Lipschitz compact and thus 7' is Z-Lipschitz compact.

(iii) If (0g o T')r, is Z-compact, then (6g o T')(Bg(r)) is relatively Z-
compact. Since (0poT)(Br) = ((050T)1)0dr)(Br) C (050T)L(Brr))
it follows that (g oT)(BF) is relatively Z-compact and thus by Propo-
sition 4.2 we conclude that T'(Bf) is relatively Z-Lipschitz compact.

(iv) We only need to prove (<=), since (i) gives the other implication.

Suppose that Ty is Z-compact. Then T7(Bgr)) is relatively Z-
compact and thus it is relatively Z-Lipschitz compact by Proposition
4.2. Since 0p(Bp) C Bg(r),

T(BF) = (TL o} 5F)(BF) C TL(B/-E(F))a

so T(BpF) is relatively Z-Lipschitz compact, and thus 7" is Z-Lipschitz
compact.
0

Proposition 4.5 gives that for linear operators, being (Lipschitz) com-
pact and being L-Lipschitz compact coincide. The first three state-
ments of the following result have been proved in [26, Proposition 2.1].

Corollary 4.6. Let F' and E be Banach spaces and consider a linear
operator T : F' — E. The following assertions are equivalent.

(i) T is compact.

(ii) Ty, : B(F) — E is compact.
(iii) T 4s Lipschitz compact as a Lipschitz map.
(iv) T is L-Lipschitz compact as a Lipschitz map.

4.1. The Z-approximation property for Lipschitz operators.
Consider a linear operator ideal Z and let Z;;, = Z o Lip, be the
associated composition Lipschitz operator ideal. On Lipy(X, E), we
define the topology Lipschitz-T7 of uniform convergence on Z-Lipschitz
compact sets in the space of operators Lipg(X, F) as the one generated
by the seminorms

gk (T) == sup [[T'(z)|| = sup [[T(m)]E,
zeK medg (K)
where K is a relatively Z-Lipschitz compact set of X.
Note that this topology induces on the space L(F, E), of linear op-
erators between Banach spaces F' and F, the topology 77 of uniform
convergence on Z-compact sets.

Definition 4.7. Let X be a pointed metric space. Consider a class of
operators O(X, A(X)) C Lipy(X, £(X)) with the operations inherited
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from this linear space. We say that X has the Z-Lipschitz approzima-
tion property with respect to O(X, E(X)) if dx : X — AE(X) belongs
to the Lipschitz-7z-closure of O(X, A(X)).

Of course, when looking for a genuine version of the approximation
property for metric spaces, the elements of @ must have some sort of
finite-range-type property. In fact, the case O = Lipyr provides the
main classical characterization of an approximation type property, as
we will show in what follows. There are also two more interesting cases
of sets of operators O that will be analyzed in the next section.

The first result is a natural extension of Proposition 3.6 of [31] for
the Lipschitz case that can be obtained as a consequence of the factor-
ization of the Lipschitz operators through A(X).

Proposition 4.8. Let X be a pointed metric space. The following
assertions are equivalent.

(i) X has the Z-Lipschitz approximation property with respect to
(ii) For every Banach space E, Lipor(X, E) is Lipschitz-rr dense
in Lipy(X, E).

Proof. (i) = (ii). Consider a Banach space E and ¢ € Lipy(X, E).
Take ¢ > 0 and an Z-Lipschitz compact subset K of X. Let g. €
Lipy(X, B(X)) satisfying that sup,c [[0x(2) — g:(2)||mx) < €. Since
there is a factorization for ¢ given by ¢ = ¢ 0 dx, for each x € K we
get that

lp(z) = b 0 g ()] < [lPLlllox () = g=(2)lm(x) < € Lip(9).
This gives the proof. (ii) = (i) is obvious.
U

The second main property related to the approximation property
concerns the approximation of compact operators by finite rank ones.
Let us show the Lipschitz version. If A is a subset of a Banach space
E then ¢o(A) denotes the closed convex hull of A.

Proposition 4.9. Let X be a pointed metric space and Z be an operator
ideal. If X has the Lipschitz Z-approximation property with respect
to Lipor(X, B(X)) then, for any pointed metric space Z and any Z-
Lipschitz compact mapping ¢ : Z — X, the mapping dx o ¢ can be
approzimated by finite rank operators of Lipor(Z, (X)) uniformly on
By.

Proof. Assume that ¢ is Lipschitz Z-compact. There is a relatively Z-
Lipschitz compact subset K of X such that ¢(Bz) C K. Fix n € N.
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Then by the approximation property of X there is a finite rank Lip-
schitz map g,, such that sup,cr ||0x(2) — gn(®)||mx) < 1/n. Conse-
quently,

1
sup [[0x 0 ¢(2) = gn © &(2)|lmx) < sup |0x (%) = gn(2) [l mex) <
2EBy zeK n

This gives a sequence (g, © ¢),, of finite rank Lipschitz maps converging

to dx o ¢ uniformly on Bz, and the result follows.
O

4.2. The relation between Lipschitz and linear approximation
properties. The purpose of this section is to show that the new con-
cepts and results we have stated for the Lipschitz setting fit with the
definitions and properties of the Kz-uniform approximation property.
To establish the connection, we consider the Z-Lipschitz approxima-
tion property with respect to the sets Oy (F, £(E)) = dgo Lipyr(E, E)
and Oq(X, £(X)) = Lipor(HE(X), (X)) o 0x. We will show that the
choice of O or O, depends on which version of the two canonical cases
we want to get: either when X is a Banach space and has the approx-
imation property or when A(X) has the approximation property.

Our first aim now is to prove that the Z-Lipschitz approximation
property is weaker than the Kz-uniform approximation property when
they can be compared, that is, if a Banach space E has the Kz-uniform
approximation property, then it has the Z-Lipschitz approximation
property with respect to the set dg o Lipor(E, F) too. This clearly pro-
vides a lot of examples of our new approximation property for pointed
metric spaces.

Proposition 4.10. Let Z be an operator ideal. Let E be a Banach
space with the Kz-uniform approximation property. Then it has the

ZI-Lipschitz approximation property as a metric space with respect to
the set 0o Lipor(E, E).

Proof. Suppose that E has the Kz-uniform approximation property.
Then there is a sequence of finite rank operators (7},), that converges to
Idg in the 77 topology. Let us show that the sequence (Tn)n of Lipschitz
maps defined as T,,(z) = 65(T,(z)) € B(E), z € E, converges to dp in
the Lipschitz-77 topology. For a fixed relatively Z-Lipschitz compact
subset K of F, consider the seminorm

qx(R) == Sulg |R(x)||mE), R € Lipo(E,E(E)).
Tre
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Recall that, by Proposition 4.2, every relatively Z-Lipschitz compact
subset of E is relatively Z-compact. Thus, K is also a relatively Z-
compact subset of E, and then this formula defines also a seminorm of
the topology 77. We get

QK(5E - Tn) = Sup ”m;B,O - 5E(Tn($))“/E(E)

zeK
= sup |[mq0 — M, @)0ll @) < sup |l —T,(z)| e
zeK zeK
This proves the result. 0

Some results are known about the standard approximation property
for the free spaces £(X) (see [15, 16, 22] and the references therein). In
this direction, we can also show that under the hypothesis that A(X)
has the Kz-uniform approximation property, we have that X has the
Z-Lipschitz approximation property too with respect to a finite-range-
type class of operators, showing that our definition can also be applied
in these cases. Recall that F(E, E) denotes the space of all finite rank
operators on the Banach space E.

Proposition 4.11. Let 7 be an operator ideal and consider the as-
sociated composition Lipschitz operator ideal Lyr;, = 1 o Lipy. Let X
be a pointed metric space. If A(X) has the Kz-uniform approrima-
tion property, then X has the Z-Lipschitz approximation property with
respect to the class F(E(X), E(X))odx.

Proof. Suppose that £(X) has the Kz-uniform approximation property
as a Banach space. Fix a relatively Z-Lipschitz compact subset K of
X. By Proposition 4.2 §x(K) is a relatively Z-compact set.

By [30, Proposition 3.2], there is a sequence of linear finite rank oper-
ators 1), : A(X) — A(X) such that T;, converges to Idzx) uniformly
on dx(K). Consider the finite rank Lipschitz maps T}, := T}, o 0x, that
define Lipschitz operators from X to A(X). It follows that

sup [|0x () = To(2)) |l mex) = sup [[0x () = T, 0 dx ()] mx)
zeK rzeK

= sup |Jw—Th(w)|lmx)
wesx (K)

and this finishes the proof. O
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