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APPROXIMATION PROPERTIES IN LIPSCHITZ-FREE SPACES OVER
GROUPS

MICHAL DOUCHA AND PEDRO L. KAUFMANN

ABSTRACT. We study Lipschitz-free spaces over compact and uniformly discrete met-
ric spaces enjoying certain high regularity properties - having group structure with left-
invariant metric. Using methods of harmonic analysis we show that, given a compact
metrizable group G equipped with an arbitrary compatible left-invariant metric d, the
Lipschitz-free space over G, F(G,d), satisfies the metric approximation property. We
show also that, given a finitely generated group G, with its word metric d, from a class of
groups admitting a certain special type of combing, which includes all hyperbolic groups
and Artin groups of large type, (G, d) has a Schauder basis. Examples and applications
are discussed. In particular, for any net N in a real hyperbolic n-space H", F(N) has a
Schauder basis.

1. INTRODUCTION

Lipschitz-free spaces form by now a fundamental class of Banach spaces, whose study has
been revitalized since the appearance of the seminal paper of Godefroy and Kalton ([15]).
There are two main important properties that both characterize these spaces. Namely,
they are free objects in the category of Banach spaces over the metric spaces. Second, they
are canonical isometric preduals to the Banach spaces of pointed Lipschitz real-valued
functions. Another appealing feature is that their study connects Banach space theory to
several other areas of mathematics, including optimal transport and geometry, and, as we
demonstrate here, also harmonic analysis. We recall some basic facts about Lipschitz-free
spaces in Section 2.

Approximation properties in Lipschitz-free spaces have been one of the main research
directions since the publication of [15]. It has become clear since then that there are metric
spaces such that the corresponding Lipschitz-free space does not have the approximation
property, since by [15, Theorem 5.3], a Banach space X has the bounded approximation
property if and only if the Lipschitz-free space F(X) does. The attention was therefore
shifted to certain amenable classes of metric spaces, in particular compact metric spaces
and, to some extent, also to uniformly discrete metric spaces. The compact metric case
is particularly important since it has been shown by Godefroy in [14] that the bounded
approximation property of Lipschitz-free space over a compact metric space M is equivalent
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to the existence of linear almost extension operators of Lipschitz functions over subsets of
M, a subject currently receiving high attention in both geometry and computer science
(see e.g. [6] and [29]). The question whether Lipschitz-free space over any uniformly
discrete metric space has the bounded approximation property is perhaps the most serious
and still open, we refer to [16, Question 1] for a motivation and to [24] for the proof
that such a space has the approximation property. Regarding compact metric spaces,
the first compact metric space such that the corresponding Lipschitz-free space fails the
approximation property has been found in [16], and later, even a compatible metric on
the Cantor space has been found so that the Lipschitz-free space lacks the approximation
property (see [17]). Positive results have been however obtained in [11] and [12] when one
restricts to countable compact, resp. proper metric spaces.

The goal of this paper is to consider certain fundamental classes of compact metric
spaces, resp. uniformly discrete metric spaces, which are amenable to methods of harmonic
analysis, resp. geometry. Namely, compact groups with left-invariant (or right-invariant)
metrics, resp. finitely generated groups with word metrics. It turns out that harmonic
analytic methods, resp. certain combinatorial and geometric methods, go hand in hand
with our goal of showing approximation properties in Lipschitz-free spaces over compact
metric groups, resp. finitely generated groups.

In the compact group case we obtain a satisfactory definitive solution.

Theorem A. Let G be a compact metrizable group with an arbitrary compatible left-
invariant (or right-invariant) metric d. Then F(G,d) has the metric approzimation prop-
erty.

Just to show a meager application, we recall that there has been interest in for which
compatible metrics of the Cantor space the corresponding Lipschitz-free space has some
approximation property. Godefroy and Ozawa show in [16] that for certain ‘small Cantor
spaces’, the free space has the metric approximation property. On the other hand, Hajek,
Lancien, and Perneckd show in [17] that there are ‘fat Cantor spaces’ for which the free
space does not have the approximation property. We recall that there is a very large
and thoroughly studied class of compact (metrizable) groups, the profinite (metrizable)
groups, which are inverse limits of finite groups. So in the infinite metrizable case, they are
topologically totally disconnected uncountable metrizable spaces without isolated points -
therefore homeomorphic to the Cantor space (see the monograph [30] for more information
on profinite groups). It turns out that for any compatible and left-invariant metric on any
such group structure on the Cantor space we get a free space with the metric approximation
property.

In case of finitely generated groups, the metric approximation property follows from
known results (see Section 4), so we aim for much stronger property, having the Schauder
basis, at the cost of having less general result that applies just to a certain subclass of
finitely generated groups. We state the result and postpone the definition of the new
notions to the corresponding section.

Theorem B. Let G be a shortlex combable group with its word metric d. Then F(G,d)
has the Schauder basis (see Theorem 4.2).
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We mention that the theorem applies in particular to hyperbolic groups and Artin groups
of large type. One of the applications (see Corollary 4.4) is that the Lipschitz-free space
over any net in the real hyperbolic n-space H" has the Schauder basis.

The paper is organized as follows. In Section 2 we present a characterization of the
A-bounded approximation property tailored for Lipschitz-free spaces (Proposition 2.2). In
Section 3 we prove Theorem A; first we tackle Lie groups using harmonic analysis tools in
Subsection, then in Subsection 3.2 we prove the general case by approximating compact
groups by compact Lie ones. In this last subsection we also generalize of Theorem A to
compact homogeneous spaces equipped with quotient metrics (Theorem 3.7). Section 4 is
dedicated to finitely generated groups; we prove Theorem B and provide some examples and
applications. We conclude with some remarks and questions in Section 5, and presenting in
Appendix A a generalization of Theorem 3.7 for the specific case of the Euclidean sphere.

2. PRELIMINARIES

2.1. Lipschitz-free spaces. Let M be a metric space and 0 be some distinguished point
in M. Let Lip,(M) denote the Banach space of real-valued Lipschitz functions defined on
M which vanish at 0, equipped with the norm || - ||L;, which assigns to each function its
minimal Lipschitz constant. The Lipschitz-free space over M, denoted by F (M), is the
canonical isometric predual of Lip,(M) given by the closed linear span of {§(x) : v € M}
in Lipy(M)*, where each §(z) is the evaluation functional defined by §(z)(f) = f(x).
This gives Lipy(M) a w* topology which coincides, on bounded sets of Lipy(M ), with the
topology of pointwise convergence. F (M) satisfies a powerful universal property: given
a Banach space X and a Lipschitz function F' : M — X vanishing at 0, there exists a
unique bounded linear operator 7' : F(M) — X such that T'o§ = F. Its operator norm
coincides with the Lipschitz constant of F. We refer to Weaver’s book [31] for a thorough
introduction to the subject. There, Lipschitz-free spaces are denominated Arens-Eells
spaces.

2.2. Verifying if a Lipschitz-free space has the BAP. In this subsection we present
a characterization of A-bounded approximation property suited for Lipschitz-free spaces
(Proposition 2.2 below). Let us briefly recall and comment the definition of this property:

Definition 2.1 (Bounded Approximation Property). Let X be a Banach space, and A > 1.
We say that X has the \-approzimation property (\-BAP for short) if one of the following
equivalent assertions holds:

(1) For each compact subset K of X and each € > 0, there is a A\-bounded finite rank
operator T on X such that |Tx — z|| <€, for each x € K.

(2) For each finite subset F' of X and each ¢ > 0, there is a \-bounded finite rank
operator T on X such that ||Tx — x|| <€, for each x € F.

(8) There is a A-bounded net of finite rank operators (T,) on X such that {(p, T,x) —
(p,x) for each ¢ € X* and each x € X (that is, T, converges to the identity
operator in the weak operator topology ).
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If a Banach space X has the 1-BAP, we say that X has the metric approximation property
(MAP for short).

Formulations (1) and (2) are classic; their equivalence with (3) is shown for instance in
[26]. Recall that a Banach space X has the A-BAP if and only if, for each § > 0, X has
the (A + 6) — BAP. To see this, fix a compact set K C X and ¢ > 0, and take § > 0
small enough so that Md(A+ )/ < €/2, where M = sup, . ||z||. Let T be a finite rank,
(A + 6)-bounded operator on X such that ||Tx — z|| < €/2, for all z € K. Then it is
immediately verified that the A-bounded operator S = AT'/||T|| satisfies, for each =z € K,
|Sz — x| <e.

In what follows Lip(M) denotes the space of real-valued functions defined on the metric
space M. We will still use || f||Lip to denote the Lipschitz constant of f € Lip(M), keeping
in mind that || - ||Li, defines only a seminorm in Lip(M).

Proposition 2.2 (Characterization of BAP for Lipschitz-free spaces). Let K be a compact
metric space and A > 1. The following assertions are equivalent:
(1) F(K) has the \-BAP;
(2) for each € > 0O there is a net T, of bounded operators on C(K) such that
(a) T, are of finite rank,
(b) each T, maps Lipschitz functions to Lipschitz functions,
() |TofllLip < A+ e)||flluip, for each o and each f € Lip(K), and
(d) T,f converges pointwise to f, for each f € Lip(K).

For the proof we will need the following:

Lemma 2.3. Let K be a compact metric space, fix 0 € M, and let'T" be a bounded operator
on C(K) such that T'(Buip,(k)) C A.Brip,(x) for some A > 0. Then T restricted to Lipy(K),
when seen as an operator on Lipy(K), is w*-continuous.

Proof. Consider S = T|rip (k) as an operator on Lipy(K). Let f, be a bounded net w*-
converging to f in By, (k). Since on bounded sets the w* topology coincides with the
topology of pointwise convergence and f, are equicontinuous, it follows that f, converges
to f uniformly. By the norm continuity of T, Sf, converges to Sf uniformly and, since
{Sf,} is A-bounded in the Lipschitz norm, Sf, w*-converges to Sf. That is, S is w*-
continuous when restricted to By (k). It follows by Banach-Dieudonné’s theorem that S
is w*-continuous in Lip,(K). O

Proof of Proposition 2.2. ((1)=(2)) Let T, be a net of A\-bounded finite rank operators
on F(K) converging to the identity in the weak operator topology. Their adjoints 77 :
Lipy(K) — Lipy(K) can be extended to operators on C'(K) that clearly satisfy properties

(a)~(d).
((2)=-(1)) Choose some 0 € K, and T, satisfying (a)—(d). It is easily checked that the
operators S, defined on C'(K) by

Sa(f)(x) = Ta(f)(x) - Ta(f)(())
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are bounded, satisfy the same assumptions (a)—(d) and S, are moreover (A + ¢)-bounded
operators on Lipy(K'). Each S, thus satisfies the assumptions of Lemma 2.3, and it follows
that there are finite-rank, (A + ¢)-bounded operators R, on F(K) with R} = S,, that is:

(Saf,7) = (f, Rav), Vf € Lipy(K), Vy € F(K).

Now since S, f is a bounded net in Lip,(K) converging pointwise to f, it must converge
w*, thus R, converges to Idr(y in the weak operator topology. The conclusion follows
from the remark after Definition 2.1. O

We point out that the above characterization can be generalized to an arbitrary metric
space M if we forget the part of T}, being bounded operators on some C(K), and assume
that T, are (A4¢)-bounded operators on Lip(M) which are moreover pointwise continuous.
We omit the proof, which follows the same lines.

3. APPROXIMATION PROPERTIES OF LIPSCHITZ-FREE SPACES OVER COMPACT GROUPS

The classical Birkhoff-Kakutani theorem says that a topological group is metrizable if
and only if it is metrizable by a left-invariant (equivalently right-invariant) metric if and
only if it is Hausdorff and first countable. Compatible left-invariant metrics on a fixed
metrizable group are easily seen to be unique up to uniform equivalence. However, a group
can admit compatible and left-invariant metrics which are not bi-Lipschitz equivalent. It is
even possible that the corresponding Lipschitz-free spaces are not isomorphic. For example,
if d is the arc length metric on the torus T, the Lipschitz-free space F(T,d) is isomorphic
to L', but if we substitute d by d* with 0 < o < 1 (in the process often referred to as
snowflaking), F(T,d") is isomorphic to ¢, (see [24, Theorem 6.5]).

In this section we focus on compact metrizable groups (or equivalently, compact first
countable groups) and the issue of many non-Lipschitz equivalent left-invariant metrics
does not bother us. We use methods of harmonic analysis that are robust enough to make
our proofs work for arbitrary compactible left or right-invariant metrics on any compact
metrizable group. The main goal of the section is to prove Theorem A, however we will
have something to say also about free spaces over certain homogeneous spaces of compact
groups (see Theorem 3.7).

The section is divided into two subsections. One is dealing with compact Lie groups
where the machinery of harmonic analysis is used. The other is dealing with general
compact metrizable groups using the fact each such a group can be approximated by
compact Lie groups. This approximation then lifts to the corresponding Lipschitz-free
space; indeed, we shall show that Lipschitz-free space over a compact metric group can be
approximated by Lipschitz-free spaces over compact Lie groups.

3.1. Lipschitz-free spaces over compact Lie groups.

From this point on, unless stated otherwise, we always assume that each locally compact
group G is equipped with a left-invariant Haar measure, denoted by p. When G is compact,
4 is assumed to be bi-invariant and of course normalized.
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Let us start some basic definitions and facts from representation theory of compact
groups, which can be found in any standard textbook on harmonic analysis or representa-
tion theory of compact groups.

Let G be a compact group. A unitary representation U is a strongly continuous group
homomorphism = € G +— U, € B(Hy) (i.e. on B(Hy) we consider the strong operator
topology), where Hy is a complex Hilbert space, such that each operator U, is unitary on
Hy. Such unitary representation is said to be irreducible if the only invariant subspaces
of Hy, i.e. subspaces preserved by all U,, are {0} and Hy. In our specific case where
G is compact, all continuous irreducible unitary representations * € G — U, € B(Hy)
satisfy dim Hy < oo (see [21, Theorem 22.13]). Given an irreducible unitary representation
U : G — B(Hy) and non-zero vectors &,n € Hy, the function of the form

v € G (Uk,n) €C

is called a matriz coefficient (associated to U). If £ = n, we call such matrix coefficient a
positive-definite function. If Hy is equipped with a fixed orthonormal basis {¢{, ..., (} } C
Hy;, then the matrix coeeficients

are called coordinate functionals (associated to U and {¢,...,¢] }). They satisfy the
following property, as a consequence of [22, Theorem 27.20]:

dy
Ve @)V eG, frgb(n) =Y / £(8) 25(5) M) ol (). (3.1)

A trigonometric polynomial on G is a linear combination of matrix coefficients. It is
straightforward to see that all trigonometric polynomials are in fact linear combinations
of coordinate functionals, independently of the choice of bases {¢V, ...,CgU }, which are
assumed to be fixed. Thus, for any given trigonometric polynomial P, there is a finite set
F' of continuous irreducible unitary representations such that P is in the linear span of
{%|U € F, j,k=1,...,dy}. Tt follows from (3.1) that the operator f € C(G) +— f* P €
C(G) has its range contained in the linear span of {gog-]k\U € F, j,k=1,..dy}, thus in
particular it is of finite rank.

The following proposition is our crucial tool from harmonic analysis.

Proposition 3.1. Suppose that G is a compact Lie group. Then there exists a sequence
F,, of positive real functions on G satisfying

(1) each F, is a positive definite central (commutes under convolution with any function
in L1(G)) trigonometric polynomial,

(2) Fu(9~") = Fu(g), g € G, for each n,

(3) for each n, [ F,d\ =1, and

(4) f = EF,(x) = f(x) A-almost everywhere for every f € L,(G), 1 <p < oc.

Proof. By [27, Corollary 1V.4.22], every compact Lie group is isomorphic to a matrix
group, so we may suppose that G C GL(n,C) for some n € N. By the following standard
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‘unitarization trick’, we may assume that G is a (necessarily closed) subgroup of the unitary
group U(n): let (-,-) be an arbitrary inner product on C". Define a new inner product
(-, ) by setting

() = / (g€ anduts).

where p is an invariant probability Haar measure on G. It is standard and straightforward
to check that (-,-) is still an inner product, which is moreover invariant by the action of
G. That implies that G is a subgroup of a finite-dimensional unitary group. Now by [22,
Theorem 44.29], G satisfies all conditions needed to apply directly [22, Theorem 44.25],
which gives us positive real functions F), on G satisfying the conditions (1)—(4). O

Another ingredient we will need is the following version of Young’s convolution inequality,
suitable for Lipschitz functions defined on a locally compact group:

Lemma 3.2 (Young’s inequality). Let G be a locally compact group equipped with a compat-
ible left-invariant metric d. Suppose that f € L'(G) and g € Lip(G). Then f* g € Lip(G)
and

1f * glluip < 1 fllz1 gl Lip-

Proof. Given arbitrary ,y € G,
x96e) = Fxa)l = [ FEl0) - ot
< [11@lgt=") = (=)l ul2)
< llglun [ 172,27 ) ()
<l [ 19 ldGe ) ()

< [l llgllupd(z, v).
U

We are now ready to prove the main result from this subsection. We emphasize that in
the following we are equipping a Lie group with an arbitrary left-invariant metric inducing
its topology, not Riemannian metric as it is common in Lie theory.

Theorem 3.3. Suppose that G is a compact Lie group equipped with a compatible left-
invariant metric. Then F(G) has the MAP.

Proof. Define T,, : C(G) — C(G) by T,,(f) = f*F,, where F}, are the functions established
in Theorem (3.1). It suffices to see that these operators satisfy conditions (a)-(d) from
Proposition (2.2) with A = 1, from which follows that F(G) satisfies the MAP. Indeed, each
T, has finite rank, since F,, is a trigonometric polynomial. Thus condition (a) is satisfied.
Young’s inequality gives us that |7}, f|lLip < [|[Fnllze || fllLip < ||f]|Lip, for each f € Lip(G).
Thus condition (b) and (c) are satisfied with constant A = 1. (d) follows from condition
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(4) and the fact that, for each fixed f € Lip(G), {T,.f}. is equicontinuous, which yields
uniform convergence since G is compact. U

3.2. Lipschitz-free spaces over general compact metric groups and homogeneous
spaces.

We start with some remarks on quotient metrics on homogeneous spaces. Let G be
a topological group equipped with a compatible left-invariant metric d and let H be a
closed subgroup. We want to define a quotient metric on the homogeneous space G/H of
left-cosets of H. There are two cases. Either H is normal, so G/H is a group. Then the
formula
D(gH, fH) := hl}’gfeH d(ghy, fhs) (3.2)
defines a compatible left-invariant metric on the quotient group G/H, which we refer to
as quotient metric. We leave the easy verification to the reader. Or H is not normal, so
G/H is just a G-homogeneous space, i.e. a homogeneous space equipped with a continuous
transitive action of G. Then the same formula D(gH, fH) := infp,, p,em d(ghi, fha) does
not in general define a metric; it does define a compatible G-invariant metric provided
that d is additionally right H-invariant, i.e. d(g, f) = d(gh, fh) for g, f € G and h € H.
We show this. We only verify the triangle inequality, the compatibility and G-invariance
are easier and left to the reader. Pick ¢y, g2, 93 € G and let us check that D(g1 H, gsH) <
D(¢g1H, g2H) + D(g2H, gsH). Choose an arbitrary ¢ > 0 and and some hy, ho, by, hs € H
such that D(g1H, goH) > d(g1h1, gohe) — € and D(goH, g3H) > d(g2hb, gshs) — €. Then

D(g1H, g3H) < d(g1h1, gshs(hy) " ho) < d(giha, go2ho) + d(gaha, gsha(h) " he) =
d(gihy, g2ha) + d(g2hsy, gshs) < D(giH, goH) + D(goH, g3 H) — 2¢.

Since € was arbitrary, we are done.

We note that when G is a metrizable group and H is a compact subgroup, then a
compatible left-invariant and right H-invariant metric on G always exists. Indeed, let d
be an arbitrary compatible left-invariant metric on G. We define, for ¢, f € G, D(g, f) :=
maxpeg d(gh, fh). Alternatively, using a normalized invariant Haar measure p on H, we
can define D by averaging as follows: D(g, f) = [, d(gh, fh)du(h). We leave to the
reader to check that both formulas define a compatible left-invariant and right H-invariant
metrics.

Our main tool in this subsection will be the following proposition. We note that simul-
taneously while writing this paper, the content of the proposition is being developed into
a more general form in [2].

Proposition 3.4. Let G be a topological group equipped with a compatible metric d and a
compact subgroup H. Suppose, additionally, that at least one of the following conditions
holds:

(1) d is left-invariant and H is normal,
(i1) d is right-invariant and H is normal, or
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(111) d is left-invariant and right H-invariant.

Then there exists a norm one projection P : F(G,d) — F(G,d) ranging onto a linearly
isometric copy of F(G/H, D), where D is the quotient metric as defined in (3.2).

Proof. By the discussion preceding the statement of the proposition, it is verified that D
is a well-defined metric. Let x4 be the normalized invariant Haar measure on H. If (ii) or
(iii) holds, we define a map P’ : G — F(G) by setting for any g € G

P'(g) := /H 5(g - h) — 8(h)du(h). (3.3)

In case only (i) holds, we define for any g € G

Plg) = /H 5(h - g) — S(h)du(h).

We will treat only the case where (ii) or (iii) holds and P’ is defined as in (3.3), the
remainder case is completely analogous.

We claim that P’ is a 1-Lipschitz map preserving the distinguished point. The latter is
clear, we show that it is 1-Lipschitz. Pick g, f € G, we have

HP'(g)—P’(f)H=||/H5(g-h)—5(f-h)du(h)ll S/HHCS(Q-h)—cS(f-h)IIdM(h)Zd(g,f),

where in the last equality we used that p is probability and d is invariant. It follows that
P’ extends to a norm one linear operator P : F(G) — F(G). We claim it is the desired
projection.

First we show that it is a projection. For every h € H let P, : G — F(G) be the map
defined for every g € G by P/(g) := 6(g - h) — 6(h). The following are straightforward to
verify:

e P/ is an isometry with P;(1) = 0, thus it extends to a norm one linear map
P, : F(G) = F(G).

e For every g € G we have P'(g) = [;; P;(g)du(h) and so also for every = € F(G) we
have P(x) = [, Py(x)du(h).

It follows that in order to show that P? = P it suffices to check that for every g € G and
h € H we have P, o P(6(g)) = P(d(g)). Indeed, the previous equality implies

PYs(9) = [

H

By o P(0(g))dpu(h) = / P(5(g))du(h) = P(5(g))-

H

Since the set {x € F(G): P?(x) = P(x)} is a closed linear subspace, we get that P?(z) =
P(x) for all z € F(G) since F(G) is the closed linear span of {§(g): g € G}. Let us thus



10 MICHAL DOUCHA AND PEDRO L. KAUFMANN

fix g€ G and h € H. We have
Pro Po(a) = Puo [ oo~ )= 8(duf)
= [ (3t 71 = 80)) = (87 ) = 6(0) )
— [ 8(g- 1) =57 Wy - ) = P(6(a))

which finishes the claim.

Let X denote the range of P and let us show that it is linearly isometric with F(G/H, D).
We define a map 7" : G/H — F(G) by setting for any left coset gH

T'(gH) := P'(g).

We check that it is correctly defined and 1-Lipschitz. For the former, we need to check that
for any g € G and h € H we have P'(g) = P'(gh), i.e. [, (g-f)du(f) = [, 6(gh- f)du(f).
But the equality follows from the invariance of p. To check that 7" is 1-Lipschitz, pick two
cosets g1 H and g, H and suppose that f € H is such that D(g1H, goH) = d(g1, gof). Then
we have

\T (o) — T (g2 1) | = | /H 5(gr - 1) — S(gaf - W)du(h)|

_ /H D(giH, g H)dp(f) = D(giH, g H).

showing that 7" is actually isometric. It follows that 7" extends to a norm one lin-
ear surjection T : F(G/H) — X. In order to show that T is isometric, it suffices
to prove that for any finite linear combination v = ), ;6(g;H) we have ||z|rc/m) =
|7 (x)|| 7). One inequality already follows from the fact that ||T]| = 1, so we only need
to prove || z||rc/my < || T(x)||F@)- Let f € Lipy(G/H) be a 1-Lipschitz function satisfying
|zl = |22, cif(giH)|. Let f denote its lift to G. That is, for any g € G and h € H,
f(gh) = f(gH). Tt is clear that f is 1-Lipschitz. In the following, we shall not notationally
distinguish between Lip,(G/H)-functions and their unique extension to linear functionals.

Since we have ||T(z)|| > f(T'(z)), it suffices to check that f(T(x)) = f(z). For that, in

turn, it suffices to check that for every gH € G/H we have f(gH) = f(T"(g)). We have

f(T'(g)) = (/H 8(g-h)=5(h)du(h), f) = /H fg-h)—=f(h)du(h) = f(gH)—f(H) = f(gH),
which finishes the proof. O

Theorem 3.5. Let G be a compact group with a compatible left-invariant metric d. Then
F(G,d) has the MAP.

Before embarking on the proof, we state the following folklore fact, which we prove for
the convenience of the reader.



APPROXIMATION PROPERTIES IN LIPSCHITZ-FREE SPACES OVER GROUPS 11

Fact 3.6. For every compatible left-invariant metric d on a compact metrizable group G
there exists a compatible bi-invariant metric D such that d(g,h) < D(g,h) for all g,h € G.

Proof of Fact 3.6. Let d be an arbitrary compatible left-invariant metric on G. We define
a compatible bi-invariant metric D by setting, for any g, f € G,

D(g, f) := maxd(gh, fh).

Clearly, d < D and D is bi-invariant. Let us check that D satisfies the triangle inequality
and it is compatible with the topology of G.

For the triangle inequality, pick g, h, f € G and let us show that D(g, f) < D(g,h) +
D(h, f). Let © € G be such that D(g, f) = d(gz, fz). Then we have

D(g, f) = d(gz, fr) < d(gx, ha) + d(hz, fz) < D(g,h) + D(h, [),

showing the traingle inequality.

In order to show that it is compatible with the topology, using left-invariance, it suffices
to show that for every sequence (g,,), € G we have d(g,, 1) — 0if and only if D(g,,1) — 0.
One direction follows immediately from the fact that d < D. Thus we only need to show
that if d(g,,1) — 0, then D(g,,1) — 0. Suppose it is not the case and assume without
loss of generality that lim, D(g,,1) = r > 0. For each n, let h, € G be such that
D(gn,1) = d(gnhn, h,). Again, without loss of generality, we may assume that (h,),
converges to some h € G. Then, using that (g,), converges to 1 since d is compatible, we
have

r = lm D(gn, 1) = im d(g,hn, hn) = d(h,h) =0,
a contradiction finishing the proof. O

Proof of Theorem 3.5. Let GG be a compact metrizable group with compatible left-invariant
metric d. We shall also fix some compatible bi-invariant metric D on GG which majorizes d,
i.e. d < D, which exists by Fact 3.6. It is a standard consequence of Peter-Weyl’s theorem
([27, Theorem 4.20]) that G can be topologically embedded into an infinite direct product
[Licn Ui, where each U; is a finite-dimensional unitary group. Indeed, by [27, Theorem
4.20] finite-dimensional unitary representations of G separate points. Since G is separable,
one can find a sequence {7, : G — B(H,)}en of finite dimensional unitary representations
separating the points, and their product [], 7, is then, using also compactness of G, a
topological embedding of GG into a countable product of unitary groups. In particular, G
is an inverse limit of a sequence of compact Lie groups (G),. Indeed, let W := [] .7
G — [l;en Ui be the embedding and let, for each n € N, P, : [[,.yUi — [],,, Ui be the
projection on the first n-coordinates. Then for each n € N, G,, := P, o ¥[(] is a compact
Lie group (a closed subgroup of [[..,, U;), and (G,),, form an inverse system whose limit is
G. Tt follows that there exists a decreasing sequence of compact normal subgroups (M),
of G such that (", H, = {1}, and for every n € N, G/H,, = G,,. For each n, we denote by
d, the quotient metric on G, which is then compatible and left-invariant on G,,. In the
following, F(G) is meant to be F(G,d) and F(G,,) is meant to be F(G,,d,), for all n.
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Notice that in the following claim we rather work with the bi-invariant metric D ma-
jorizing d, established in Fact 3.6.
Claim 1. diamp(H,) — 0, where diamp (H,) := sup, y,cq, D(g,h) = sup,y, D(g, 1).

Proof of Claim 1. Suppose on the contrary that there exist ¢ > 0 and a sequence (h,), C G
such that h, € H, and D(h,,1) > . Since G is compact, the sequence without loss of
generality converges to some h € GG. By the continuity of the metric, we have D(h,1) > ¢,
thus in particular A # 1. On the other hand, since the sequence (H,), is decreasing and
each of the subgroups is closed, h € (1, H,. This contradicts that (), H, = {1}. O

For each n, let u, be the normalized invariant Haar measure on the compact subgroup
H,, and let P/, resp. P, be the map, resp. projection from Proposition 3.4 applied to the
groups G and H,, with the metric d and the quotient metric d,, on G/H,,.

Claim 2. For every z € F(G), we have z = lim,,_,o, P, ().

Proof of Claim 2. Suppose first that z € F(G) is a finite linear combination of Dirac
elements. That is, there are m € N, ¢1,...,9, € G and aq,...,q,, € R with z =
o a;0(g;). For a fixed n, let us compute ||z — P,(z)||. We have

o= Pl = = = (3 006 0]
< om0+ Il [ a0 droiil

Suppose that diamp(H, ) = €,. Then for every h € H,, we have

o —=h-azl =D aid(g) = > aid(h-g)ll <D lesld(h- gi, ;)
1=1 =1 =1
=1 =1 i=1

and it follows that [ [lo —h - 2|du,(h) < 32, leulen. On the other hand, for each
f c BLipO(G)>

( / 50 dua1). 1)) =1 [ F(0) ()] < / diama(H,) djin(h) < / diamp (H,) < e,

n n

50 || [57. 0(h) dpn(h)|| < &,. Tt follows that

lz = Pa(@)ll <2 |ailen,
=1

so by Claim 1, lim,, ,, P,(z) = x.
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Now let x € F(G) be an arbitrary element and note that, for each finitely supported v,
lz = Pa(@) < llz =yl + lly = Pa@)ll + [ Pa(y) — Pu()]
= llz =yl +lly = Pu)ll + |1 Palllly — Il = 2[lz — yll + [ly — Pa(w)]l-

Hence,
limsup ||z — Py ()] < 2[lz —yll + lim [ly = F(y)| = 2]z —y].

n—oo
Since y can be chosen arbitrarily close to x, the result follows.
O

We are ready to show that F(G) has MAP. Pick finitely many z,...,z, € F(G) and
some ¢. By the previous claim we can find n so that for all i < m we have ||x; — P,(z;)|| <
e/2. By Theorem 3.3, F(G,) has the MAP. Thus there exists a norm one finite rank
operator 7" : F(G,,) — F(G,,) such that for all i < m we have || P,(z;) —T"o P, (z;)|| < /2.
Set T :=T"0 P,. It is a norm one finite rank operator from F(G) into F/(G,) C F(G) such
that for all i < n we have

1T (i) = il| < [lwi = Po(ai)ll + [ Pa(ai) = T2l <e/2+¢/2=e.
This finishes the proof. O

Finally, we show the metric approximation property also for Lipschitz-free spaces over
homogeneous spaces of compact metrizable groups. We recall that a homogeneous space
for a group G is a topological space on which G acts transitively. It can be identified with
the left coset space G/H, where H is a subgroup, with the quotient topology. To ensure
some regularity, we must restrict to compatible metrics which are G-invariant, i.e. those
so that the action of G is by isometries.

Theorem 3.7. Let M be a G-homogeneous space, where G is a compact group. Suppose

that D is a G-invariant metric on M that is a quotient of some bi-invariant metric d on
G. Then F(M, D) has the MAP.

Proof. We have that M is isomorphic to G/H, where is a stabilizer of some point 0 € M.
H is then a closed subgroup. By Theorem 3.5, F(G, d) has the MAP. By Proposition 3.4,
there exists a norm one projection P : F(G) — X, where X is linearly isometric to
F(G/H, D). Since MAP is inherited by 1-complemented subspaces, we are done. ]

4. LIPSCHITZ-FREE SPACES OVER FINITELY GENERATED GROUPS

The goal of this section is to prove Theorem B, show examples of situations to which
the theorem applies, and provide applications. We mention that the class of Lipschitz-free
spaces for which it is known they have the Schauder basis is still rather limited. It is
proved in [19] that F(R™) and F(¢;) have a Schauder basis, in [9] that free spaces over any
separable ultrametric space have a monotone Schauder basis, and in [18] that F(N) has a
Schauder basis if N is a net in a separable C'(K')-space. Obviously, it also follows that free
spaces isomorphic to these Banach spaces have basis as well, so e.g. by [25], F(By,) and
F(Bgr) have bases.
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We start by recalling the fundamental idea of geometric group theory - how to view
finitely generated groups as metric spaces. Our standard reference for geometric group
theory is [13]. In contrast to the case of compact metrizable groups, we will not con-
sider arbitrary compatible left-invariant metrics on such groups, just certain canonical and
maximal, in a sense, ones, called word metrics.

Let G be a finitely generated group. Let S C G be a finite symmetric generating subset
(recall that ‘symmetric’ means that for each s € S, also s7' € S). Recall that we can then
define a (left-invariant) metric dg, called word metric, on G by defining, for g # h € G,

ds(g,h) :=min{n € N: 3sy,...,5, € S (g=hs1...5,)}

It is well known and easy to check that by chosing another finite symmetric generating
set T C G, the identity map between (G,dg) and (G, dr) is bilipschitz. In particular, the
isomorphism class of the Banach space F(G) is well-defined.

Since every finitely generated group with its word metric is a countable proper metric
space, it immediately follows from [12] that F(G) has the MAP. Therefore we will aim
for stronger properties and indeed we shall present a class of finitely generated group such
that free spaces over any of them has the Schauder basis.

Fix now some finitely generated group G and a finite symmetric generating set S. Next
choose arbitrarily a linear order on the set S. Consider now S as an alphabet, i.e. its
elements are considered to be letters, and denote by W the set of all reduced words over
the alphabet S. That is, each element w of W is a string of symbols syss...s, from S
such that for no ¢ < n, the letters s; and s;;; are inverses of each other when viewed as
group elements. For each w € W,

e by |w| we denote the length of the word, i.e. the number of its letters;

e by wg we denote the corresponding group element of G, i.e. we evaluate the letters
of w as elements of G}

o for every i < |w|, by w(i), we denote the i-th letter of w, and by w(< 7), we denote
the word obtained from w by taking the first ¢ letters.

The fixed linear order on the set S defines a lexicographical order on W which we shall
denote by <’. We define another linear order < on W, called the shortlex order, by setting,
for w,v € W,

w =X v if either |w| < |v|, or |w| = |v| and w <" v.

For an element g € G, by W, we denote the set {w € W: wg = g} and by w, the
minimal element of the set W, which is easily verified to exist, in <. If there is no danger
of confusion, for an element g € G' we shall denote by |g| the number |w,| which is equal
to ds (g, 1@)

Finally, we use the linear order < on W to define a linear order < on G. For ¢g,h € GG
we set

g < hif wy <X wy,.

Definition 4.1. We call G shortlex combable, with respect to a fixed symmetric generating
set S and a linear order on S, if there exists a constant K > 1 such that for every g,h € G
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with ds(g,h) = 1 and for every i < min{ds(g,1g),ds(h,1g)} we have

ds((wy(< i), (wn(< i))a) < K.
The constant K will be called the combability constant of G.

First we show how such groups are useful for our purposes. Then we provide examples
and show some applications. The following is the main result of this section.

Theorem 4.2. Let G be a finitely generated shortlex combable group (with respect to S
equipped with some linear order). Then F(G,dg) has a Schauder basis.

Proof. Since the linear order < on G is clearly isomorphic to the standard order on N, we
can use it to enumerate G as (g, )nen. For each n € N| set G,, := {g;: i < n}. For each n
we now define maps P, : G — G, as follows. First, set m = max{|h|: h € G}, then for
g € G, set

g ifge G,
Fu(g) := § (wg(< m))a if g & G, (wg(<m))g € G
(wg(€£m—1))e otherwise.

We leave to the reader the straightforward verification that P, is well defined.
Claim. The maps (P, )nen are uniformly bounded Lipschitz commutting retractions.

First we check that for every n.m € N, P, o P,, = P,, o P,, i.e. the maps commute.
For every g € G and 0 < i < |g|, denote by g; the element (w,(< 7))g. That is, go = 1,
g9 = g, and go, g1, - . ., g 1S a geodesic path in G from the identity element 1g to g. It is
easy to see that for each n € N; P,(g) = g;, where i is the largest integer so that g; € G,,.
With this observation it is now clear that the maps (F,), commute.

Let K be the combability constant of G. We show that each P, is a K + 1-Lipschitz
retraction on its image. It is obviously a retraction, so it suffices to show that for every
n € N and g,h € G with dg(g,h) = 1 we have ds(P,(g), P.(h)) < K + 1. Let such n and
g,h € G be fixed. We distinguish two cases.

Case 1. At least one of g, h lies in G,: Say that g € G,. If also h € G,,, then there is
nothing to prove since P,(g) = g and P, (h) = h. So suppose that h ¢ G,.. Necessarily we
have hj,—1 < g since otherwise the path 1g, g1,..., g, h would be a geodesic path from 1¢
to h of length |h| smaller in the lexicographical ordering than the path 1, hy, ..., b1, h.
It follows that hjp—1 € Gy, so Py(h) = hjp—1. Since P,(g) = g we get

dS(Pn(g)> Pn<h>) < 2.

Case 2. We have g,h ¢ G,. Note that then P,(g9) = ¢; and P,(h) = h;, for some
i,7 < max{|gl|, |h|}, where |i — j| < 1. Since by the definition of shortlex combability,
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ds(gi, hi) < K and ds(gj, hj) < K, we get that
ds(F(g), Pu(h)) = ds(gi hj) < K +1.
This finishes the proof of the claim.

Finally, for each n € N we denote by L, : F(G) — F(G,) the lift of P,, the unique
linear operator extending P,. The properties of (P,), imply that

e for each n € N, the map L, is a linear projection onto a finite-dimensional subspace
of norm bounded by K + 1;

e the projections (L), commute;

e the dimension of the range L,[F(G)] is the dimension of F(G,,), which is equal to
n.

Since now obviously for every € F(G) (notice that it suffices to verify it for the dense
set span{d,: g € G}) we have

lim L,(z) = x,
n—oo

then by [3, Proposition 1.1.7] F(G) possesses a Schauder basis.

4.1. Examples.

Finitely generated abelian groups. Recall that every infinite finitely generated abelian group
A is of the form Z" @ F, where n > 1 and F = {0, f1,..., fm} is a finite abelian group.
Let ey, ..., e, be the canonical generators of Z". Then e; < —e; < ey < —ey3 < ... <e, <
—e, < f1 < ... < finis alinearly ordered finite symmetric generating set. We leave to the
reader to verify that with this ordered generating set A is shortlex combable.

Free groups. Let n > 1 and let F,, be a free group on n generators (which is Z for n = 1).
Let aq,...,a, be the free generators. It is again an exercise that with the order a; <
al_l <...<a,< a;l, the group F,, is shortlex combable. We note however, that F(F},) is
linearly isometric to ¢;, thus admits monotone Schauder basis. Indeed, this can be verified
directly by noticing that the set {d(g) — d(h) € F(F,): d(g,h) = 1,d(g,1) > d(h,1)} is
equivalent to the standard basis of /;.

Hyperbolic groups. Recall that a geodesic metric space (M, d) is (Rips)-hyperbolic if there
exists a constant K > 0, hyperbolicity constant, such that for any triple of points x,y,z € M
and geodesic segments Sy, Sy, S3 connecting each pair of the triple we have dy (.S;, S;US) <
K, where dp is the Hausdorff distance and i, j, k are pairwise different from {1,2,3}. In
other words, for each ¢ < 3 and each point x € S;, d(x, S; US) < K, where S; and Sy, are
the other geodesics besides S;.

The notion of hyperbolicity makes sense even for metric spaces which are not literally
geodesic, but when a reasonable notion of geodesic segment can be defined. This is the case
e.g. for finitely generated groups with word metrics, where a geodesic segment between
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elements x,y € G is a sequence gy = , ..., g, = y, where n = d(z,y), and d(g;, gi+1) = 1,
for i < n.

Let G be a finitely generated hyperbolic group (with hyperbolicity constant K), gen-
erated by elements aq,...,a,. We claim that G with the ordered generating set a; <
a;' < ... <a, <a;!is shortlex combable. Indeed, pick ¢g,h € G with d(g,h) = 1, and

i < max{|g|, |h|}. We show that d(g;, h;) < 2K + 2. We have two cases.

(1) Either g; = g or h; = h (or both). Then it is clear that d(g;, h;) < 2.

(2) We have ¢g; # g and h; # h. There are geodesic segments go = lg,..., i, ---, 9,
ho =1g,...,hi,..., h,and g, h (of length 1). We consider thr triple of points 1¢, , y
and the geodesic segments between them as above. By definition of hyperbolicity
with constant K, there exists point z € {1g = hy, ..., h, g} such that d(g;, z) < K.
Assume first that z = h;, for some j < |h].

e j > it Since d(g;,h;) < K, by triangle inequality we get that j < i + K,
therefore d(g;, h;) < 2K.
e j < i: Again by triangle inequality we get that j > i — K, so d(g;, h;) < 2K.
Finally, if z = g, then d(g;,h) < K + 1, so again by triangle inequality we get
|h| <i4+ K +1,s0d(g;, hi) <2(K +1).

Large-type Artin groups. Holt and Rees in [23] prove that large-type Artin groups are
shortlex automatic which immediately from the definition implies being shortlex combable.
Artin groups in general belong to one of the most studied classes of groups in geometric
group theory. We refer the reader to [23] for the notion of shortlex automaticity and for
the definition of large-type Artin groups.

We do not know whether there are groups that are shortlex combable but not shortlex
automatic. We refer to [23] for details.

4.2. Applications.

Our main goal is to prove that for any net N in a real hyperbolic n-space H" (whose
definition we recall later), we have that F(NN) has the Schauder basis. This will be an
immediate consequence of Theorem 4.2 and several standard more general results that we
present below.

We recall that an action of a group GG on a metric space X by isometries is free if for
every g € G and x € X, g-x # x, and cocompact if there exists a compact set K C X
such that | J gec 9 K = X. These actions, or rather more generally properly discontinuous
cocompact actions (see [13, Chapter 5]), are one of the most studied in geometric group
theory.

Proposition 4.3. Let G be a finitely generated group acting freely and cocompactly on
a proper geodesic metric space X by isometries. Then for every net N C X, we have

F(N) =~ F(GQ).

Proof. Let G, X and an action of G on X as in the statement of the proposition be fixed.
First we invoke [18, Proposition 5] which says that for any two nets Ni, No C X we have
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F(Ny) = F(Ny). Tt follows that it suffices to find one net N C X such that F(N) ~ F(G).
Let 0 € X be a distinguished point and let N be the G-orbit of 0. Since X is proper and
the action is cocompact, it follows that N is a net in X. To show that F(N) ~ F(G)
it suffices to prove that N with the restriction of the metric on X is bi-Lipschitz to G
(with its word metric). By the Milnor-Schwarz lemma (see [13, Theorem 8.37]), the map
¢ : G — N defined by ¢(g) := g -0 is a quasi-isometry (we refer reader not familiar with
quasi-isometries again to [13]). Since the action is free, it is also a bijection. It is easy to
check that a bijective quasi-isometry between two uniformly discrete metric spaces is in
fact a bi-Lipschitz equivalence. This finishes the proof. O

We now recall the definition of the real hyperbolic n-space. There are many definitions
and we refer the reader to [13, Chapter 4] for a more thorough discussion. We define H",
for n > 2, as follows. First we define the following quadratic form; for =,y € R"+!:

<937 y) = Z TilYi — Tn+1Yn+1,
i=1

and we set
H" = {z € R"™: (z,2) = —1,7,4; > 0}.
A metric d on H" can be defined using the formula, for z,y € H",
coshd(z,y) = —(x,y).
We now state the main result of this subsection.

Corollary 4.4. Let n > 2 and let N C H" be a net. Then F(N) has a Schauder basis.

Proof. 1t suffices to find a group G acting freely and cocompactly on H". Indeed, again
by the Milnor-Schwarz lemma ([13, Theorem 8.37]), such G is then finitely generated and
quasi-isometric to H™. It follows that G is hyperbolic ([13, Observation 11.125]). Therefore,
as we demonstrated in Subsection 4.1, G is shortlex combable. Applying Theorem 4.2, we
get that F(G) has a Schauder basis. Finally, an application of Proposition 4.3 finishes the
argument.

In order to find a group acting freely and cocompactly on H", one can use several
standard results from Riemannian geometry. Let M be an arbitrary n-dimensional compact
Riemannian manifold without boundary of constant sectional curvature —1 equipped with
some Riemannian metric. By [5, Theorem 3.32], its universal cover (refer to any standard
textbook on algebraic topology, e.g. [20]) is isometric to H". Another standard argument
from algebraic topology (see e.g. [20, Proposition 1.39]) shows that the fundamental group
71 (M) acts on the universal cover H" by deck transformations, which is a free cocompact
action by isometries. This finishes the proof. Il

We remark that in contrast to the Euclidean space R", in which there exist two non
Lipschitz equivalent nets ([7]), it has been proved in [4] that all nets in H" are bi-Lipschitz
equivalent.
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Remark 4.5. Let G denote the set of all finitely generated hyperbolic groups. A fair ques-
tion is how many isomorphism types of Banach spaces the set {F(G): G € G} contains.
As we mentioned, since the free group F,, is hyperbolic, it contains F(F,) ~ ¢;. It is
unknown to us whether or not there exists G € G such that F(G) 2 ¢;. Thus it is relevant
at this point to reiterate [8, Question 1], which asks precisely about an example of G € G
with F(G) # {1, and the discussion following the question. Either answer would bring
interesting consequences. If there are such G, then we have, potentially many, new exam-
ples of Lipschitz-free spaces with Schauder basis. If on the other hand for every G € G,
F(G) =~ £y, then we have an example of a group with Kazhdan’s property (T) that has a
metrically proper action by isometries on a renorming of /1. We refer to [8, Question 1]
where this is properly discussed and the importance of such a result is explained.

5. PROBLEMS AND NOTES

Let us finish by posing some natural questions that follow up this work. The first is
whether or not we can generalize Theorem A to locally compact groups:

Question 1. Let G be a locally compact group equipped with a compatible and left-invariant
metric. Does F(G) have the MAP?

In the noncompact case, we have positive answer for finite dimensional Banach spaces
with their norm induced metrics. Although this would be a consequence of the mentioned
result from [15] which states that a Banach space has \-BAP if and only if F(X) does,
actually the order of the proofs is reversed. First, Godefroy and Kalton prove that, for
finite dimensional Banach spaces X, F(X) has the MAP, and then use this to prove the
result for general Banach spaces. The proof of the finite dimensional part also involves
harmonic averaging.

Since Lipschitz-free spaces over finite dimensional Banach spaces even possess a Schauder
basis ([19]), we suggest to turn the attention to locally compact metric groups that are
very closely related to such Banach spaces; that is, Carnot groups. We note that a Carnot
group is both analytically and algebraically a mild generalization of a finite dimensional
Banach space and many results from geometric analysis on Euclidean spaces have been
generalized to the setting of Carnot groups (see [28]). The duals of Lipschitz-free spaces
over Carnot groups have been already investigated in [8] and their Lipschitz-free spaces in

1].

Question 2. Let G be a Carnot group with a Carnot-Carathéodory metric. Does F(Q)
has the Schauder basis?

In the case of connected Lie groups, one has a canonical compatible left-invariant metric:
the left-invariant Riemannian metric. Since such a metric is locally bi-Lipschitz equivalent
to the Euclidean metric, and isomorphic properties of Lipschitz-free spaces often depend
only on the local behaviour of the metric, the following question is very natural. We note
that one could even replace Lie group there with a general connected Riemannian manifold
(without boundary).
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Question 3. Let G be a connected (real) Lie group equipped with a left-invariant Riemann-
ian metric. Do we have F(G) ~ F(R™), where n is the dimension of the (real) Lie algebra
gofG?

Still in the compact setting, we note that we only required in Theorem 3.7 that the
metric in G-homogeneous space is a quotient of a metric in G so that we could apply
directly Proposition 3.4. So one could ask if we can drop this condition.

Question 4. Let G be a (locally) compact group, M be a compact G-homogeneous space,
and d be a compatible G-invariant metric on M. Does F(G) have the MAP?

In Appendix A, the reader will find a positive answer in the specific case of the sphere

St =0(n)/O(n —1).
It is natural also to ask about generalizations of Theorem B.

Question 5. Let G be a finitely generated group equipped with a word metric. Does F(QG)
admit a Schauder basis, or at least a finite dimensional decomposition?

In Corollary 4.4, we have shown that for any net N C H", F(N) has a Schauder
basis. Given the prominence of the space H"” in geometry and beyond, it is important to
understand the Lipschitz-free space of H" itself. We also note that the hyperbolic spaces
H" together with the Euclidean spaces R™ and Euclidean spheres S™ are important as
the model spaces of spaces of constant curvature (see e.g. [5] for a thorough treatment).
Since for R™ and S™ with their canonical Euclidean metrics we have by [1, Theorem 4.21],

F(R"™) ~ F(S™), the answer to the following would be desirable.
Question 6. Does F(H") have the Schauder basis? Do we have F(H") ~ F(R™)?

We note that the previous question is related to the stronger version of Question 3
that considers a general Riemannian manifold since H" is a Riemannian manifold with
Riemannian metric (see [5, Proposition 6.17]).

APPENDIX A. ON THE MAP FOR F(S")

Let d > 2 and let S¥1 = O(d)/O(d — 1) be the (d — 1)-dimensional sphere equipped
with a rotation-invariant metric D which is compatible with the usual topology. Here, we
are not assuming that D is a quotient metric, as the ones described in Subsection 3.2. Let
us show that F(S4™!, D) has the MAP.

Proof. The proof will also follow from Proposition 2.2 and summability results. We recall
the definitions and results from harmonic analysis that we will use, and establish again a
Lipschitz version of Young’s convolution inequality for our setting. Equip S%! with its
surface area measure o, and denote wy = o(S%!). Convolution on S can be defined
as follows. First let A = (d — 2)/2, and consider the weighted L' space L'(wy,[—1,1]),
where wy (z) = (1 — 22)2~1/2 for each z €] — 1,1]. Recall that the norm in L'(wy, [~1,1])
is defined by

1fllan = ea / (@) wa (2)d,

1
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where cp is the normalization constant such that cp f_ll wp(z)dr = 1. For each f €
LY(S%1) and g € L' (wa, [—1,1]), the convolution f * g : S¥~1 — R is defined by

(fxg)(x) = h fW)g(x - y)do(y).

Wq Jsd-1

We now prove the validity of Young’s inequality. Let f € Lip(S¢™1) and g € L (wy, [—1,1]),
and let z,y € S%°1. There is a rotation R with y = Rz, thus

£ = ol = |- [ F@te o) = = [ f@gtRe- 2otz
1 / f(2)g(x-2)do(z) — f(R2)g(Rz - Rz)do(2)
Wy | Jgd—1 Sa—1
= || 1@t 2o - [ 1(Re)gle - 2otz
Wq |Jsd—1 Sd—1
< [ V=R lgte - 2ldo(:)

<l [, Dl Relata - 2)ldo(2)
1
W lhipDle)=- [ lota-2)idat)
1 1
= sy D)= [ laOos(0at < | lhsplglaa Do)

It follows that f x g € Lip(S¥1), and || f * gllrip < | fllLipllgllai-

The finite dimensional space of real homogeneous harmonic polynomials of degree n on
R? restricted to S¢! is denoted by H2. These spaces are mutually orthogonal with respect
to the inner product

Foghoir = — [ flo)g(@)dola)

Wn Jgd-1

and they densely span L?(S?!) (see e.g. [10], Theorem 2.2.2). Denoting by proj, the
corresponding projection operators, we can associate the partial sum operators

Snf = Z proj,, f-
k=0

These are finite-rank and satisfy S, f = f * K,,, where

K0 =Y SR ep

k=0
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and C{ are the Gegenbauer polynomials ([10], Proposition 2.2.1). Fix § > d — 1 and
consider the averages

ZA k+A oM,

nkO

where A = (kzé) = (Mk)(ﬁkkjl)“'(ﬂl) . These give rise to a sequence of finite-rank operators
on L*(S71) defined by S9 : f + f+KJ. Write A := ||S3]|; = sup{||S3hll: : h € Briga-1)}.
By [10, Theorem 2.4.3], for each n € N, S? is a nonnegative operator, which implies that
K2(t) >0, t € [~1,1]. It follows that
Ap = sup ||f* Kplh > [11+ Kyl = || K3 laa
[lfll1<1

It is clear that also S2(C'(S471)) C C(S?!) and that its restriction to C(S?~1) is continuous
in the uniform norm. Moreover, by [10, Corollary 2.4.5], when f is continuous (and in
particular when it is Lipschitz) on S9!, we have that S f converges to f uniformly. On
the other hand, by Young’s inequality, for each f € Lip(S?~!) we have that

192 Flluie = I1f * K lluip < 1Ll Ko llan < A f]luip-

To conclude, let £ > 0. By [10, Theorem?.4.4], there is some n. such that A° < 1+ ¢, for
each n > n.. Thus S°, n > n. satisfy conditions (a)—(d) in Proposition 2.2 and we are
done. O

Acknowledgement. We would like to thank to Gilles Godefroy who suggested to us to
study these problems.

REFERENCES

[1] F. ALBIAC, J. L. ANSORENA, M. CUTH, AND M. DOUCHA, Lipschiz-free spaces isomorphic to their
infinite sums and geometric applications, arXiv preprint arXiv:2005.06555, (2020).

[2] F. ALBiAc, J. L. ANSORENA, M. CUTH, AND M. DOUCHA, Paper in preparation, (2020).

[3] F. ALBIAC AND N. J. KALTON, Topics in Banach space theory, vol. 233 of Graduate Texts in
Mathematics, Springer, [Cham], second ed., 2016. With a foreword by Gilles Godefroy.

[4] O. V. BoGoPOLSKII, Infinite commensurable hyperbolic groups are bi-Lipschitz equivalent, Algebra i
Logika, 36 (1997), pp. 259-272, 357.

[5] M. R. BRIDSON AND A. HAEFLIGER, Metric spaces of non-positive curvature, vol. 319 of Grundlehren
der Mathematischen Wissenschaften [Fundamental Principles of Mathematical Sciences|, Springer-
Verlag, Berlin, 1999.

[6) A. BRUDNYI AND Y. BRUDNYI, Metric spaces with linear extensions preserving Lipschitz condition,
Amer. J. Math., 129 (2007), pp. 217-314.

[7] D. BURAGO AND B. KLEINER, Separated nets in Euclidean space and Jacobians of bi-Lipschitz maps,
Geom. Funct. Anal., 8 (1998), pp. 273-282.

[8] L. CaNDIDO, M. CUTH, AND M. DOUCHA, Isomorphisms between spaces of Lipschitz functions, J.
Funct. Anal., 277 (2019), pp. 2697-2727.

[9] M. CUTH AND M. DOUCHA, Lipschitz-free spaces over ultrametric spaces, Mediterr. J. Math., 13
(2016), pp. 1893-1906.

[10] F. Dar anDp Y. Xu, Approzimation theory and harmonic analysis on spheres and balls, Springer
Monographs in Mathematics, Springer, New York, 2013.



1]
12]
13]
14]
[15]
16]
17]
18]

[19]

|
1]
2]

|

[31]

APPROXIMATION PROPERTIES IN LIPSCHITZ-FREE SPACES OVER GROUPS 23

A. DALET, Free spaces over countable compact metric spaces, Proc. Amer. Math. Soc., 143 (2015),
pp. 3537-3546.

———, Free spaces over some proper metric spaces, Mediterr. J. Math., 12 (2015), pp. 973-986.

C. DRUTU AND M. KAPOVICH, Geometric group theory, vol. 63 of American Mathematical Society
Colloquium Publications, American Mathematical Society, Providence, RI, 2018. With an appendix
by Bogdan Nica.

G. GODEFROY, Ezxtensions of Lipschitz functions and Grothendieck’s bounded approzimation property,
North-West. Eur. J. Math., 1 (2015), pp. 1-6.

G. GODEFROY AND N. J. KALTON, Lipschitz-free Banach spaces, Studia Math., 159 (2003), pp. 121
141. Dedicated to Professor Aleksander Pelczyniski on the occasion of his 70th birthday.

G. GODEFROY AND N. OzZAWA, Free Banach spaces and the approximation properties, Proc. Amer.
Math. Soc., 142 (2014), pp. 1681-1687.

P. HAJEK, G. LANCIEN, AND E. PERNECKA, Approzimation and Schur properties for Lipschitz free
spaces over compact metric spaces, Bull. Belg. Math. Soc. Simon Stevin, 23 (2016), pp. 63-72.

P. HAJEK AND M. NOVOTNY, Some remarks on the structure of Lipschitz-free spaces, Bull. Belg.
Math. Soc. Simon Stevin, 24 (2017), pp. 283-304.

P. HAJEK AND E. PERNECKA, On Schauder bases in Lipschitz-free spaces, J. Math. Anal. Appl., 416
(2014), pp. 629-646.

A. HATCHER, Algebraic topology, Cambridge University Press, Cambridge, 2002.

E. HEwiTT AND K. A. R0OSS, Abstract Harmonic Analysis I, vol. 115, Springer, 2012.

——, Abstract Harmonic Analysis II, vol. 152, Springer, 2013.

D. F. Hour AND S. REES, Artin groups of large type are shortlex automatic with reqular geodesics,
Proc. Lond. Math. Soc. (3), 104 (2012), pp. 486-512.

N. J. KALTON, Spaces of Lipschitz and Hélder functions and their applications, Collect. Math., 55
(2004), pp. 171-217.

P. L. KAUFMANN, Products of Lipschitz-free spaces and applications, Studia Math., 226 (2015),
pp- 213-227.

J. M. KM, Characterizations of bounded approzimation properties, Taiwanese J. Math., 12 (2008),
pp. 179-190.

A. W. KNAPP, Lie groups beyond an introduction, vol. 140 of Progress in Mathematics, Birkhé&user
Boston, Inc., Boston, MA, second ed., 2002.

E. LE DONNE, A primer on Carnot groups: homogenous groups, Carnot-Carathéodory spaces, and
reqularity of their isometries, Anal. Geom. Metr. Spaces, 5 (2017), pp. 116-137.

J. R. LEE AND A. NAOR, Eztending Lipschitz functions via random metric partitions, Invent. Math.,
160 (2005), pp. 59-95.

L. RIBES AND P. ZALESSKII, Profinite groups, vol. 40 of Ergebnisse der Mathematik und ihrer
Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathematics and
Related Areas. 3rd Series. A Series of Modern Surveys in Mathematics], Springer-Verlag, Berlin,
second ed., 2010.

N. WEAVER, Lipschitz algebras, World Scientific, 1999.

INSTITUTE OF MATHEMATICS, CZECH ACADEMY OF SCIENCES, ZITNA 25, 115 67 PRAHA 1, CZECH
REPUBLIC
Email address: doucha@math.cas.cz

INSTITUTO DE CIENCIA E TECNOLOGIA DA UNIVERSIDADE FEDERAL DE SAO PAULO, Av. CESARE
GruLio LATTES, 1201, ZIP 12247-014 SAo Jost pos CaMPOs/SP, BRASIL
Email address: plkaufmann@unifesp.br


http://www.tcpdf.org

