INJECTIVITY OF LIPSCHITZ OPERATORS
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ABSTRACT. Any Lipschitz map f: M — N between metric spaces can be “lin-
earised” in such a way that it becomes a bounded linear operator fl F(M) —
F(N) between the Lipschitz-free spaces over M and N. The purpose of this
note is to explore the connections between the injectivity of f and the injec-
tivity of ]? While it is obvious that if fis injective then so is f, the converse
is less clear. Indeed, we pin down some cases where this implication does not
hold but we also prove that, for some classes of metric spaces M, any injective
Lipschitz map f: M — N (for any N) admits an injective linearisation. Along
our way, we study how Lipschitz maps carry the support of elements in free
spaces and also we provide stronger conditions on f which ensure that f is
injective.

1. INTRODUCTION

For a metric space (M, d), the Lipschitz-free space (also known as Arens—Eells
space or transportation cost space) F(M) is a Banach space which is built around
M in such a way that M is isometric to a (linearly dense) subset 6(M) of F(M), and
Lipschitz maps from 6(M) into any Banach space X uniquely extend to bounded
linear operators from F (M) into X (see Section 1.1 for a more detailed definition).
For metric space-valued maps on M the linearisation procedure takes the follow-
ing form. For every Lipschitz map f: M — N, there exists a continuous linear
map f: F(M) — F(N) such that its operator norm is equal to the best Lipschitz
constant of f, and moreover the following diagram commutes:

f

M ——N

o e

f(M)T]:(N)

A recent program, which motivated quite many specialists in the field, consists
in trying to characterise (linear) properties of F(M) in terms of (metric) properties
of M. Yet, while there is a number of papers dealing with this scheme (see [3, 7, 9,
15, 16, 26, 29, 30, 34] just to name a few), less papers focus on how the properties
of Lipschitz maps f and their linearisations f are related. This is precisely the
purpose of this note as we will focus on injectivity. While it is well known and
rather easy to see that f: M — N is bi-Lipschitz if and only if fis an isomorphic
embedding, the question whether the injectivity of a Lipschitz map f: M — N
implies the injectivity of the linearisation fhas not been dealt with; and is more
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delicate as we aim to show in the present note. Let us remark right away, that
the converse implication trivially holds. Indeed, using the same notation as in the
commutative diagram above, f can be naturally identified with f[5, (ap. Also,
since simple examples can be produced when M is not complete, see Section 1.1,
we restrict our attention to complete metric spaces M.

In this context, our main results are the following. For some classes of metric
spaces M, we prove that for every metric space N, every Lipschitz injection f: M —
N has an injective linearization f: F(M) — F(N). We call the spaces satisfying
the latter property Lip-lin injective spaces. This is the case of, e.g., compact spaces
having null 1-dimensional Hausdorff measure (H!(M) = 0). In fact, we prove that
if M is compact and totally disconnected, then M is Lip-lin injective if and only
if the space so(M) of locally constant Lipschitz functions from M to R separates
points of M uniformly. That is, there exists a constant C' > 0 such that for every
distinct points x # y in M, one can find a C-Lipschitz map f € so(M) in such a
way that |f(z) — f(y)| = d(z,y). Further we prove that uniformly discrete metric
spaces are Lip-lin injective while this is not the case for every discrete metric space
(see Example 5.8). Also, if M is not purely l-unrectifiable (plu), i.e. there exists
A C R of positive Lebesgue measure that bi-Lipschitz embeds into M, then M is
not Lip-lin injective. This allows us to provide examples, on the one hand, of a
Lip-lin injective compact M such that H!(M) > 0, and on the other hand, of a
plu, compact, totally disconnected M which is not Lip-lin injective.

As a preliminary work for the above results, we investigate sufficient conditions
on f which guarantee that fis injective. This is done by analysing how Lipschitz
operators carry the supports of elements in ﬁree spaces. It turns out that, when M is
bounded, f is injective if and only if supp(f(x)) = f(supp(p)) for every u € F(M).

Finally, we give a complete solution to the related question of when f** is injec-
tive: this happens if and only if f is a bi-Lipschitz embedding. We conclude the
paper with a few observations about surjectivity of Lipschitz operators.

1.1. Preliminaries on Lipschitz-free spaces. There are several ways to build
Lipschitz-free spaces (see [12, 35]). Of course, the constructions are equivalent in
the sense that they give birth to isometrically isomorphic Banach spaces. Here we
will use spaces of Lipschitz functions.

Let M be a pointed metric space, that is a metric space equipped with a dis-
tinguished point denoted by 0 (the choice of the base point is not relevant). If
N is another metric space then Lipy,(M, N) stands for the set of Lipschitz maps
f+ M — N such that f(0p) = On. We will also write Lip(f) for the best Lipschitz
constant of f. When (N,dy) = (R, |- ), we will simply write Lip,(M) instead of
Lipy(M,R). Note that Lip,(M) is actually a vector space, and when equipped with
the norm

Yy _ |f(z) — f(y)]
Il fllz := Lip(f) = IEEEM Ty

it naturally becomes a Banach space.

Next, for x € M, we consider the linear map d(x): Lip,(M) — R given by
(f,d(x)) = f(z). It is readily seen that §(z) is continuous with

[16(2)|Lipy (a)+ = d(,0).
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The Lipschitz-free space over M is then defined as the closed subspace of Lip,(M)*
generated by these evaluation functionals, that is,

F(M) :=spanlll {§(z) : 2 € M} C Lipy(M)*.

The Lipschitz-free space over M is characterised (up to isometric isomorphism) by
the following “universal extension property”: any Banach space-valued Lipschitz
map f: M — X vanishing at 0 can be extended in a unique way to a continuous
linear map f: F(M) — X whose operator norm is equal to the best Lipschitz
constant of f. As a consequence (taking X = R), F(M) is an isometric predual
of Lipy(M), and the corresponding weak* topology on BLip,(ar) coincides with the
topology of pointwise convergence. Another easy consequence is the linearisation
property which was already discussed at the beginning of the introduction.

Proposition 1.1. If f € Lipy(M,N), then there exists a unique bounded linear
operator f: F(M) — F(N) with || f|| = Lip(f) and dx o f = fodum.

Let us continue with a few more basic but important facts. For any subset M’ C
M containing 0, F(M') may be canonically identified with the closed subspace of
F (M) generated by the evaluation functionals on points of M’. A fundamental
tool, introduced in [4] for bounded spaces and in [6] in the general case, is the
support of elements in Lipschitz-free spaces. Given u € F(M), its support supp p is
the intersection of all closed subsets K C M so that u € F(K U{0}). The so-called
Intersection Theorem (see [4, 6]) implies that pu € F(supp(p) U {0}). Recall that
0 is never an isolated point of supp(p) and that supp0 = (. Also, a point p € M
lies in the support of p if and only if for every neighbourhood U of p there exists a
function f € Lipy(M) whose support is contained in U and such that (f, ) # 0 ([6,
Proposition 2.7]). We will use these facts without any further reference. Finally,
the following well-known example see e.g. [35, Example 3.11]) will be crucial for
us.

Example 1.2. F(R) = L'(R). Indeed, the linear map ® : F(R) — L'(R) such
that

o 1{071,] if z 2 0

Ve eR, @((x)) = { g <0,

is a surjective isometry.

1.2. The Lipschitz map f versus the Lipschitz operator f

Even if the connections between f: M — N and f: F(M) — F(N) are not
much explored yet, some links are well known and have been used repeatedly in the
literature. For instance, the three first assertions below can be found in [27] while
the last one is [1, Proposition 2.1]:

e f is bi-Lipschitz if and only if fis an isomorphic embedding;
e f is a Lipschitz isomorphism (bi-Lipschitz and surjective) if and only if f
is a linear isomorphism;
e f is a Lipschitz retraction if and only if fis a linear projection;
e f has dense range if and only if fhas dense range.
These assertions should be compared with [35, Proposition 2.25] where similar

statements are proved for the composition operator Cy: g € Lipy(N) — go f €
Lipy(M). Notice that, through the isometry F(M)* = Lipy(M), the composition
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operator C'y is naturally identified with the adjoint operator of fF (M) — F(N).
Indeed, for every g € Lip,(N) and € M, we have

((f)7(9),6(2)) = (g, [(6(2))) = (g, 8(f(2))) = g o f(x) = (Cy(g),6()).
Finally, Lipschitz operators which are compact are characterized in [2] in terms of
metric properties of f (see also [31, Theorem 1.2]). This program has also been
addressed in other contexts. For instance, each linear operator between Banach
spaces corresponds to a lattice homeomorphism between the corresponding free
Banach lattices, in that case injectivity and surjectivity are always preserved as it
is shown in [32].

Going back to the main subject of the paper, if f is not injective, then there
exist z # y € M with f(z) = f(y), which implies that f(d(z) — 6(y)) = 0. That
is, f is not injective. Furthermore, if M is a metric space that is not complete,
then F (M) is a Banach space that is linearly isometric to the Lipschitz-free space
over the completion of M. This allows to provide “trivial examples” of injective
Lipschitz maps with non-injective linearisation, such as the following one.

Example 1.3. Let M be non-complete metric space. Let f: M — N be a Lipschitz
injection onto some complete space N such that f(0) = 0. Let (x,) C M be a
Cauchy sequence that does not converge in M. By completeness of F(M), resp.
of N, it is clear that p := limd(x,) € F(M) \ 6(M) exists, resp. lim f(z,) € N
exists. Let x € M be such that f(z) = lim f(x,). By uniqueness of lim f(é(zn))
we have that ;1 —0(z) € ker . A concrete example of such situation is M = [0, 27),
N={z€C:|z|] =1} (where Oy =1 € C) and f(x) = e'®

In light of the above example, from now on we will always tacitly assume that
the considered metric spaces are complete.

Notation. Let us briefly describe the notation that will be used throughout this
paper. For a Banach space X, we will write Bx for its closed unit ball and Sx for
its unit sphere. As usual, X* denotes the topological dual of X and (z*,z) will
stand for the evaluation of z* € X* at € X. We will write w = o(X, X™*) for the
weak topology in X and w* = o(X*, X) for the weak* topology in X*.

The letters M and N will always stand for complete pointed metric spaces with
metric d and base point 0. The choice of the base point will be irrelevant to our
results since, as is well known, free spaces over the same metric space but with
different base points are isometrically isomorphic. Further, B(p,r) will stand for
the closed ball of radius r around p € M and diam(A) = sup{d(z,y): =,y € A}
for the diameter of A C M. Finally, Lip(M) stands for the space of all Lipschitz
functions from M to R, and the Lebesgue measure on R will be denoted by A.

2. PRESERVATION OF SUPPORTS AND INJECTIVITY
Let us start with an easy observation.
Proposition 2.1. Let f € Lipy(M, N). Then, for any pn € F(M),

supp (f(1)) C f (supp(u)).
Proof. Let K be a closed subset of M. It is clear from the definitions that

S — -

(1) FFE UL0}) = F(f(K)u{0}).
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Now let u € F(M). Since u € ]—"(Asupp(u) U {0}), we have f(u) € f(]-"(supp(,u) U
{o})). AEquality (1) implies that f(x) € F(f (supp(x)) U {0} ), which means that
supp (f (1)) C f (supp(p)). O

Observe that the inclusion in Proposition 2.1 is strict whenever ]?is non-injective.

Indeed, if 4 # 0 € F(M) is such that f(u) = 0, then supp f(u) = 0 while
f(supp p) # (. This motivates the next definition.

Definition 2.2. We say that a Lipschitz function f € Lipy(M, N) preserves the
support of p € F(M) if

~

supp(f (1)) = f(supp(p)).
If f preserves the support of every u € F(M), then we say that f preserves supports.

So, the observation before Definition 2.2 may be reformulated: if f preserves
supports, then f is injective. More precisely, we have the following proposition.

Proposition 2.3. Let f € Lip,(M, N). The following are equivalent:

(i) f preserves supports.
(ii) f is injective and for any p,v € F(M) with supp(u) C supp(v), we have

~ ~

supp(f (1)) C supp(f(v)).

In any case, it follows that f is injective.

Proof. (i) = (ii). We already explained that [ is injective whenever f preserves
supports. So, we only have to prove the second part of the statement. Assume that
supp(p) C supp(v). Then one has

~ ~

supp(f(u)) = f(supp(p)) C f(supp(v)) = supp(f(v)).

(1) = (4). Let us assume that f does not preserve supports and that f
is injective. Then there exists u € F(M) and = € supp(p) such that f(z) ¢

o~

supp(f(u)). We claim that = can be chosen so that © # 0p7. Indeed, assume

~

that 0p; € supp(p) and Oy = f(Oprr) ¢ supp(f(n)). Then 0p is not isolated in
supp(p), so there exists a sequence (), C supp(u) such that z, — 0 while
xn # Opr for every n € N. Since f is continuous, we have f(z,) — Oy. However,

~ ~

On ¢ supp(f(u)) and supp(f(u)) is closed, so there exists Ny € N such that f(z,) ¢
supp(f(x)) whenever n > Ny. Now any x,, with n > Ny satisfies x,, € supp(u) and

~

f(zy) ¢ supp(f(u)), which were the required properties.

So, let us fix x € supp(u) \ {0} with f(x) & supp(f(u)). Since f is injective, we
have f(x) # 0. Therefore

{x} = supp(d(x)) C supp(u) but supp(f((z))) = {f(x)} & supp(f(u)).

Notice that f(x) # 0 was important for the last equality to hold. Indeed, by
convention, the support of 0 is the empty set.
Finally, the last statement has already been proved before Definition 2.2. ([l

Now a very natural question is whether every injective Lipschitz operator
I F(M) — F(N) is such that f: M — N preserves supports. Our next goal
is to answer this question positively, in the case when the domain space M is
bounded. Before going into the details of the proof, let us provide some auxiliary
remarks.
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First, as we already mentioned, the adjoint operator of f: F (M) — F(N)
can be naturally identified with a composition operator Cy: g € Lipy(N) — g o
f € Lipy(M). Since a bounded operator T: X — Y is injective if and only if

T*(Y*)" = X* (see [23, Exercise 2.44 (i)]) we immediately get the following.

Fact 2.4. Let f € Lipy(M,N). Then F is injective if and only if Cy(Lipo(N)) is
weak*-dense in Lipy(M) (that is, Cy(Lipg(N)) is separating for F(M)).

Next, we will also need pointwise multiplication operators on Lipschitz spaces,
and their pre-adjoints. Let w € Lip(M) and let K C M contain the base point and
the support of w. For f € Lip,(K), let M, (f) be the function given by

f@w(x) ifzeK

@ M. () = {0 e s

It is proved in [6, Lemma 2.3] that if w has bounded support then M, defines

a weak*-to-weak® continuous linear operator from Lipy(K) into Lipy(M), and

Myl < |lw|lo + sup  d(0,2) |lw||,. We will denote by W,,: F(M) — F(K)
zEsupp(w

the pre-adjoint operator of M. In fact, we will use a multiplication operator for a

very particular Lipschitz map w which will call “r-plateau”.

Definition 2.5. Let x € M and r > 0. We will say that w € Lip(M) is a r-plateau
at x if

(M) < [0,1],

(B(z,r)) = {1}, and

w(M \ B(z,2r)) = {0}.

o w
o w
[ ]

Such a map always exists. Indeed, we may define w: B(x,r)U(M\B(z,2r)) = R
by w = 1on B(z,r), w=0on M\ B(z,2r). Notice that Lip(w) < 1. Then, thanks
to McShane-Whitney extension’s theorem (see e.g. [35, Theorem 1.33]), w can be
extended to a Lipschitz map w: M — R with the same Lipschitz constant. Finally
we let w be given by w(z) = max(0, min(w(z),1)). It is a routine exercise to check
that w satisfies the required properties with moreover Lip(w) < %

The next result shows that, under a technical assumption that will be frequently
satisfied, the preservation of supports is equivalent to the injectivity of the lin-
earization. Also, this result should be compared with Proposition 3.5.

Theorem 2.6. Let f € Lipy(M,N) be such that f is injective and let x € M.
Assume that the following “non-returning at f(x)” condition is satisfied:

(NRy): There exist r,p > 0 such that f(M)N B(f(x),p) C f(B(z,r))
(equivalently f~1(B(f(x),p)) C B(x,7)).

~

Then f(x) € supp(f (7)) whenever x € supp(y).
In particular, if (N'R,) holds for every x € M\ {0}, then f is injective if and only
if [ preserves supports.

Proof. We will argue by contradiction. Suppose v € F(M) is such that z €

~

supp(y) but f(z) ¢ supp(f(y)). We may assume that p is small enough so
that B(f(x),p) N supp(f(’y)) = ). Take 0 < 7 < min{r,p/(2]/f|.)} note that
f(B(z,7")) C B(f(x),p/2). By injectivity of f and condition (N'R), we also have
f(M\ B(z,r)) C N\ B(f(x),p). Let w € Lipy(N) be a p/2-plateau at f(x).
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We claim that Mo : Lipy(M) — Lipy(M) is a bounded operator. Indeed, let
g € Lipy(M) and a,b € M. If a,b € M\ B(x,r), then w(f(a)) = w(f(b)) =0
and |Maor(9)(a) — Muop(9)(B)] = lw(F(a))g(a) — w(F(5))g(B)| = 0. Assume now
without loss of generality that a € B(x,r). Then
w(f(a))g(a) —w(f(6))g(®)] < |w(f(a)) —w(f ()] |g(a)l + |w(f(®))]lg(a) — g(b)]
< llweo flip dla,b) [lgll, (0, a) +1- gl d(a,b)
< Clgll, d(a;b)
for some suitable constant C' > 0 since d(0,a) < d(0,x) 4+ r. Now, using a standard
argument involving the Banach-Dieudonné theorem (see [6, Lemma 2.3]), we obtain
that M,y admits a pre-adjoint W. Moreover it is easily checked that Mo s(ho f) =
M,,(h) o f for every h € Lip(N). We further have that wo f =1 on B(x,7’). For

an arbitrary g € Lipy(M) such that supp(g) C B(x, r’), we appeal to Fact 2.4 to
get a net (h,) C Lipy(IV) such that h, o f — g weakly*. We have that

(9:7) = (Muo(9),7) = im(Moog(ha © f),7) = (M (ha) o £,7).

We conclude by noticing that M, (h,) € Lipy(N) is such that supp(M,,(ha)) C
B(f(x), p), which implies that lim(M,,(hs) o f,7) = lim(M,,(ha), f(7)) = 0. Since

g was arbitrary, this shows that x ¢ supp(7). O

We are now in good position to prove that an injective Lipschitz operator pre-
serves the support of every element with bounded support.

Corollary 2.7. Let f € Lipy(M, N) be such that fis injective. Then f preserves
the support of every v € F(M) such that supp(y) is bounded.

In particular, if M is bounded then f is injective if and only if f preserves supports.

Proof. Let v € F(M) be an element with bounded support. Then, the map g =
flsupp(y)ugo} satisfies the non-returning condition at f(x) for every x € supp(y), so

~

supp(f(v)) = supp(g(7)) = g(supp(7)) = f(supp(7))
by Theorem 2.6. O

We do not know if the last statement in Corollary 2.7 holds when M is un-
bounded. Still, we obtain it holds for real-valued functions defined on a connected
locally connected space.

Lemma 2.8. Assume that M is connected and let x € M admit a neighborhood
basis made of connected sets. Let f € Lipy(M,R) be injective. Then for everyr > 0
there exists p > 0 such that f(M) N B(f(z),p) C f(B(z,7)).

Proof. Let x € M and r > 0. Take a connected neighbourhood U C B(z,r) of x.
Then I := f(U) is an interval in R. If f(x) lies in the interior of I, then we may find
p > 0 with B(f(x),p) C I and we are done. Otherwise, f(z) is an extreme point of
1, let’s assume for instance that f(x) = min I. Now we claim that f(z) = min f(M).
Indeed, consider V = f~1((—o0, f(z))) and assume V # ). Since V is open and
since M is connected, V is not closed, and so there is a sequence y,, € V with
Yn =y € M\V. Then f(y,) < f(z) < f(y) and so f(z) = f(y), which yields
y = x by injectivity. Then y, € U eventually, so f(y,) > f(x), a contradiction.
Now that we know that f(z) = min f(M), any p > 0 with [f(z), f(z) +p) C I will
do the work. O
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As a direct consequence of Lemma 2.8 and Theorem 2.6 we get the following.

Corollary 2.9. Assume that M is connected and locally connected and let f €
Lipg(M,R). Then f is injective if and only if f preserves supports.

We conclude the section with the next lemma which we use in the sequel.

Lemma 2.10. Let f € Lipy(M, N) and g € Lipy(N, L).

(a) If f and g preserve supports, then g o f preserves supports.

(b) If g is closed and injective and g o f preserves supports, then f preserves
supports.

(c) If f is closed, f is onto and g o f preserves supports, then g preserves
Supports.

Proof. (a) Let p € F(M). Then

(9o f)(supp p) = g(f(supp p)) C g(supp(f(1))) C supp(g(f(u))) = supp(g o f(p))-
(b) Let u € F(M). By hypothesis,

(g o f)(supp ) C supp(g o f(x)) = supp(go f(u)) C g(supp f(1)) = g(supp f (1))

-~

Since g is injective, it follows that f(supp(p)) C supp f(u), and taking closures
yields the conclusion.

o~

(c) Let v € F(N) and take p € F(M) with f(u) = 7. Then g(supp(v)) =
g(supp(f(p)) and

—

g(supp(f(1)) € g(F(supp ) = g(f(supp 1)) C supp(g o f(u)) = supp(g(7))-
O

Remark 2.11. Both the statement and the proof of Lemma 2.10 may be improved
when M is bounded. Indeed, since a Lipschitz map preserves supports if and only
if it has injective linearization, we can prove only the corresponding statements for

this latter property. Therefore (a) becomes trivial. Assertion (b) readily follows
from the fact that go f = go f is injective only if f is injective. Notice we do no

need g to be closed, and not even injective for “ = 7. Again, since go f = go f
and since f is onto, (c) is easy, and still no closedness assumption is needed.

3. SUFFICIENT CONDITIONS FOR INJECTIVITY

In this section, we will provide some metric conditions on f which ensure that
fis injective.

Recall that if X is a Banach space, then we say that a subspace S C X* is
norming if there exists C' > 1 such that, for every x € X, ||z| < Csup,.p, |2*(z)|.
Of course, it is clear that if S is norming then S is separating for X. In particular,
thanks to Fact 2.4, we obtain:

Fact 3.1. Let f € Lipy(M,N). If Cy(Lipy(N)) is norming for F(M) then s
injective.
Let us point out that it follows from [21, Proposition 3.4] that a subspace S of

Lipy(M) which is also a sublattice, such as Cf(Lipy(V)), is norming if and only if
it separates the points of M uniformly, meaning that

3C >1, Ve #ye M, 3f € CBs, |f(z) — f(y)| = d(x,y).
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3.1. The case of bi-Lipschitz maps. Let usrecall that f: M — N is bi-Lipschitz
if there exist a,b > 0 such that

Ve,y e M, ad(z,y) <d(f(z), f(y)) <bdz,y).

The next result is already known.

Proposition 3.2. Let f € Lip,(M, N). The following are equivalent:
(1) f is bi-Lipschitz.
(ii) f is injective with closed range.
(1i3) Cy is onto.
In any case, Cy(Lipy(NN)) is norming for F(M) and f preserves supports.

Proof. The equivalence (i) <= (#i¢) is contained [35, Proposition 2.25]. Next,
(#i) <= (ii1) is a general standard fact: an operator T is an into isomorphism if
and only if 7% is onto (see Exercise 2.49 in [23] for instance). To conclude, if Cf
is onto then it is clear that Cy(Lipy(N)) is norming for F (M), while f preserves
supports thanks to Theorem 2.6.

(I

However, there are support-preserving Lipschitz functions, even with C(Lipy(V))
norming, which are not bi-Lipschitz.

Example 3.3. Consider M = N = [0,+00) and f: M — N given by f(z) = x
if £ <1and f(x) =+ if z > 1. Clearly f is not bi-Lipschitz. We claim that
Cy(Lipy([0, +00)) separates the points of M uniformly. Indeed, given z,y € M
with z < y, we have that f*1|[07y] is Lipschitz. Thus the function g given by
g(t) = f~1(t)if 0 <t <yand g(t) = f~!(y) otherwise is Lipschitz, and

t if f(t) <y
f(y) otherwise.

(9o f)(t) = {

In particular g o f is 1-Lipschitz and satisfies |g(f(x)) — g(f(y))| = | — y|. Finally,
note that f satisfies (MW'R,) for every = and so f preserves supports by Theorem 2.6
or by our future Proposition 3.5.

A similar counterexample can be given for a discrete metric space M.

Example 3.4. Let M = NU{0} equipped with the metric dys verifying dps(0,n) =
1 and dps(n,m) = dpr(n,0) + dar(m,0) for every n,m € M. Similarly we let N =
N U {0} equipped with the metric dy such that dy(0,n) = 1/2" and dy(n,m) =
dn(n,0) + dny(m,0) for every n,m € N. Then Id: M — N is clearly not bi-
Lipschitz. However, it is readily seen that Cp4(Lipy(IN)) separates points of M
uniformly.

3.2. The case of locally bi-Lipschitz maps.

Proposition 3.5. Let f € Lip,(M,N) be an injective map and let v € M. As-
sume there are r,p > 0 such that f|p(, . is bi-Lipschitz and f(M) N B(f(z),p) C

~

f(B(z,r)). Then f(x) € supp(f(y)) whenever x € supp(7y).

Notice that in particular, the second hypothesis is satisfied if f(x) is isolated in
f(M). Notice also that assuming only that f € Lip,(M, N) is injective and locally
bi-Lipschitz is not enough to conclude that f is injective; see Example 5.8.
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Proof. We may and we do assume that f(M) = N. Suppose that v € F(M) and
x € M are such that « € supp(y) but f(z) & supp(f(’y)). By assumption, there
exists 7, p > 0 such that f|p(s, is bi-Lipschitz and f(M)NB(f(x),p) C f(B(z,7)).
We may assume that p is small enough so that B(f(x),p) N supp(f(y)) = (). Take
0 < 7" < min{r,p/||f|.}, note that f(B(x,r")) C B(f(z),p). Since x € supp(y),
there is ¢ € Lip(M) such that supp(¢) C B(z,r’') and (p,v) # 0. Note that the
function g = po f~1: f(M) — R is Lipschitz. Indeed,

o If p,q € f(B(x,7)) then [g(p) — g(q)| < Bl dp,q).

o Ifp,ge f(M)\ f(B(z,r")) then f~1(p), f~(q) ¢ B(z,r’) (since f is injec-
tive) and so g(p) = g(q) = 0.

e It p € [(B(z,”)) and g € f(M)\ f(B(z,r)). Then d(g, /(x)) > p (other-
wise, ¢ € f(M) N B(f(x),p)) C f(B(z,r)), a contradiction) and g(q) = 0.
Also, d(p, f(x)) <" || fll,- Thus, d(p,q) > p—r"||f|l, =: « > 0. We have

90) — 9] = 90)] < llgll. < W=y, g)

Now, we can extend g uniquely to a Lipschitz function § on N = f(M). Since
g|f(M)\B(f(1) p) = 0, we also have g|n\B(f(z),p) = 0, and so suppg C B(f(z),p).
Thus <§,f( )) = 0. In addition, ¢ = go f. Indeed, let x € M, then g(f(x)) =
9(f(x)) = ¢ o [7H(f(x)) = @(x). Thus, (G, J(7)) = (Go f.7) = (&.f) # 0, a
contradiction. O

Remark 3.6. It is clear that if the assumptions of Proposition 3.5 are satisfied for
every x € M \ {0}, then f preserves supports and so f is injective. We do not
know if this implies the stronger property “Cy(Lipy(N)) is norming for F(M)”.
It does, of course, when M is compact, since then f is bi-Lipschitz. On the
other hand, C;(Lipy(NN)) norming does not imply that the assumptions of Propo-
sition 3.5 are satisfied for some x. A simple counterexample is the Lipschitz map
f=1Id:(]0,1], |-|1/2) — ([0,1],|-])- It is straightforward that f is not bi-Lipschitz
in a neighborhood of any point, therefore the assumptions of Proposition 3.5 are
not satisfied. The fact that C(Lipy(IN)) separates points uniformly follows from a
more general result; see Subsection 3.3.

Corollary 3.7. Assume that M is connected and locally connected, and f €
Lipy(M,R) is an injective function which is locally bi-Lipschitz on M \ {0}. Then
f preserves supports.

Proof. Apply Lemma 2.8 and Proposition 3.5. O

A simple example where the above applies is f: z € [0,1] = 22 € [0,1]. We shall
provide more applications of Proposition 3.5.

Corollary 3.8. Let M and N be any metric spaces. Let f € Lipy(M, N) be an
injective closed map, v € F(M) and x € supp(y). If x is in the closure of isolated
points of supp(y), then f(z) € supp(F(1))-

Proof. Suppose first that x is isolated in supp(7y). Let 0 < r < d(z, supp(v) \ {z})

and 0 < p < d(f(z), f(supp(7) \ {z})) (the fact that f is closed is used here), and
consider the map f [ upp(yyugor: supp(y) U {0} — f(supp(y) U {0}). Then a direct

application Proposition 3.5 implies that f(z) € supp(f(’y)).
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Otherwise, take a sequence (x,) C supp(7y) of isolated points of supp(y) such

that z,, — x. We have that supp(f(v)) > f(zn) — f(x), thus f(z) € supp(f(v))
as the support is closed. (Il

Notice that it follows rather directly from Corollary 3.8 that if M is compact
and countable, then f: M — N injective implies finjective for every N and every
f € Lipy(M, N). This statement will be improved in Corollary 4.9. Finally, we also
obtain a “reduction to bounded metric spaces” kind of result.

Corollary 3.9. Let f € Lipy(M,N). Consider the metric on either M or N
given by p(x,y) = min{l,d(x,y)}. If we write Idpyr: x € (M,d) — x € (M, p),
Idy:z € (N,d)—x € (N,p) and f,: x € (M, p) — f(x) € (N, p), then:

(a) Idn, Idn and f, are Lipschitz;

(b) f preserves supports if and only if Idyn o f preserves supports;

(¢) f preserves supports whenever f, preserves supports.

Proof. Assertion (a) is clear. Next, note that Idy is a closed map which preserves
supports thanks to Proposition 3.5. So we may apply Lemma 2.10 to obtain (b).
Finally, assume that f, preserves supports. Since Idy o f = f, o Idys, according to
(b), f preserves supports if and only if f, o Idy; does so. Since Idys preserves sup-
ports, Lemma 2.10 (a) implies that f, o Idys preserves supports, and so f preserves
supports. U

3.3. Uniform separation of points. We will now provide some sufficient condi-
tions on f: M — N which ensure that C'(Lipy(N)) is norming for F ().

Before stating and proving the next proposition, let us introduce some termi-
nology and notation. For f : [0,00) — R and g : [0,00) — R we define their
inf-convolution as

fOg(s) = ilgf; f(a) +g(b) forall s >0.

If g(0) = 0 then fOg(s) < f(s) for all s > 0. If C > 1, we say that f : [0,00) —
[0,00) is C-subadditive if f(a +b) < f(a)+ Cf(b) for every a,b > 0. It is easy to
prove that if f, g are C-subadditive then fOg is C-subadditive.

Proposition 3.10. Let f € Lipy(M,N) be an injective map. Assume that there
exists a non-decreasing function w : [0,00) — [0,00) such that

(a) w(0) =0 and w is left continuous;

(b) 3C1 > 1 such that w is Cy-subadditive;

(¢) 3C5 > 0 such that for every xz,y € M:

(3) Cow(d(f(z), f(y)) < d(z,y) < w(d(f(2), f(y)))-
Then Cy(Lipy(N)) separates the points of M uniformly and f preserves supports.

o~

In particular, f is injective.
Proof. Fix x # y € M. For n € N we define w,, = wlnld. This is the largest
n-Lipschitz function below w. Notice moreover that w,(0) = w(0) = 0 and:
(i) wp: [0,+00) = [0,400) is non-decreasing;
(i) lim wy(t) = w(t) for every t € [0, 00);
n— oo
(iil) |wn(t1) — wn(te)] < Crw(|tr — t2]) for all ¢1,ts € [0, 4+00).



12 LUIS C. GARCIA-LIROLA, C. PETITJEAN, AND A. PROCHAZKA

In order to prove (i) when ¢ > 0, fix ¢ > 0 and let a < ¢ be such that w(a) > w(t)—e.
Take n such that n(t —a) > w(a). Then w(b) +n(t —b) > w(a) > w(t) —¢ for every
b<t.

In order to prove (iii) assume that 0 < ¢; < to. Then by Cj-subadditivity of wy,
and by the fact that nId(0) = 0 we have

|wn(t1) - wn(tg)‘ = wn(tg) — wn(tl) S Clwn(tg — tl) § Clw(tg — tl).
Next, for every n € N we let g,, € Lipy(N) be the map given by

VzeN, gu(2) = wnld(z f(y))) —wn(d(f(y),0)).
For every x1,x9 € M we have by (iii)

90 (F(@1)) = 9a(F(22))] < Cro([d(F (1), £(9)) = d(F(22), FW))])
< Crw(d(f(21), f(22)))

C
S éd(fﬂl,xg).

Hence ||Cy(gn)|lz < g— Moreover, the point (ii) above implies that

19n(f(2)) = gn(f ()] = wn(d(f(2), f(y))) —2 w(d(f(2),f(y))) = d(z,y).

Thus Cj(Lipy(NV)) separates the points of M uniformly and so fis injective. To
conclude, note that the second inequality in (3) implies that (A'R,.) holds for every
x € M, so f preserves supports by Theorem 2.6. [l

Corollary 3.11. Let o € (0,1) and assume (M, d) is bounded. Then Id: (M,d*) —
(M, d) is a Lipschitz map such that Crq(Lipy(M,d)) separates the points of (M, d®)
uniformly. In particular, Id is injective.

Proof. For the choice w(t) = t* and C; = Cy = 1, all the requirements of Proposi-
tion 3.10 are satisfied. O

4. METRIC SPACES WHERE INJECTIVITY IS ALWAYS PRESERVED

As the title of the section suggests, we will try to distinguish here the metric
spaces M such that f: M — N injective implies J?injective for every N and every
f € Lipy(M, N) from those metric spaces which do not have this property. For
future reference, let us call such spaces Lip-lin injective spaces.

Let us give some basic properties of Lip-lin injective spaces. Obviously, Lip-
lin injectivity is stable under Lipschitz equivalences, i.e. if d and p are Lipschitz
equivalent metrics on M, then either both (M,d) and (M, p) are Lip-lin injective,
or they both are not Lip-lin injective. We will see later that this does not translate
to an isomorphic property of F(M). Also, in the definition of Lip-lin injective we
might consider only bounded metric spaces V.

Lemma 4.1. A metric space M is Lip-lin injective if and only if for every bounded
metric space N and every f € Lipy(M, N), f is injective whenever f is injective.

Proof. One implication is trivial and the other one is proved with a similar trick as
in Corollary 3.9. Indeed, assume that M is not Lip-lin injective. Then there exists
a metric space N and a Lipschitz map f € Lipy(M, N) such that f is injective but f
is not injective. Let p be the metric on N given by p(z,y) = min{1, d(z,y)} and let
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Idy:z € (N,d)— x € (N,p). Next, let g:=Idyo f: M — (N,p). Clearly (N, p)
is a bounded metric space and g is 1nJect1ve smce both f and I dy are mJectlve
Moreover, since f is not injective and g = I dN o f , we easily obtain that g is not
injective. O

Further, Lip-lin injectivity is hereditary in the following sense.

Lemma 4.2. Let M be a metric space. If M is Lip-lin injective and W bi-Lipschitz-
embeds into M, then W is Lip-lin injective.

Proof. Suppose that W bi-Lipschitz-embeds into M but W is not Lip-lin injective.
Therefore there exists a metric space N and an injective f € Lipy(W, N) with
non-injective f We will prove that M cannot be Lip-lin injective. Without loss
of generality, we may assume that 0 € W C M and, using the Fréchet embedding,
that N C lso(N) isometrically. Let f € Lipy(M, £so(N)) be a Lipschitz extension
of f. Let p be the metric on M given by p(z,y) = min{l,d(x,y)} and let p(x) =
p(z,W). Then g: (M,d) = loo(N) x F(M, p) defined by g(z) := (f(z), ¢(z)d(z))
is Lipschitz. Indeed, f is Lipschitz and

lp(2)d(x) — ()W) F(ar.p) < ()] 16(x) = (W) + [0 [o(x) — w(y)]
< p(z,y) + p(y, 0)p(z,y)
< 2d(z,y).

Moreover, it is readily seen that g is injective while kerfg ker g, which concludes
the proof. O

Remark 4.3. Notice that the growth of the dimension of the target space is un-
avoidable. For instance, consider M = [0, 1]? with the Euclidean distance. While
the space [0, 1] embeds isometrically into M and there is an injective Lipschitz map
f:[0,1] = [0,1] such that f is non-injective (see Example 5.2), there is no contin-
uous injective function g : M — R. This remark also explalns why in the definition
of Lip-lin injective spaces we use the universal quantifier on the target space.

Note also that whenever we have f: M — N Lipschitz and injective, one can
consider the metric p(z,y) = d(f(z), f(y)) on M, satisfying that the identity map
Id: M — (M, p) is Lipschitz and injective. Moreover, considering g: (M, p) - N
given by g(z) = f(x), we have that g is an into isometry such that go Id = f. Tt
follows then that fis injective if and only if Id is injective. As an immediate con-
sequence, we get that Lip-lin injective spaces can be characterized just by looking
at identity maps:

Proposition 4.4. A metric space (M,d) is Lip-lin injective if and only if for
every metric p on M such that Id: (M,d) — (M, p) is Lipschitz, we have that Id
18 injective.

4.1. The compact case. Now we will restrict our attention to the study of Lip-lin
injectivity for compact M. A prominent role will be played by the set

so(M) = {f € Lipy(M) : f is locally constant}.
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We will also consider the space of locally flat Lipschitz functions (also known as
little-Lipschitz functions), that is:

lipg(M) = {f € Lipg(M) : Ve >0 30> 0: sup L& =SWI
0<d(z,y)<d d('x’y)
It is readily seen that so(M) is a vector sublattice of Lipy(M) such that so(M) C
lipy(M). The next lemma justifies our interest in so(M); it says that locally con-
stant functions on compact sets get always conserved in the image of composition
operators with injective symbol.

< e}

Lemma 4.5. Let M be a compact metric space and let f: M — N be Lipschitz
and injective. Then so(M) C Cy(Lipo(N)).

Proof. Clearly, since M is compact, f € so(M) if and only if it has only finitely
many values. Therefore, if ¢ € so(M) then we can write p(M) = {a1,...,a,}.
Notice that the sets ¢~ (a;) cover M, are compact and pairwise disjoint. Therefore
they are mutually at positive distance. The same is true for f(¢~!(a;)): they cover
f(M), are compact and mutually at positive distance. Thus, if we define g(x) = a;
for every z € f(¢"(a;)), we will have g € Lipy(f(M)). It is clear that ¢ = go f
for any Lipschitz extension § € Lipy,(N) of g and we are done. O

With the help of the above lemma, one can see that, for M compact, the weak™*-
density of so(M) implies that M is Lip-lin injective. The next lemma shows in
particular that, for those M where so(M) separates points of M, the converse is
true even in the non-compact case.

Lemma 4.6. Let M be a Lip-lin injective metric space and W C Lipy(M) be a
vector lattice separating the points of M. Then W is weak*-dense in Lip,(M).

Proof. Consider the distance in M given by

p(z,y) = sup o(z) = @ (y)l-
PEWNBLip (Mm,d)

Clearly, the identity Id: (M,d) — (M, p) is a 1-Lipschitz injective map. Note also
that if ¢ € W then ||<pOId_1HLip0(M’p) < N1@llipy(ar,a)- Setting W' = {pold~":
p € W}, it follows that W' separates the points of (M, p) uniformly. Since W’ is a
subspace of Lipy(M, p) which is also a lattice, we get from Proposition 3.4 in [21]
that it is norming for F (M, p).

Now, assume that W is not weak*-dense. Then it does not separate the points
of F(M), i.e. there exists v € F(M)\ {0} such that (p,7) =0 for all ¢ € W. Then

(poId='Td(y)) = (p,7) =0

whenever oo Id=* € W’. Since W' is norming, we get j?l(fy) = 0. This contradicts
the assumption that M is Lip-lin injective. [

Recall that a metric space M is totally disconnected if the connected components
in M are the one-point sets. Also, we say that M is totally separated if for every
x # y € M, there exists a clopen set F such that 2 € F and y ¢ F. It is readily
seen that every totally separated metric space is totally disconnected. Moreover,
if the metric space is compact then the converse is true (see page 20 in [19]). The
next theorem may be considered as a functional characterization of compact totally
disconnected Lip-lin injective spaces.
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Theorem 4.7. Let M be a compact metric space. Then the following properties
are equivalent.
(1) so(M) is weak*-dense in Lipy(M),
(1) the set {f € Lipy(M) : A(f(M)) = 0} is weak® dense in Lipy(M),
(ii1) so(M) separates points of M uniformly,
(iv) the set {f € Lipg(M) : A(f(M)) = 0} separates points of M uniformly,
(v) M is Lip-lin injective and totally disconnected.

Notice that we cannot remove the assumption of compactness in this theorem
(see Example 5.8). Indeed, since M in this example is discrete we have Lipy(M) =
so(M). Also, we do not know if M Lip-lin injective implies that M is totally
disconnected.

Proof. (i) = (v). Let N and f € Lipy(M, N) injective be fixed. By Lemma 4.5
we have so(M) C Cy(Lipy(N)). Thus Fact 2.4 yields the Lip-lin injectivity. It
is clear that the weak*-density of so(M) implies that M is totally disconnected.
Indeed, if there is a non-trivial connected component containing two points x # y,
then (@, d(x) — 0(y)) = 0 for every ¢ € so(M) and so so(M) is not weak*-dense.

(v) = (7). Since M is totally disconnected and compact, it is totally separated
and therefore so(M) separates the points of M. Lemma 4.6 yields that sq(M) is
weak*-dense in Lip,(M).

(i4i) = (i). Indeed, since so(M) is a vector lattice, Proposition 3.4 in [21]
shows that if so(M) separates points of M uniformly, then so(M) is norming. In
such case, of course, so(M) is weak*-dense in Lip,(M).

(1) = (4i1). Since so(M) C lipg(M), (i) implies that lip,(M) separates points
of F(M). A standard application of the theorem of Petunin and Plichko [33] yields
that lipy(M)* = F(M) (see [14] for more details). Now (i) implies that so(M) is
weakly dense in lipy(M). Hence Mazur’s lemma gives that so(M) is norm dense in
lipg(M). Since for every x # y € M and every € > 0 there is f € lip,(M), || f]| <1
such that (f,d(x) —d(y)) > (1 — e)d(z,y), there is also ¢ € so(M) with the same
properties.

The implications (i) = (i¢) and (#¢) = (4v) are trivial and the proof of the
converse implications follows immediately from Lemma 4.8 below. O

Lemma 4.8. Let M be a metric space and let f € Lipy(M) such that \(f(M)) = 0.
Then there is (¢,) C so(M) such that for each n we have |n|, < |[f|l, and
wn — f weakly*.

Proof. 1t is enough to show that for any closed negligible A C R containing 0 there
is a sequence (1¢,,) of finitely-valued 1-Lipschitz functions 1, € so(A4) such that
¥n — 1d] 4 pointwise. Indeed, in this case ¢, := 9, o f satisfies the conclusion of
the lemma as the weak* and the pointwise convergence coincide on bounded sets
of Lipschitz functions.

The proof of the claim can be inferred from the proof of Theorem 4.3 in [8]. For
the reader’s convenience we furnish the details. We write R\ A4 = |J I;” UUI; where
I]i are pairwise disjoint open intervals such that Ij‘ C (0,+00) and I;” C (—00,0).
For every n € N we define ¢,,(0) = 0 and

dal@) = D NI - Y M)

j<n,z>sup I} j<n,z<inf I}
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The required properties of (1,,) are easy to check. O

In the following corollary we list some metric conditions which imply that M is
Lip-lin injective (and totally disconnected).

Corollary 4.9. Let M be a compact metric space. Any of the following conditions
implies that M is Lip-lin injective.

(a) The one-dimensional Hausdorff measure of M is 0.

(b) There exists p > 1 such that for every e > 0, M can be covered by finitely
many balls B(x;,r) of radius r < & such that the balls B(x;, pr) are pairwise
disjoint.

(b’) There exists p > 0 such that for every e > 0, M can be covered by finitely
many closed sets E; such that sup; diam(E;) = r < ¢ and the sets [E;],, =
{r € M | d(z, E;) < pr} are pairwise disjoint.

(¢) For every x € M, A({d(z,y) :y € M}) =0.

(¢’) There exists C > 0 such that for every x # y € M, there exists ¢ €
CBuip,(m) satisfying ¢(x) — ¢(y) > d(x,y) and A(p(M)) = 0.

Proof. The condition (c’) is the same as condition (iv) in Theorem 4.7. We have
(a) = (¢) = (¢))and (b) = (b)) = (c’). This is clear for the first
chain and for (b) = (b’). In order to prove (b’) = (¢’) we let (e,)n, C Ry be
decreasing to 0. Let us fix n and let Fy,..., E,, and 0 < r < g, correspond to &,.
Choose arbitrary z; € F;. We construct the retraction r,: M — M by r,(x) = z;
if and only if v € F;. Let € E; and y € Ej. Then d(x,y) > pr and
drn(z),n(y)) _ d@y)+2r 20 2
d(x,y) d(z,y) pr p
Thus, we have |r,];, < 1+ %. It follows that for every ¢ € Lipy(M) we have

por, — ¢ pointwise and so so(M) separates points of M uniformly. A fortiori,
(¢’) is satisfied. O

Remark 4.10. The above conditions (a), (b) and (c) have been chosen since they
can be (relatively) easily verified. Conditions (b’) and (c¢’) are counterparts of (b)
and (c), respectively, that are moreover invariant under Lipschitz isomorphisms.
This can be easily checked. On the other hand, we claim that neither (b) nor (c)
are invariant under Lipschitz isomorphisms'. This shows that (c’) does not imply
(c), and (b’) does not imply (b).

To see our claim for (c), consider the Cantor dust D = C' x C (here C stands for
the middle-third Cantor set). If D is equipped with the £;-metric, then it is well
known that {||z — 0|, : @ € D} = C' + C = [0,2]| which has Lebesgue measure 2.
On the other hand, if D is equipped with the £,,-metric then D satisfies (c).

To see our claim for (b), consider the following modification of the Cantor dust.
Let M = () M, where

My = ([0, 31U, 1]) % (0,51 U2, 1) U {i} g {272} U {é’z} - {i}

and M, 1 is obtained from M, by replacing every square (product of intervals)
by an appropriately scaled down copy of M;. It can be verified that when M

1Still, (b) is invariant under Lipschitz isomorphisms with sufficiently small distortion.
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is equipped with the ¢;-metric then (b) fails, while when it is equipped with the
¢s-metric then (b) is satisfied.

Also, (D, ||-||;) shows that (b) does not imply (c). That (a) does not imply (b’)
can be seen on the following example. Let M = {0} U {% RS N} C R and let us
assume that M satisfies (b’) with some p. Let € > 0, »r < e and Ey,...,E,, as in
(b’). Without loss of generality 0 € E;. Let n be minimal such that % € E,. Notice

1
that n > 1. Then d(0,1) <rand d(L,15) > pr. Son—1= % < % Since
n'n—1

€ was arbitrary, this leads to a contradiction.

Finally, notice that (c’) is satisfied for example by H! — o-finite purely 1-
unrectifiable metric spaces by a theorem of Choquet [13] (see also [3, page 3554])
and the fact that lip,(M) separates points uniformly in plu spaces [10, Lemma 3.4]
(see also [3, Theorem Al).

Remark 4.11. The condition (b) comes from the paper by Godefroy and Ozawa [28,
Proposition 6] where they prove that if M satisfies (b), then (M) has the metric
approximation property (MAP). Following that proof, one can see that (b’) also
implies the MAP. It has been pointed to us by the anonymous referee that if M sat-
isfies (b’), then F(M) has even a finite dimensional decomposition (FDD). Indeed,
let r,, : M — M be the Lipschitz retractions defined in the proof of Corollary 4.9.
Then, similarly as in the proof of [28, Proposition 6], 7, : F(M) — F(M) are finite
rank projections converging strongly to the identity on F(M). In other words,
F (M) has the m-property. Moreover, the subspace lip,(M) C Lipy(M) of locally
flat Lipschitz maps separates points uniformly (simply because sq(M) C lipy(M)).
Therefore F(M) = lip,(M)* (this is again an application of the theorem of Petunin
and Plichko [33]; see also [14] for more details). Now Grothendieck’s theorem shows
that F (M) has the MAP since it is a separable dual with the bounded approxi-
mation property (BAP). In conclusion, it follows from [11, Theorem 6.4 (3)] that
F(M) has a FDD.

4.2. The case of uniformly discrete metric spaces. We are now going to show
that every uniformly discrete metric space is Lip-lin injective. Let us recall that M
is uniformly discrete if there exists § > 0 such that d(x,y) > 6 whenever x # y. If
M is moreover bounded, then F (M) is readily seen to be isomorphic to ¢, (M \{0})
through the linear map §(z) — e, (see [21, Proposition 4.4]).

Lemma 4.12. Let M be any metric space. Assume that p = > 0 and(z,) =
oo 1 bnd(yn) in F(M), where (ay), (bn) € €1, an,by # 0 for all n, and 0 # x,, #
Tm, 0 # Yn # Ym if n % m. Then there is a permutation oc: N — N such that

an = by(n)y and Tn, = Yo(n) for all n.

In the language of Fremlin and Sersouri [24], this means that the family (M \{0})
is ¢1-independent. We wish to highlight that this Lemma can be derived from [5,
Proposition 4.9] in straightforward manner, but we choose to include a direct self-
contained proof below.
Proof. Consider u = Y77 a,8(x,). Given @ € M and € > 0, we consider the

n=1

Lipschitz function given by f; (t) = max{1 — d(tT’m), 0}. If x ¢ {x, : n € N} then

O+
[(f,er )] < Z |an| = 0.
d(xn,x)<e
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On the other hand, if z = z,,, for some ny € N, then

|<f9”75’u> - ano‘ = ’ Z @nfa;,a(xn) < Z ‘Cln‘ Eﬂ 0

n#ng n#ng
d(zn,x)<e

That is, im. g+ (fze, ) = an, if © = x,, for some ng and 0 otherwise. The same
argument yields lim, g+ (fy,e, ft) = bn, if = yy, for some ng and 0 otherwise, and
the conclusion follows. O
Corollary 4.13. Let M be any metric space. Let f € Lipg(M, N) be injective and

p € F(M) such that p = > 7 and(zy,) for some (an) € 1. Then supp f(u) =
Jf(supp(n)).
In particular, if supp(p) is uniformly discrete and bounded then f preserves the
support of .
Proof. Let pp = > >" , and(zy,) for certain z, € M and a,, # 0. By Lemma 1.12,
we have supp(u) = {z,}. Indeed, the inclusion “C” is trivial and the inclusion

“D” follows from the proof of the case x = z,, and the closedness of support. The
conclusion follows. O

Corollary 4.14. If M is a uniformly discrete metric space then M is Lip-lin
injective.

Proof. Assume that M is uniformly discrete. Let N be any metric space and
f+ M — N be any injective Lipschitz map vanishing at 0. We may and do assume
that diam(N,d) < 1 thanks to Lemma 4.1. Also, exactly as in Corollary 3.9, we
consider the metric p on M given by p(z,y) = min{1,d(z,y)}. Then clearly (M, p)
is uniformly discrete and bounded. Moreover we can factor f through (M, p) as
f=f,oldy where Idy: v € (M,d) — x € (M, p) and f,: (M,p) = N is defined
by f,(x) = f(z). Now by Corollary 4.13, we know that f, preserves supports.
Therefore, since (N, d) = (N, p), Corollary 3.9 (¢) implies that f preserves supports
as well. (|

5. COUNTER-EXAMPLES AND THE TRANSFER METHOD

The main goal of the current section is to provide examples of complete metric
spaces M which are not Lip-lin injective. That is, complete metric spaces M for
which there is a metric space N and an injective Lipschitz map f: M — N such
that f: F (M) — F(N) is not injective. That such spaces exist follows for example
from Theorem 4.7. Indeed, let M be a compact totally disconnected subset of R
with A(M) > 0. Then by [16, Corollary 3.4], F(M) contains an isometric copy of
L,. In particular, F(M) is not a dual and, by the theorem of Petunn and Plicko
[33], the space lip,(M) does not separate points of F(M) (again, see [14] for more
details). A fortiori, so(M) (which is a subspace of lip,(M)) does not separate points
of M and so M is not Lip-lin injective.

In order to construct “much smaller” metric spaces which are not Lip-lin injective
by means of a transfer method, we need a more tangible description of the above
example. For the sake of clarity, we will begin with a simple example, namely
M =0,1], and then we will develop further the main idea to obtain examples of a
different metric nature. We will need the following description of the linearization
of f in the particular case of subsets of R.
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Lemma 5.1. Let f:[0,1] — [0,1] be an injective Lipschitz map with f(0) = 0.
Let ®: F([0,1]) — L1[0,1] be the usual isometric isomorphism (see Example 1.2).
Then for every ¢ € L1[0,1] we have ® o fo ®~(p) = po fL.

F([0, 1)) ——= F(7(0,1)))

l [
of 1
L4[0,1] == Li(£(0,1)
Proof. First of all, notice that our assumptions imply that f is increasing. Let us
denote T': L1[0,1] — L1(f([0,1])) the composition operator given by Tp = po f~1.
This is a bounded operator. Indeed,

/ o fH(B)]dt = / oo D] IF @)t < Nlell £ -
f((0,1]) [0,1]
Further, we have f: ®~1oTo® (by the uniqueness of fit is enough to check only
on evaluation functionals §(x), z € [0,1]). So applying ® from the right and ®~1
from the left we get the desired result. O

From now on, let C' C [0, 1] be the Smith-Volterra-Cantor set. That is, the space
constructed similarly as the middle-third Cantor set, but, at the n-th step of the
construction we remove subintervals of width 1/4™ from the middle of each of the
2"~1 remaining intervals. Therefore C is a closed and totally disconnected subset
of [0,1] such that A(C) € (0,1), minC = 0 and maxC = 1 (in fact, any subset
having these properties would work).

Example 5.2. There exists an injective Lipschitz map f:[0,1] — [0,1] such that
F: F([0,1)) = F([0,1]) is not injective.

The above statement can easily be derived from [35]. Indeed, letting p be the
metric on [0, 1] given by p(z,y) = A([z,y] \ C), it clear that f = Id: ([0,1],]-|) —
([0,1], p) is 1-Lipschitz and injective. Now it is proved in [35, Example 2.30] that C
is an into isometry. In particular its pre-adjoint fis onto (see [23, Exercise 2.49]).

~

Then, f is not injective because otherwise it would be an isomorphism, which would
mean that f is bi-Lipschitz according to Proposition 3.2, and this is excluded. Since
we will need a concrete representation of an element in ker f\ {0} later, we provide
a different proof below.

Proof. We define f: ([0,1],|-|) — ([0,1],]-]) as
fla) = A0\ €)= [ tpclar

It is clear that f is 1-Lipschitz and non-decreasing. Moreover f(0) = 0, f(1) =
1—A(C) > 0 and f is injective. Indeed, if x < y then there exist a < b in (z,y)
such that [a,b) N C = 0. Thus f(y) — f(z) = A([z,y] \C) > b—a > 0. So [ is
injective. Finally, a simple integration by substitution gives

A(f(C)) :/ ldt:/ f'(z)dz :/ 11\ (2)dz = 0.
£(O) c c
Now, let T be as in Lemma 5.1 above for this particular function f. Notice that
0# 1¢ € Ll[O,l] but we have T1lg = 1¢ Off1 = ]-f(C) =0 € Ll[(),l]. By
Lemma 5.1 it follows that 0 # ®~!(1¢) € ker f. O
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Notice that the non-zero vector in the kernel of f defined above, namely ! (1¢e),
can be written in a more explicit way. Indeed, if we let (zon-11, Yon-114),
kE = 0,...,27"! — 1, be the subintervals which we remove at the n-th step of
the construction of C', then

P H10) =61 Z (yn) — 0(zp))-
Observe that ®~!(1¢) € F(C). We subsequently deduce that f/[; is not injective.

Paraphrasing the above construction, we readily obtain the next result.

Proposition 5.3. If A C R is such that A\(A) > 0 then A is not Lip-lin injective.
In particular, if A C R is compact, then A is Lip-lin injective if and only if
A(A) =0.

Proof. The proof follows the same lines as Example 5.2. We will only underline
the main arguments, details are left to the reader. Since A(A) > 0, it contains a
subset K that is compact, totally disconnected and A(K) > 0. We may assume that
0 = min K and let us denote b = max K. We pose f(x) = W/\([O,x] \ K) if
x > 0and f(x) = zif z < 0. Then we prove similarly that f is 1-Lipschitz, injective
and moreover A\(f(K)) = 0. Finally, if T is the operator given by Lemma 5.1 for
this particular f, then we observe that T(1x) = 14y = 0. Therefore 7" is non-
injective, and so is ]?

The second part of the statement now readily follows from Corollary 4.9. (]

As a direct consequence of the fact that “Lip-lin injective” is a hereditary prop-
erty, we obtain the following corollary.

Corollary 5.4. If M is Lip-lin injective then M is purely 1-unrectifiable.

Proof. Assume that M is not purely 1l-unrectifiable. Then there exists a closed
A C R such that A(A) > 0 and A embeds bi-Lipschitz into M. Now Proposition 5.3
and Lemma 4.2 yield the conclusion. d

We already witnessed that M being compact and totally disconnected is not
sufficient to be Lip-lin injective (simply take M = C). The next result shows in
particular that adding moreover the assumption “M is purely 1-unrectifiable” does
not change that fact. Indeed, the following proposition applies for instance to the
case of the “snowflake metric” |-|* (0 < a < 1) which turns subsets of [0, 1] into
purely l-unrectifiable metric spaces.

Proposition 5.5. Assume that p is a metric in [0,1] such that Id: ([0,1],p) —
([0,1],]+]) is L-Lipschitz and Id=*: ([0,1],]]) = ([0,1], p) is continuous.
Then there exist a totally disconnected set A C [0,1] and an injective Lipschitz map
f: (A, p) = ([0,1],]-]) such that f is not injective.
Proof. By compactness, Id~! is uniformly continuous. We define:

w(t) = sup{p(z,y) : |z —y| < t}.
By hypothesis, t/L < w(t) "= 0. Take t, > 0 with w(t,) < 4" min{1, L'}
and consider the Smith-Volterra-Cantor set C, C [0, 1] obtained by removing gl



INJECTIVITY OF LIPSCHITZ OPERATORS 21

intervals (zgn-14p,yan-14%), kK =0,...,2""1 — 1, of length ¢,, at the n-th stage of
the usual construction of a Cantor set. Note that 0 < A(C,) < 1.

Now exactly as in Example 5.2 or as in Proposition 5.3, the map h: ([0, 1],]|) —
([07 1]7 ||) defined by

Vee0,1], h(z)=A(0.2]\C,) = / Lo, (B)dr,

is 1-Lipschitz and injective. Moreover

Za Yn) — ) € ker h.

Next, define f: ([0,1],p) — ([0, ] |-]) by f = hold. Consider p = §(1) —
> 6( n) — 0(x,) € F([0,1],p). Note first that this is a non-zero well-defined
element in F([0, 1], p) since
S 1600) ~ 5@l o = 30 panet) € 32 (e < 30211 - L
n=1 . e n= lp ”’y” n=1 ! _n=1 " L N 2L
and so

1 1 1 1

1
> - == 5727 57 =57 >0
el = 116 = 57 = p(1,0) = 57 > 7 = 5= =52 >0

However, u € ker(f) since

h(Id(p)) = h(y) = 0.
Finally, notice that if we set A := C,, then (4, p) is totally disconnected since
Id: (]0,1], p) — ([0,1],] - |) is a homeomorphism. Also, u € F(A). O

Recall that a metric arc is a metric space which is homeomorphic to the unit
interval [0,1]. Also, we say that a metric space M is bounded turning if there
exists a constant C' > 1 such that every pair of points (x,y) € M? is contained in
a compact and connected set S such that diam(S) < Cd(z,y). In [18], a family
of metrics (da)aep on [0,1] is defined in such a way that every bounded turning
metric arc is bi-Lipschitz equivalent to some curve ([0,1],da), A € D. We are
grateful to Chris Gartland for bringing [18] to our attention and suggesting the
next corollary.

Corollary 5.6. Let M be a metric space. If M contains a bounded turning metric
arc, then M is not Lip-lin injective.

Proof. Let M be a metric space and let I' C M be a bounded turning metric
arc. On the one hand, thanks to [18, Theorem A], I" is bi-Lipschitz equivalent to
some curve ([0,1],da), A € D. On the other hand, it is straightforward to check
that | - | < da. Thus ([0,1],da) is not Lip-lin injective thanks to Proposition 5.5.
Therefore the same is true for I' and M in view of Lemma 4.2. O

We conclude the section with another two adaptations of Example 5.2. The first
example shows that one can not remove the boundedness assumptlon in the last
statement of Proposition 5.3.

Example 5.7. There exists a countable completeAand discrete M C R and a Lip-
schitz and injective f: M — [0,1] such that ker f # {0}. Moreover A\(M) = 0,
therefore F(M) = {1 (see [16]).
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Proof. Let M = {0,1}U{x, : n € N}U{y, : n € N}, where xon-1,, =21 +k+1
and Yon-14p = Ton-14p + ﬁ, k =0,...,27"! — 1. Note that d(z,y) > % for
x #y € M except if {z,y} = {xn,yn} for some n. Let C C [0,1] be again
the Smith-Volterra-Cantor set. To avoid confusion with the elements of M, we
now write (@, 1., Ysn-144)s K = 0,...,2"71 — 1, the intervals of length 47"
which are removed at the n-th stage of the usual construction of a Cantor set.
We define h: M — [0,1] by h(0) = 0, h(1) = 1, h(z,) = =z}, and h(y,) = v,
Notice that h € Lipy(M,[0,1]) and & is injective. Thanks to Example 5.2, there
exists ¢/ € F([0,1]) and an injective f € Lipy([0,1]) such that f(x/) = 0. We
have in fact p/ = §(1) — >07 (6(y,,) — &(z),)). Observe that p/ = h(p) where
p=06(1)— > (6(yn) — d(xy)). The last claim is proved by noticing that the
series defining p converges absolutely (which is clear). It only remains to prove
that p # 0, which is done as follows :

S 18(ya) = 8(za)l =Y 2; _ %
n=1

n=1

and so [|u]] > 1/2 as ||[6(1)] = 1. O

Example 5.8. There exists a bounded countable cgmplete and discrete M and a
Lipschitz and injective f: M — [0, 1] such that ker f # {0}.

Proof. Let M = {0,1}U{z,, : n € N}U{y,, : n € N}. We define all distances between
distinct points to be 1 except for d(z,,,y,) = 47% when n =281 ... 2¥ — 1. Now
the rest of the proof is verbatim the same as the previous one, so we leave the
details to the reader. O

Notice that this example can be modified in an obvious manner to moreover
obtain either

a) M is a subset of an R-tree which contains all the branching points of that
tree, i.e. F(M) = {1, or
b) M is ultrametric.

6. THE BIDUAL

In this section, we deal with operators of the kind f** = Ci F(M)*™ — F(N)™.
Of course, if fis non-injective, then so is f** So, thanks to the previous section,
assuming that f is injective is clearly not sufficient for f** to be injective. One
goal of this section is to characterize when f** is injective, for instance in terms of
properties of f.

Recall that an operator T: X — Y is tauberian if T**~1(Y) C X. Let us give
a few general facts about tauberian operators (we refer the reader to [17, 22] for
more background information). It is clear that if T is tauberian, then ker 7** C X.
Therefore, for T tauberian, T is injective if and only if 7** is injective. Further, if
T has closed range, then ker T7** C X implies that T is Tauberian (see [22, page
251]). For the above reasons it could be helpful to know under which condition on

~

f, the operator f is tauberian.

Proposition 6.1. Let f € Lipy(M, N) be an injective function. If ker o c F (M)
then f is bi-Lipschitz. In particular, if f is tauberian then f is bi-Lipschitz.
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Proof. Assume that f is not bi-Lipschitz. Then there are sequences (., )n, (Yn)n C
M such that xz,, # y, for every n € N and moreover

i AU @), £ (50))

n—00 d(xmyn) =0

Let us denote
8(2n) — 6(yn)
d(Tn,yn)
Notice that for every weak® accumulation point p € F(M)** of the sequence
(Me,y,) C Srr), we have

VneN, mg,y, =

Vg € Lipy(N), <f**u7g> = (g0 f) =0,
that is p € ker ]?** Indeed, every weak* neighborhood

Ve={re F(M)™ : |(v =, g0 f)l <e}
contains infinitely many terms my, ,, , so the conclusion readily follows.

We will show that there is an accumulation point of (my,, ) in (Brr), w")
which does not belong to 7(M). Assume that all accumulation points are in F(M).
Assume first that all accumulation points are 0. Then my, ., — 0 weakly, which
is not possible by [25, Corollary 2.10]. So there is some p # 0 in the weak closure
of (mg,y,). By [25, Proposition 2.9], u = my, for some z # y € M. Since
f(u) = ]?**(u) = 0 we get that f(z) = f(y), which contradicts the injectivity
hypothesis on f. O

Corollary 6.2. Let f € Lip,(M, N). The following assertions are equivalent.

(i) F** is injective.

(ii) f is injective and ker f** C F(M).

(i1i) f is injective and f is tauberian.

(iv) f is bi-Lipschitz.

(v) f is injective with closed range.

(vi) Cy is onto.

(vii) Cy has dense range.

Notice that every point other than (i7) and (éi4) implies implicitly that f must
be injective. Also, to the best of our knowledge, the equivalence between (vi) and
(vit) seems to be new.

Proof. The implications (i) = (i¢) and (vi) = (vii) are trivial. The impli-
cation (ii) = (iv) follows from Proposition 6.1 while (iv) <= (v) <= (vi)
follows from Proposition 3.2 (see also [35, Proposition 2.25]). Next, the equiva-
lence of (i) and (vi) follows from the general theory of adjoint operators (see [23,
Exercise 2.46] for instance). The above lines prove that all assertions, except for
(i1), are equivalent. Now notice that (i) = (i4) is obvious. Finally, since for
a bi-Lipschitz map f, f has closed range (see Proposition 3.2), we obtain that f
is tauberian whenever ker f** C F(M) (see [22, page 251]), which proves that (i7)
and (iv) = (47). O
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Remark 6.3. In [20] it is proved that there exist injective tauberian operators on
L1]0,1] that have dense non-closed range. The above corollary shows that such
operators cannot be obtained as linearizations of Lipschitz maps f: [0,1] — [0,1]
since, more generally, this combination of properties is excluded for linearization of
Lipschitz maps between any two metric spaces.

We conclude the section with two examples.
Example 6.4.

a) Let M = N = [0,1] and f(z) = 22. On the one hand [ is injective thanks
to Proposition 3.5. On the other hand f** is not injective since f is not
bi-Lipschitz.

Let us prove by a direct argument that f** is not injective. We will
define p € F(M)** such that f**(u) = 0. First, we consider the subspace
E = {p e Lipy(M): ¢'(0) € R} of Lipy(M). We define u(yp) := ¢'(0) for
every ¢ € E. This is a bounded linear functional on E and we extend it as
a bounded linear functional on the whole Lipy(M). Now it is clear that

Vi € Lipy(N), <f**u7<p> = (u,po f)=0.

So ]?** is not injective.

b) Let M = N = {2} U{0} and f(z) = 2? (notice that M is Lip-lin injective
in this case). Then similarly one has fis injective while f** is not injective.
Now for an example of u € ker(f**) as constructed above, one may consider

the Hahn-Banach extension of ¢ — lim,, n¢(L). We leave the details to the
reader.

7. FINAL REMARKS AND OPEN QUESTIONS

Naturally, after dealing with the injectivity, one may wonder what is the situation
with respect to surjectivity. That is, one can study the implications “f surjective
= f surjective” and f surjective = f surjective”. In fact, none of these
implications are true in general.

To begin with, it is rather easy to find examples of surjective maps f such that
f are not surjective. Indeed, in view of Proposition 3.2, whenever f is injective but
f is not bi-Lipschitz, we obtain that f cannot be surJective (otherwise fvvould be
a linear isomorphism, which can happen only when f is bi-Lipschitz). For instance,
we already explained that, for f: z € [0,1] — 22 € [0, 1], 7 is injective. However,
since f is not bi-Lipschitz, fcannot be an isomorphism and so J?is not surjective.

On the other hand, there are some situations where f surjective implies f sur-
jective:

Proposition 7.1. Let M, N be complete pointed metric spaces. If one of the fol-
lowing conditions is satisfied, then f is surjective whenever J? s so.
(a) f is bi-Lipschitz;
(b) f is injective;
(¢) M is compact;
(d) M is uniformly discrete and bounded.
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Proof. 1t is rather easy to see that f has dense range if and only if fhas dense range
(see e.g. [1, Proposition 2.1]). So, if the range of f is closed and f is surjective,
then f must be surjective. This implies assertions (a) and (c). Assertion (b) follows
from the fact that if fis both injective and surjective, then it is an isomorphism,
and therefore f must be bi-Lipschitz. Finally, let us prove (d): given y € N, let u =

~

S @nd(n) € F(M) with f() = 8(y). Then 3,50 and(f(n)) = 6(y), where
(an) € ¢1. By Lemma 4.12, there exists n such that y = f(z,), soy € f(M). O

The next example witnesses the fact that there are Lipschitz maps such that f
is surjective while f is not surjective.

Example 7.2. There are complete separable pointed metric spaces M, N for which
there is f € Lipy(M, N) such that ]? is surjective but f is not surjective. In the
constructions below, both of the spaces are subsets of R-trees and both free spaces
are isometric to ¢1. On the other hand, f will not be injective.

Let N = {yn €R:yp=1—-L neNU{oo}} (here yoo = 1) together with
the induced distance from R. (Notice that y; = 0.) Let M = {x, :n € N} U
{2}, :n € N} where 0 = xz; is the base point. We consider M as a subspace
of an R-tree with the only branching point at 0 from which it stems an infin-
ity of branches (i.e. isometric copies of [0,00)) b,. For every n € N we have
x),Tpt1 € by in such a way that d(0,2]) = 1 and d(0,2n41) = 1 + d(Ynt1,Yn)-
Further we define f : M — N as f(x,) = f(z),) = yn for every n € N (and
f(0) = 0). One can check easily that f is Lipschitz. We also see immediately
that yoo ¢ f(M). On the other hand, it follows from Godard’s work [16] that

F(N) is isometric to £1, with (my, .y, Jnen being the ¢1-basis isometrically, where
My i1yn = d(y’rﬂrl»yn)_l(é(yrﬂrl) - 5(yn)) Now Cleaﬂ}’v f (mwn+1$;) = My, 1yn

~

for every n € N. Thus f(span(mg, . )) = F(N).
We may interpret such an example in a more abstract setting as follows.

Example 7.3. Let M be a metric space, ~ an equivalence relation on M and
M/ = the metric quotient defined as in [35, Definition 1.22], and let M. be the
completion of M/ ~. Consider the canonical projection f: M — M., sending each
element to its equivalence class. Then Cy: Lipy(M.) — Lipy(M) is an isometry
(see Proposition 2.28 in [35]). Thus, f is surjective. Now, if M and ~ are chosen so
that M/ = is not complete (this is the case, for instance, of Example 1.24 in [35]),
then f(M) = M/ = is a proper subset of M.. So, f is not surjective.

We will now conclude the paper with some open questions. Recall that we
proved in Corollary 2.7 that, when M is bounded, a Lipschitz map f : M — N
preserves supports if and only if f : F(M) — F(N) is injective. An obvious
question is whether this result remains valid for a general metric space M. Since
one implication is always true, see Proposition 2.3, it only remains one implication
to study:

Question 1. Let M be an unbounded metric space. Assume that f: M — N is a
Lipschitz map such that f : F(M) — F(N) is injective. Is it true that f preserves
supports?

In Theorem 4.7 we proved, in the compact setting, that M is Lip-lin injective
and totally disconnected if and only if so(M) uniformly separates the points of
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M. Unfortunately, we do not have any characterisation without disconnectedness
assumption. In fact, we know that being compact and totally disconnected is not
sufficient to be Lip-lin injective (Proposition 5.5), but it is not clear whether every
Lip-lin injective space must be totally disconnected. On the other hand, we proved
in Corollary 5.4 that it must be purely 1-unrectifiable.

Question 2. Find a (metric) characterisation of compact Lip-lin injective metric
spaces. Are they always totally disconnected? Or totally path-disconnected?

Of course, the same question in the general (non-compact) case is left open as
well.
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