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Abstract. Given a finite collection {X;};cr of metric spaces, each of which has finite
Nagata dimension and Lipschitz free space isomorphic to L', we prove that their union
has Lipschitz free space isomorphic to L!. The short proof we provide is based on the
Pelczyriski decomposition method. A corollary is a solution to a question of Kaufmann
about the union of two planar curves with tangential intersection. A second focus of the
paper is on a special case of this result that can be studied using geometric methods.
That is, we prove that the Lipschitz free space of a union of finitely many quasiconformal
trees is isomorphic to L'. These geometric methods also reveal that any metric quotient
of a quasiconformal tree has Lipschitz free space isomorphic to L. Finally, we analyze
Lipschitz light maps on unions and metric quotients of quasiconformal trees in order to
prove that the Lipschitz dimension of any such union or quotient is equal to 1.
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1. Introduction. This paper continues the study of Lipschitz functions
on quasiconformal (QC) trees as initiated in [FG23| (see Sections 2 and 4
below for relevant definitions), expanding the scope of our results to include
Lipschitz functions on unions and metric quotients of metric spaces of finite
Nagata dimension. We study unions and quotients of QC trees as a special
case.

Using the Peltczynski decomposition method, we first prove a general re-
sult (Theorem A) about the Lipschitz free space of a union of metric spaces
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with finite Nagata dimension. Via [FG23, Theorem C|, Theorem A enables
us to determine the Lipschitz free space of a finite union of QC trees (Theo-
rem B). While the proof of Theorem A is conveniently short, it is also rather
abstract in nature. Therefore, we also provide a more geometric proof of The-
orem B that does not rely on the Pelczynski decomposition method. This
geometric proof relies instead upon tools available in the context of doubling
metric spaces and provides insight into the metric geometry of QC trees. In
particular, our methods shed light on the geometry of branch points in a QC
tree (see Theorem 4.17 and its use in the proof of Theorems B, C, and E).

We also study Lipschitz light mappings defined on a union of finitely
many QC trees or a metric quotient of a single QC tree. Building on results
in [FG23| and [Fre22|, we are able to prove that the Lipschitz dimension of
such a union or quotient is equal to 1. Via the results of [CK13] (see also
the discussion in [Dav21, Section 1.2]), this provides another proof that a
union of QC trees bi-Lipschitz embeds into L!(Z) for some measure space Z.
Regarding embeddings, we also remind the reader that, by [DEBV23, Theo-
rem 1.2], any QC tree admits a bi-Lipschitz embedding into some Euclidean
space. Thus, by [LP01, Theorem 3.2|, any union of finitely many QC trees
embeds into some Euclidean space.

In the following subsections we present and discuss our main results in
more detail.

1.1. Lipschitz free space results. Given a QC tree T', one of the main
results of [FG23] is that the Lipschitz free space F(T) is isomorphic to L(Z)
for some measure space Z. This result can be obtained by viewing T as a
union of countably many QC arcs {7;}ic; whose arrangement within 7" ex-
hibits controlled geometry. In particular, intersecting arcs 7; and -, exhibit
a certain orthogonality property reminiscent of the geometric conditions de-
scribed in [Kaul4, Proposition 5.1] and [Weal8, Lemma 3.12]. In this setting,
the space F({J;c; ) is isomorphic to the ¢!-sum @}el F(vi)-

However, in the absence of a controlled geometric relationship between
constituent subsets of a union X = |J;c; X;, methods such as those refer-
enced above cannot be directly applied in order to conclude that the free
space on X decomposes into the sum of free spaces on {X;}ier. This was
noted by Kaufmann in the preprint [Kaul4] in connection with the metric
space

Cusp := {(z,0) | 0 <z} U {(z,2?) | 0 < z} C R?.

Kaufmann poses the question of whether or not the Lipschitz free space
of a space such as Cusp is isomorphic to a subspace of L!'. One of the
main results of the present paper implies a positive answer to Kaufmann’s
question. Indeed, we prove the following.
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THEOREM A. Suppose X is a separable metric space such that X =
X1 U Xo. If, for i = 1,2, the space X; has finite Nagata dimension and
F(X;) = LY(Z;) for some measure space Z;, then F(X) ~ LY(Z) for some
measure space Z.

In Corollary 3.9, we prove another result of this type about unions of
spaces admitting bi-Lipschitz embeddings into R™ (or more generally, into
a self-similar, doubling, bi-Lipschitz homogeneous space, see the paragraph
preceding Corollary 3.9 for the definitions). As indicated above, Theorem A
immediately implies the following.

COROLLARY 1.1. F(Cusp) ~ L(Z) for some measure space Z.

The proof of Theorem A relies on the Petczyiiski decomposition method
(Lemma 3.6) — a standard tool in Banach space theory used to establish
isomorphisms. However, the isomorphism produced by that method is a bit
abstract and lacks geometric content. The following theorem is a special
case of Theorem A, and we give a more geometric proof that does not invoke
Pelczyriski.

THEOREM B. Suppose X is a metric space. If X = J;c; T, where {T; }ier

is a finite collection of QC trees, there exists a measure space Z such that
F(X)~LYZ).

We emphasize that Theorem B assumes nothing about the arrangement
of the trees {T;};cs in relation to one another. As will be evident in the proof
below, this is made possible by the topological fact that any non-degenerate
closed and connected subset of a tree is itself a tree. In the course of proving
Theorem B (in a manner independent from Theorem A), we also prove the
following result (see Definition 2.3 for metric quotients).

THEOREM C. Suppose T is a QC tree. If M C T is closed, then F(T /M)
~ LY(Z) for some measure space Z.

The proof of Theorem C relies upon a certain separation property of
the branch points in a QC tree, which may be of some interest in its own
right (see Theorem 4.17). Finally, in Theorem 3.10, we prove a result similar
to Theorem C for quotients of metric spaces by subsets with finite Nagata
dimension.

1.2. Lipschitz dimension results. In [FG23| it is also shown that
the Lipschitz dimension dimjy of any given QC tree T is equal to 1. As
in the study of F(T'), the proof of this result utilizes a geometrically con-
trolled decomposition of 1" into QC arcs. With this decomposition in hand,
Lipschitz light mappings on the constituent QC arcs (provided by [Fre22,
Theorem 2.2|) can be combined to obtain a Lipschitz light map f: T — R.
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In [Dav21|, David poses the following question: Given metric spaces X
and Xg, is it true that dimy, (X7 U X2) = max {dim,(X1),dimz(X2)}? The
second main result of our paper answers this question in the affirmative when
the spaces X; and Xs are QC trees. Indeed, we prove the following.

THEOREM D. Suppose X is a metric space. If X = J;c; Ti, where {T;}ier
is a finite collection of QC trees, then dimp(X) = 1.

We also calculate the Lipschitz dimension of any metric quotient of a QC
tree.

THEOREM E. If T is a QC tree and M CT is closed, then dimp,(T/M)=1.

Our proof of Theorem E makes use of an apparently new characterization
of uniformly disconnected spaces (see Proposition 5.13). This may be of some
interest in its own right.

The organization of the paper is as follows. We provide definitions and
notation in Section 2. We then study Lipschitz functions on unions of metric
spaces and prove Theorem A in Section 3 (via Corollary 3.8). We prove Theo-
rems B and C (via Theorem 4.22) in Section 4. Finally, we prove Theorems D
and E in Section 5.

2. Preliminaries. Here we define a few general concepts that will be
frequently referenced in what follows.

2.1. Lipschitz functions and Lipschitz free spaces. Given a metric
space (X,d) with fixed basepoint xy € X, we denote by Lipy(X) the space
of all Lipschitz functions f : X — R such that f(x¢) = 0. Here a function
f: X — Ris said to be L-Lipschitz, for some L > 1, provided that, for all
u,v € X, we have |f(u) — f(v)| < Ld(u,v). The space Lipy(X) is a Banach
space when equipped with the norm

1)~ f()]

I hipa) = 500 =500

When X is understood from the context, we denote this norm by || f||Lip-
Given a closed subset A C X containing zy, we will also work with the
subspace

Lip4(X) := {f € Lipg(X) | fla = 0}.

The Lipschitz free space of X, denoted F(X), is the canonical Banach
space predual of Lipy(X) (and the unique predual when X is bounded). The
space F(X) can be realized as the closed linear span of the point evalua-
tion maps d; € Lipy(X)* defined by d,(f) = f(z), where x € X. The map
d: X — F(X) sending x to ¢, is an isometric embedding, and it satisfies
the following universal property: for every Lipschitz map f : X — V into
a Banach space with f(z¢) = 0, there exists a unique bounded linear map
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Ty : F(X) — V such that Trod = f, and moreover ||T|| = Lip(f). Through-
out the paper, we equip Lipy(X) with the weak*-topology coming from the
duality F(X)* = Lipy(X), and we note that this topology on bounded sub-
sets of Lipy(X) is the topology of pointwise convergence. It follows easily
that Lip 4(X) is weak*-closed for every closed A C X.

It is well-known that the isomorphism type of F(X) is invariant under bi-
Lipschitz homeomorphisms of X. That is, if X is bi-Lipschitz homeomorphic
to Y, then F(X) is linearly isomorphic to F(Y). See [GK03] or [Weal8,
Chapter 3] for further background on Lipschitz free spaces, and note that
such spaces are also referred to as Arens—Fells spaces.

2.2. Auxiliary metric definitions. Given a metric space X, a point
x € X, and r > 0, we write B(x;r) to denote the (closed) metric ball in X
of radius r centered at x. That is,
B(a;r) :={y € X [d(z,y) <r}.

We write N to denote the set of non-negative integers {0, 1,2, ... }. We often
use the notation {z;};c; to mean a sequence indexed by elements of I C N.
Unless otherwise indicated, we have I = {0, 1,..., max(I)} for max(I) < oo,
or I =N.

DEFINITION 2.1. Given a metric space X, two subsets A, B C X, and
e € (0,1], a subset N C B\ A is said to be an e-Whitney net in B with
respect to A provided that, for any pair of points u # v € N,

d(u,v) > e -max{d(u, A),d(v, A)},
and N is maximal with respect to this property.

We note that such an N always exists by Zorn’s lemma. Furthermore, AUN
is a closed set whenever A is closed. The following lemma demonstrates that
a Whitney net in B with respect to A accumulates near A if dist(A, B) = 0.

LEMMA 2.2. Suppose A, B C X and N is an e-Whitney net in B with
respect to A, for some e € (0,1). For any x € B\ A, there exists w € N such
that d(z,u) < e'd(x, A), where ' :=¢/(1 —¢€).

Proof. Let x € A\ B. If x € N, the conclusion holds trivially with u = z.
Otherwise, the maximality of IV implies that there exists u € N such that

d(z,u) < e-max{d(z, A),d(u,A)}.
If d(z, A) > d(u, A), then we are done. If not, then we have
d(u, A) < d(z,u) +d(x,A) <e-d(u,A) + d(z, A),
and so

1

It follows that d(z,u) < €'d(z, A), where ¢’ :=¢/(1 —¢). m
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We will also make frequent use of the notion of a metric quotient, both
in our study of Lipschitz free spaces and of Lipschitz dimension.

DEFINITION 2.3. Given a metric space (X, d) and a closed subset £ C X,
the metric quotient (X/E,p) is defined as the quotient space X/~ where
x ~y if and only if x,y € F or x = y, and the distance p is defined by

p([a], [b]) := min {d(a,b),d(a, E) + d(b, E)}.

Here we write [a] to denote the equivalence class of the point a € X. Given
a subset A C X, we write [A] :={[a] |a € A} C X/E.

REMARK 2.4. One can easily verify that the quotient map = : X —
X/FE satisfies the following universal property: a map f : X/E — Y into
a metric space is Lipschitz if and only if fow : X — Y is Lipschitz, and
Lip(f) = Lip(fom). It follows from this that Lipy(X) is isometrically weak*-
isomorphic to Lipy(X/E).

The proof of the following lemma, while a bit tedious, is a straightforward
consequence of the relevant definitions. For the sake of brevity, we omit the
details.

LEMMA 2.5. Suppose Z is a metric space and X CY C Z are closed.
Then the natural identification between Z/Y and (Z/X)/(Y/X) is an isom-
etry.

3. Lipschitz functions on unions and quotients of metric spaces.
We say that a metric space X has Nagata dimension n € N with constant
v < oo if, for every s > 0, there exists a cover C of X such that diam(C) <
v - s for every C' € C and, for every A C X with diam(A) < s, we have
HC eC|CNA#D} <n+1 If such n and ~ exist, we say that X has
finite Nagata dimension.

See [LS05, Definition 1.1] along with references for more on the theory of
Nagata dimension. For our purposes, it suffices to record relevant examples
that will be used throughout our paper. Recall that a metric space X is
D-doubling if every metric ball in X of radius 7 can be covered by at most
D metric balls in X of radius r/2. Recall that an ultrametric space (X,d) is
one in which d(z, z) < max {d(z,y),d(y, z)} for all z,y,z € X.

We will make use of the following facts.

LEMMA 3.1.

o D-doubling spaces have Nagata dimension n with constant v, where n de-
pends on D and 7y is universal [LS05, Lemma 2.3].

e Ultrametric spaces have Nagata dimension 0 with constant 1 (take the
cover C of all balls of radius s).
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e Finite unions of spaces with finite Nagata dimension have finite Nagata
dimension [LS05, Proposition 2.7].

o A space admitting an L-bi-Lipschitz embedding into a space with Nagata
dimension n with constant v has Nagata dimension n with constant ~/,
where v depends only on vy and L [LS05, Lemma 2.1].

The next lemma highlights the most important consequence (for our
purposes) of a space having finite Nagata dimension, and any assumption of
finite Nagata dimension in what follows is used only through this lemma.

LEMMA 3.2. Suppose Z is a metric space and X C Z 1is a closed subset
with finite Nagata dimension. Then there exists a weak™-weak” -continuous L-
bounded linear extension operator € : Lipy(X) — Lipy(Z), where L depends
only on the Nagata dimension n and constant v of X. Moreover, F(Z) =~
F(X)® F(Z/X), where the isomorphism constant depends only on L.

Proof. Since X has finite Nagata dimension, [NS11, Corollary 5.2| implies
that there exists an L-Lipschitz map Z — F(X) that restricts to the identity
on X, where L depends only on n and ~. Then by the universal property
of Lipschitz free spaces, we get an L-bounded linear map F(Z) — F(X)
that restricts to the identity on F(X). Dualizing, we get a weak*-weak*-
continuous L-bounded linear extension operator € : Lipy(X) — Lipy(Z).
This proves the first statement. The isomorphism F(Z) ~ F(X) & F(Z/X)
then follows from [Kaul5, Lemma 2.2|, with the isomorphism constant de-
pending only on L. =

The next two lemmas establish bi-Lipschitz equivalences of spaces involv-
ing Whitney nets that will prove useful in the proof of Theorem 3.5.

LEMMA 3.3. For every separable metric space Z, closed subset X C Z,
and e-Whitney net N in Z with respect to X, the metric quotient (XUN)/X
is bi-Lipschitz equivalent to an ultrametric space and F((XUN)/X) ~ £1(S)
for some countable indexing set S.

Proof. Let [n1],[n2] € (X UN)/X. Then
p([n1], [n2]) = min {d(n1, n2), d(n1, X) + d(ng, X)},
and hence by definition of Whitney nets we get
2max {d(n1, X),d(n2, X)} > p([n1], [n2]) > € - max {d(n1, X),d(na, X)}.

It is obvious that the assignment ([ni],[n2]) — max{d(ni, X),d(n2, X)}
defines an ultrametric on (X U N)/X, and hence the previous inequalities
prove the desired bi-Lipschitz equivalence. The second statement follows
from [CD16, Theorem 2|. m

LEMMA 3.4. Let Z be a metric space and X,Y C Z closed subsets. Given
e € (0,1/2] and any e-Whitney net N in Y with respect to X, the identity



8 D. Freeman and C. Gartland

map

Y XUY

id :
CYAXUN) T XuN

18 @ surjective isometry.

Proof. That id is well-defined and 1-Lipschitz is clear. That id is surjec-
tive follows from the fact that N C Y. That id is 1-co-Lipschitz follows from
Lemma 2.2 and the assumption that ¢ < 1/2. =

We arrive at our first main result on free spaces over unions. It plays a
major role in the proof of Theorem B.

THEOREM 3.5. Let Z be a separable metric space and X,Y C Z closed
subsets. If |X| = oo and X,Y have finite Nagata dimensions, then there
exists a closed subset F' C'Y such that F(X UY) ~ F(X) @ F(Y/F).

Proof. Let N be a %—Whitney net in Y with respect to X. Since ultra-
metric spaces have Nagata dimension 0 and Nagata dimension is preserved
under bi-Lipschitz homeomorphisms (see Lemma 3.1), Lemma 3.3 implies
that (X U N)/X has finite Nagata dimension (and thus we may later apply
Lemma 3.2). Since | X| = oo, there exists a Banach space W such that

FX)~Wa
by [CDW16, Theorem 1.1(i)|. By Lemma 3.3, there is a countable set S such
that

F(XUN)/X) =~ £1(S).

Therefore,

o (S) =0t
Combining these three isomorphisms yields
(3.1) F(X)®F(XUN)/X)~ F(X)a®H(S)

~W el (S =W el ~ F(X).

Then we have

em. 3. XUY
]-"(XUY)Lz”]-"(X)@}'( ; )
Lems. 3.2,2.5 XUN XUY
~ f(X)@f( X >@}-<XUN>

(3.1), Lem. 3.4
~

e ]-'(X)@]-'(M). .

In order to proceed towards proving Theorem A (via Corollary 3.8), we
require the following version of the Petczyriski decomposition method. We
include the proof for the convenience of the reader.



Lipschitz functions on unions and quotients 9

LEMMA 3.6. Suppose that V' is a Banach space isomorphic to the count-
ably infinite £*-direct sum of itself (e.g. V = L' or £') and that W is a direct
summand of V. Then V=W @ V.

Proof. Let U be a Banach space such that V =~ U & W. Then we have
WaeVaWa(VeVeVae--.)
~Wae(UsW)e UsW)as(UaeW)d--)
~WeUe WaelU)e  Wal)d--)
~WelU)e(WalU)e (WalU)d---
~VaeVeVae. =V.

The next general result is a corollary of Theorem 3.5 and Lemma 3.6.

COROLLARY 3.7. Let Z be a separable metric space and X,Y C Z closed
subsets. Suppose that the following hold:

e X and Y have finite Nagata dimensions.
o F(X) is isomorphic to the £*-sum @ileN F(X).
o F(Y) is isomorphic to a direct summand of F(X).

Then F(X UY) ~ F(X).

Proof. Our assumptions obviously imply that |X| = oo, and thus the
hypotheses of Theorem 3.5 are met. By that theorem, there exists a closed
subset F' C Y such that F(XUY) =~ F(X) @ F(Y/F). By Lemma 3.2,
F(Y) =~ F(F)® F(Y/F), showing that F(Y/F) is a direct summand of
F(Y), and thus a direct summand of F(X) by assumption. Then by the
Pelczynski decomposition method (Lemma 3.6),

F(XUY)~ F(X)® F(Y/F) ~ F(X). u

We finally arrive at our corollary equivalent to Theorem A. The proof
will use standard Banach-space-theoretical facts about L'-spaces. The reader
may consult [JLO1, AOO1]| for references.

COROLLARY 3.8. Let Z be a separable metric space and X,Y C Z closed
subsets. If X, Y have finite Nagata dimensions and if F(X), F(Y) are iso-
morphic to L'-spaces, then F(X UY) is isomorphic to an L'-space.

Proof. If one of | X]|,|Y] is finite, then the conclusion is obvious. Hence,
we may assume |X|,|Y| = oco. Since Z is separable, so are X,Y, and thus
F(X),F(Y) are isomorphic to separable, infinite-dimensional L!-spaces.
There are two cases to consider: (i) at least one of F(X),F(Y) is iso-
morphic to L!([0,1]), and (ii) F(X) ~ F(Y) =~ ¢ In case (i), if we
assume without loss of generality that F(X) ~ L!([0,1]), then F(Y) is
a direct summand of F(X). In case (ii), obviously F(Y) is also a direct
summand of F(X). In all cases, we may assume without loss of generality
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that F(Y) is a direct summand of F(X) and that F(X) ~ @}GN F(X).
Thus, the hypotheses of Corollary 3.7 are met, and the conclusion fol-
lows. =

Next, we have another corollary identifying the isomorphism type of
unions of spaces that admit bi-Lipschitz embeddings into a special class of
metric spaces. Let M be a metric space. We say that M is self-similar if there
exists a constant R > 1 and a bijection f : M — M with d(f(z), f(y)) =
Rd(z,y) for all z,y € M and f(xg) = xo, and we say that M is bi-Lipschitz
homogeneous if for all z,y € M, there exists a bi-Lipschitz homeomorphism
f: M — M with f(x) = y. Examples of self-similar, doubling, bi-Lipschitz
homogeneous metric spaces include R™ and Carnot groups (see [AACD21,
p. 7306, [LD17]).

COROLLARY 3.9. Let Z be a complete metric space and M a self-similar,
doubling, bi-Lipschitz homogeneous metric space. Suppose Xg, X1,..., Xk
C Z are closed subsets such that each X; admits a bi-Lipschitz embedding ¢;
into M and ¢o(Xo) has nonempty interior. Then F(Uf:o Xi) = F(M).

Proof. The proof is by induction on k. The base case £ = 0 holds by
[AACD21, Corollary 5.6]. Suppose that the conclusion holds for some k& > 0.
Let Xo, X1,..., Xk, Xp+1 C Z be a collection of subsets satisfying the hy-
potheses of the corollary. Set X := Uf:o X; and Y := Xp41. By the inductive
hypothesis, F(X) ~ F(M), and thus F(X) ~ @}EN F(X) by [AACD21,
Corollaries 5.5, 5.6]. Since Y bi-Lipschitzly embeds into M, Lemma 3.2 im-
plies that F(Y) is a direct summand of F(X). Hence, the hypotheses of
Corollary 3.7 are satisfied, and therefore f(Uinl X)) =F(XUY)~ F(X)
~F(M). m

We conclude this section with an analogous result for metric quotients.
Recall that a metric space X is purely 1-unrectifiable if for every subset
A C R and Lipschitz map f: A — X, we have H!(f(A)) = 0, where H! de-
notes 1-dimensional Hausdorff measure. Equivalently, there is no bi-Lipschitz
embedding A — X where A C R has positive Lebesgue measure (see, for
example, [AGPP22, Lemma 1.11] for a discussion of this equivalence).

THEOREM 3.10. Let X be an infinite, separable, complete metric space
and M C X a closed subset with finite Nagata dimension. Suppose F(X) is
isomorphic to an L'-space. If X is purely 1-unrectifiable, then F(X/M) =~
(X(S) for some countable set S, and if H*(f(A)\ M) > 0 for some Lipschitz
f:RDA— X, then F(X/M) =~ L*([0,1]).

Proof. By Lemma 3.2, F(X) ~ F(M)® F(X/M). Then either F(X) ~
¢t or F(X) =~ L'(]0,1]). By [AGPP22, Theorem C], the first case happens ex-
actly when X is purely 1-unrectifiable. If | X /M| < oo, then we trivially have
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F(X/M) = ((F) for some finite set F, so we may assume that | X /M| = ooc.
In this case, F(X/M) is isomorphic to ¢! by [AO01, Theorem 15]. Assume
we are in the second case where H1(f(A)\ M) > 0 for some Lipschitz
f:R D> A — X. Then neither X nor X/M is purely 1-unrectifiable, and
so F(X) ~ L'([0,1]) and X/M contains a bi-Lipschitz copy of a positive
measure subset of R, which implies F(X/M) contains an isomorphic copy
of L1([0,1]) by [God10, Corollary 3.4] (see also [AGPP22, Theorem C]). In
this case, we get F(X/M) ~ L([0,1]) by [AOO1, p. 129]. =

In light of Theorem C, we note the following corollary. In the statement, an
R-tree is a complete metric space (T, d) such that any two points z,y € T are
the endpoints of a unique Jordan arc, and this arc is isometric to the interval
[0,d(z,y)] (in other words, it is a geodesic). Thus, R-trees are 1-bounded
turning, but, in contrast to QC trees (see Section 4 for these definitions),
R-trees need not be doubling, or even proper.

COROLLARY 3.11. Suppose T is a separable R-tree containing more than
one point, and M C T is a closed subset not equal to T'. Then F(T /M) ~
L'([0,1)).

Proof. By [God10, Corollary 3.3|, F(T) is isomorphic to an L!-space,
and by [LS05, Theorem 3.2|, the Nagata dimension of T is 1 (in particular,
it is finite). Furthermore, 7'\ M is a nonempty open subset, and hence it
contains an isometric copy of some sufficiently small interval (a,b) C R. The
conclusion follows from Theorem 3.10.

4. Lipschitz functions on unions and quotients of QC trees. To-
ward a proof of Theorem B that does not rely upon the Pelczyriski decom-
position method, we define relevant terminology and prove auxiliary results
over the course of the next few subsections.

4.1. Metric geometry of QC trees. Given B > 1, a metric space X
is B-bounded turning provided that any pair of points u,v € X is contained
in some compact and connected set E C X such that diam(E) < Bd(u,v).

A Jordan arc is a homeomorphic image of the unit interval [0, 1]. A metric
space 1 is a tree if it is compact, connected, locally connected, and every
pair of distinct points in T" forms the endpoints of a unique Jordan arc in 7'
Note that, given this definition, any tree is separable. Given a tree T', the
leaves L(T) are the points p € T such that 7"\ {p} remains connected. The
branch points B(T) are the points p € T such that T\ {p} consists of at
least three connected components. Note that a Jordan arc is a tree with no
branch points and exactly two leaves.

We are now ready to define the following key terms.



12 D. Freeman and C. Gartland

DEFINITION 4.1. A metric space 7 is a quasiconformal (QC) arc if it is
a bounded turning and doubling Jordan arc.

The reader may object to this terminology in light of the fact that QC
arcs are more commonly referred to as quasi-arcs. However, for the purposes
of this paper, we employ this terminology in order to align with that of the
following definition as found in [BM20].

DEFINITION 4.2. A metric space T is a quasiconformal (QC') tree if it
is a bounded turning and doubling tree. If T" is C-bounded turning and
D-doubling, then we say that T is a (C, D)-QC tree.

The following result is a consequence of [BM20, Lemma 2.5].

LEMMA 4.3. If (T,d) is a C-bounded turning tree, then there exists a
distance d' such that (T,d’) is 1-bounded turning and %d’ <d<d.

Next, we embark on a study of the set B(T") of branch points of a given
tree T" and the relationship of this set with the set £(T") of leaves. This study
culminates in Theorem 4.17, which provides a key ingredient in our proofs
of Theorems B and C.

LEMMA 4.4. Let T be a tree, and E a closed subset of T.

(i) There are countably many components of T \ E.

(ii) For any e > 0, there are at most finitely many components of T \ E of
diameter at least €.

(i) Two points xz,y € T\ E are contained in the same component of T\ E
if and only if [x,y] C T\ E.

(iv) If U is a component of T\ E, then the closure U is a subtree of T with
oU C OU C E.

(v) If E is a single point of T, then each component of T \ E contains a
leaf of T'.

Proof. These assertions follow from [BM20, Lemma 2.3(i,ii)|] and other
facts noted in [BM20, pp. 260-261]. =

LEMMA 4.5. Suppose 1,9, x3 are three distinct points in a tree T. If
x; & [xj, 2] for i & {j,k}, then the union [x1,x2] U [z1, 23] U [x2, 23] is a
tree containing exactly one branch point given by the singleton contained in
[wl,l'g] N [.261, .Cvg] N [1‘2,1‘3].

Proof. This follows from Lemma 4.4 and [BM20, Lemma 2.4]. We leave
the straightforward details to the reader. =

We note that Lemma 4.5 implies that any tree containing no branch
points and exactly two leaves is a Jordan arc.

LEMMA 4.6. Suppose T' is a tree, and {x;}ieny C T is a sequence of points
converging to x € T. Then diam([z;,z]) — 0 as i — oo.
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Proof. Since T is locally connected, for any € > 0, there exists an open
and connected neighborhood U C B(x;e) C T containing z. For large
enough i, we have x; € U. Since U is open and connected in T, it is arc-
connected (see [Nad92, Theorem 8.26]). It follows from the uniqueness of
arcs in T that [z;, 2] C U, and so the diameter of [z;, x| is less than 2. The
lemma follows. =

DEFINITION 4.7. Given a tree T' and a subset M C L(T), the convex hull
of M in T is defined as hull(M) = |, jcla, b]-

LEMMA 4.8. Given a tree T, if M C L(T) is closed in T, then hull(M)
C T is a subtree of T and L(hull(M)) = M.

Proof. We first prove that hull(M) is closed. Suppose a sequence of points
{zi}ien C hull(M) converges to some point x € T. For each ¢ € N, there
exist points a;,b; € M such that x; € [a;, b;]. Since M is compact, (up to a
subsequence) we can assume there exist points a,b € M such that a; — a
and b; — b as it — oo. If a = b, then it follows from Lemma 4.6 that
x; — a =z € hull(M).

Thus we assume a # b. If a; = a and/or b; = b for all sufficiently
large 4, then our argument simplifies. Thus we assume a; # a and b; # b
for all 7. Via Lemma 4.5, this gives rise to points a},b, € [a,b] such that
a := [a, b Na,a;] N [ai, b] and b} := [a, b] N [a, b;] N [b;, b]. Lemma 4.6 implies
that the diameters of [a;, a}] C [a;, a] and [b;, ;] C [b;, ] tend to 0 as i — oo.
Note that [a;, b;] C [a;,al] U [a], ;] U [b],b;]. If there exist arbitrarily large 4
such that z; & [al,b}], then it follows that x € {a,b} C hull(M). On the
other hand, if z; € [a},b]] C [a,b] for all sufficiently large 4, then it follows
that z € [a,b] C hull(M). In either case, we conclude that = € hull(M) and
so hull(M) is closed in T

Next, we prove that hull(T") is (arcwise) connected. Since any closed and
connected subset of T is a subtree (see [BT21, Lemma 3.3|), this will suffice
to prove that hull(M) is a subtree of T'. Let =,y € hull(T"). By definition,
there exists {ay, by, ay, by} C M such that = € [az, b,] and y € [ay, by]. Order
[z,y] from z to y. Write 2’ to denote the last point of [z,y] in [ag, b;] and
write y’ to denote the first point of [x,y| in [ay,b,]. Here we allow for the

possibilities that 2’ = z, 4/ =y, or 2’ = ¢/. In any case,
hull(M) D [ag, ay] = [ag, 2| U [z, '] U [V, ay],
and so
[z,y] = [z,2TU[2",y] U [y, y] C hull(M).

To finish the proof of the lemma, we show that £(hull(M)) = M. First,
we note that [BM22, Lemma 3.2(2)| implies that M C L(hull(M)). Next,
given p € L(hull(M)), there exist points a,b € M such that p € [a,b] C
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hull(M). If p ¢ {a,b}, then Lemma 4.4(iii) implies that p & [a,b]. This
contradiction implies p € M. It follows that L(hull(M)) = M. =

LEMMA 4.9. Suppose T is a 1-bounded turning tree. Given u,v € B(T),
if d([u,v],L(T)) > €, then there exist pairwise disjoint arcs {\j}je; =
{la;, bj]}jes such that, for anyi,j € J, we have

(1) diam(\;) =e,
(2) AjNfu,v] ={a;} € B(T), and
(3) € <d(bs,bj) < 2e + diam([u, v]).

Furthermore, |J| = |B(T) N [u, v]|.

Proof. Let {a;}jes := B(T) N [u,v]. By [BM20, Proposition 2.2] and
[Nad92, Theorem 10.23|, the index set J is countable. For each j € J, choose
a component [; of T\ {a;} that is disjoint from [u,v]. Such a component
exists because a; € B is a branch point. It is easy to verify that the sets
{lu,v], I'j}jes are pairwise disjoint. Of course, any component of the com-
plement of a point in a compact tree must contain a leaf (Lemma 4.4(v)),
and thus I; N L(T) # 0 for all j € J. This implies

sup d(ajap) > d(aja ‘C(T)) > &,

pel}y
where in the last inequality we have used the fact that a; € [u,v], and the
assumption that d([u,v], L(T)) > e. Since each I} is connected, we may use
the intermediate value theorem and find b; € I'; such that d(a;,b;) = €.
Next observe that [bj,a;] U [aj,a;] U [a;, b;] is the unique arc from b; to b;
for any ¢ # j in J. This is true because the sets {[u,v], I;}jc; are pairwise
disjoint, [b;,a;) C I}, and [aj,a;] C [u,v]. Thus, using the 1-bounded turning
property again and the triangle inequality, we deduce that

e < d(bi,bj) < 2e + d(u,v) = 2e + diam([u, v])
for all i # j in J. If we set \; := [aj,b;], the conclusions of the lemma
follow. m

The following lemma is a restatement of [ACPCS01, Proposition 3.4].

LEMMA 4.10. Suppose T is a tree such that L(T') is closed in T'. Then the
accumulation points of B(T') are contained in L(T), and thus L(T) U B(T)
is closed in T'.

By [BM20, Proposition 2.2] and [Nad92, Theorem 10.23|, the set B(T)
is countable for any tree T'. This implies that B(T') is totally disconnected.
The following concepts allow us to quantify the disconnectivity.

DEFINITION 4.11. Given « € (0, 1], a finite sequence {x;};cs of points in
a metric space X is said to be a relative a-chain if, for each ¢ < max([) < oo,
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we have d(z;, zi11) < a - d(T0, Tmax(r))- A relative a-chain is nondegenerate
if its endpoints are distinct.

DEFINITION 4.12. A metric space X is said to be a-uniformly discon-
nected if X contains no nondegenerate relative a-chains.

REMARK 4.13. We concede that our use of the adjective relative in the
above definition is a bit non-standard. However, we include this modifier in
order to distinguish Definition 4.12 from Definition 5.1 below.

REMARK 4.14. It is immediate from the definition and the triangle in-
equality that any nondegenerate relative a-chain {x;};cs in any metric space
satisfies + < |I] — 1.

LEMMA 4.15. Let (X,d) be a metric space. Let B, E C X with E closed,
and a € (O, %} If there exists a nondegenerate relative a-chain contained in
[BUE] C X/E, then there exists a nondegenerate relative 8a-chain {w;} e
contained in B C X with d(wo, E) > 2d(wo, Wyax())-

Proof. Assume that there exist [z] # [y] € [BUE] and {[z]}icr C [BUE]
an a-chain from [z] to [y]. Without loss of generality, we may assume that
p([z], [E]) > p([y], [E]) and [z;] # [2;] for all ¢ # j € I, and therefore

(4.1) p(lz], [E]) > 3p(la], [y])-

From here we consider two cases: the set {i € I | p([z],[2]) > $p([2], [E]) }
is empty or is nonempty. Suppose the first case holds. Then the triangle
inequality implies p([2i.[5]) < p(la) [E]) and p((z], [E]) > bo((al, [E]) for
all 7,7 € I, which in turn implies
max p([zi], [2]) < 2min p(lzi], [E])-

This inequality together with the definition of p can be seen to imply that
p([zi], [#j]) = d(z, 2;) for all 4, j € I. Then the conclusion follows in this case
with {w;}jes = {zi}ier-

Now assume that we are in the second case. Set i, = min{i € I |
p([z],[2]) = 2p([z], [E])}. As before, we see that p([z], [z;]) = d(z, 2;) for
all 4,j < i,. Set {w;}jes = {z:}ix,". It remains to show that {w;}ies is a
nondegenerate relative 8a-chain. First we estimate d(wo, Wyax(.7)):

(42)  d(wo, Wmax(r)) = plle] [z, 11]) = plla] [2)) = o[z, 1), 2.)
> 3p([z], [E]) — ap([z], [y])

(4.1)
> go([2]. [y]) — so(la], ly]) = go(lz], [W))-
Note that this proves the nondegeneracy of {w; };cs. Then, for all j <max(J),

we have
d(wy, i) = pl(5) [5]) < apl(al, o) < Sad(wo, woma(s)-
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LEMMA 4.16. Let T be a 1-bounded turning tree, u,v € T, and o € (0, 1).
If there exists an a-chain {x;};cr from u to v, then there exists an a-chain
{x}}ier from u to v contained in [u, v]. Furthermore, if {x;}icr C B(T), then

{xé}iel C B(T).

Proof. Let (x;)icr be an a-chain of branch points in 7" from u to v. The
idea is to project the chain onto [u,v] via a 1-Lipschitz retraction g : T —
[u, v] with the help of Lemma 4.5. We define the retraction with four cases:

x if x € [u,v],
_Ju if u € [z,v],
9(w) = v if v € [u,x],

[u,v] N [x,v] N [u,z] otherwise.

Note that g is well-defined by Lemma 4.5 by interpreting [u, v] N[z, v] N [u, z]
as the unique point in that singleton set (and not the singleton set itself).
Note also that by Lemma 4.5, g(z) is a branch point whenever z,u,v are
branch points. Once we show that g is 1-Lipschitz, the chain {g(z;)}icr wit-
nesses the conclusion. Let z,y € T. We check two cases: [z, y]N|[u, v] is empty
or nonempty. In the first case, we have g(z) = g(y), and so the 1-Lipschitz
condition is trivially satisfied. In the second case, we have [g(x), g(y)] C [z, ],
and so the 1-bounded turning assumption verifies the 1-Lipschitz condition. =

THEOREM 4.17. Let T be a (1, D)-QC tree with branch set B and leaf
set L. Then [BU L] is ﬁ—uniformly disconnected in T/ L.

Proof. Assume that the conclusion is false, so that there exists a non-
degenerate relative 8%—chain in [BU L]. Then by Lemma 4.15, there exists
a nondegenerate relative Jz-chain {w;};cs contained in B with d(u,L) >
2d(u,v), where u, v are the endpoints of the chain. By the triangle inequality,
d([u,v], L) > d(u,v). By Lemma 4.16, we may assume that {w;};es C [u,v].
By Lemma 4.9, we obtain a collection of points {b;};c; such that, for all
i # 14 € I, we have d(u,v) < d(b;,by) < 3d(u,v). This upper bound im-
plies that {b;};cs is contained in a ball of radius 3d(w,v). Thus, by the
D-doubling property, {b; };cs is contained in the union of at most D3 balls of
radii 2d(u,v). The lower bound d(u,v) < d(b;, by) implies that each of these
balls contains at most one b;, and thus |I| < D3. But by Remark 4.14, we
have D3 < |J| — 1 < |I| — 1, a contradiction. =

4.2. Proof of Theorem C. Having established Theorem 4.17, we now
turn to the study of Lipschitz functions on metric quotients of trees. This
study will culminate in the proof of Theorem 4.22, which immediately yields
a proof of Theorem C. We begin with the following definition.
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DEFINITION 4.18. Given a collection {(X;,d;,p;)}icr of pointed metric
spaces, the sum [[,c;(Xi,pi) is the pointed metric space defined by the
disjoint union of {X;};e; with basepoint e given by the identification of
basepoints {p;}ier. Furthermore, given (a,b) € X; x X, the distance o is

defined by
o(a,b) = { H@0) ifi =7,

LEMMA 4.19. Let T denote a 1-bounded turning tree and M C T a closed
subset. The space T /M is 2-bi-Lipschitz equivalent to [ (T;/M;, [M;]).
Here {T;}icr denotes the closures of the countably many connected compo-
nents of T'\ M, and, for each i € I, we write M; := T; N M.

Proof. We first note that {T;}ics is countable by Lemma 4.4(i). Fur-
thermore, there is a natural identification of [[,.,(T;/M;, [M;]) with T'/M
as sets. Note that p := [M] C T/M corresponds to the basepoint e of
;e (T3 /M;, [M;]) via this identification.

Given x,y € T/M, we first suppose y = p. In this case, it is easy to see
that p(x,p) = o(x,e). Therefore, suppose x,y € T/M \ {p}. Let T; and T},
denote the components of 7'\ M containing x and y, respectively. If T} = T},
then, since T' is 1-bounded turning, Lemma 4.4(iii, iv) implies that

p(x,y) = min {d(z,y),d(z, M) + d(y, M)}
= min {d(z,y),d(x, M;) + d(y, M;)} = o(x,y).
If Tj # Ty, then Lemma 4.4 implies that [z,y] N M # 0. In particular,
[z,y] N M; # 0 # [x,y] N Mj. Since T is 1-bounded turning,
(43)  d(w,y) = max {d(e, My), dy, My)} > $(d(w, M;) + d(y, M),
We deduce from (4.3) and Lemma 4.4(iii)(iv) that

so(z,y) < plz,y) < o(z,y).
The desired conclusion follows. =

DEFINITION 4.20. Given C,D > 1, a (C, D)-QC wreath is the quotient
of a (C, D)-QC tree by a two-point subset of £(T').

LEMMA 4.21. Let T be a (1,D)-QC tree and M C L(T) be closed in T.
Let S = hull(M) and B = B(S). Then T'/(BUM) is 2-bi-Lipschitz equivalent
to a sum [ [;c;(Xi, i), where I is countable and each X; is either a (1, D)-QC
tree or a (1, D)-QC wreath.

Proof. It follows from Lemmas 4.10 and 4.4(i) that S\ (BU M) is a
collection of countably many pairwise disjoint open arcs whose endpoints are
contained in BU M. We claim that each component of T\ (BU M) contains
at most one component of S\ (B U M). Indeed, suppose a component of
T\ (B U M) contains components S; and Sz of S\ (B U M). Given any
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x1 € S and x9 € Sy, Lemma 4.4(iii) implies that [z1,22] C T\ (B U M).
Since it is also true that [z, x2] C S\ (BUM), we again apply Lemma 4.4(iii)
to conclude S| = Ss.

Let T" denote the closure of a component of T\ (B U M). We consider
two cases.

CASE 1: T” contains a component of S\ (B U M). Denote the closure of
this component of S\ (BUM) by S’. By the first paragraph of the proof and
by Lemma 4.4(iv), there exist points sg,s1 € BU M such that S" = [sg, s1].
Again by Lemma 4.4(iv), the set T” is a subtree of T'. We also note that the
points {sg, s1} are leaves of T". Indeed, (BU M) NT' C dT" C L(T").

We claim that 7N (B U M) = {so, s1}. To see this, suppose there exists
a point zp € T" N (BU M) C L(T') such that zp is not an endpoint of S’.
Since sg, $1, and ¢ are leaves of T”, we have sy & [xo, $1], s1 &€ [x0, S0, and
xo & [s0,s1]. By Lemma 4.5, the open arc (sp,s1) contains a branch point
of S. This contradicts the fact that (sg, s1) N B = (). Therefore, we verify our
claim that 7N (BU M) = {sg, s1} =: P’. We conclude that the image of 7"
in the quotient T'/(B U M) is the (1, D)-QC wreath T"/P’.

CASE 2: T' does not contain any component of S\ (B U M). Then
(4.4) T’ does not intersect any component of S\ (B U M).

We claim that 7" intersects BUM in exactly one point. Since T is connected,
this intersection is non-empty. If 77N (B U M) contains points z¢ # x1, then
[0, z1] € SNT’. Since not every point of (zg,x1) can be a branch point of S
(see [Nad92, Theorem 10.23]), and (xo,z1) N M = 0, it follows that (zo,x1)
intersects a component of S\ (B U M). This contradicts (4.4). Therefore,
we verify our claim that P’ := T’ N (B U M) contains exactly one point. We
conclude that the image of 77 in T//(B U M) is the (1, D)-QC tree T'/P".

Write {T;}ier to denote the countable collection of the closures of con-
nected components of 7'\ (B U M), and, for each i € I, define P; :=
T, N (B U M). By Lemma 4.19, the quotient T'/(B U M) is 2-bi-Lipschitz
equivalent to [ [, ;(T;/P;, [P;]). Cases 1 and 2 above confirm that each T;/P;
is either a (1, D)-QC wreath or a (1, D)-QC tree. =

By taking preduals and appealing to Lemma 4.3, the following theorem
provides a proof of Theorem C.

THEOREM 4.22. Suppose T is a (1,D)-QC tree. If M C T is closed, then
Lipo(T /M) is weak*-isomorphic to L>(Z) for some measure space Z.

Proof. By Lemma 4.4, the closures of the (countably many) components
of T\ M are (1, D)-QC trees {T; }ics. Let M; denote the subset of the leaves
of T; that are contained in M. Note that M; is closed in T}, since M is closed
and M; = T;N M. Lemma 4.19 implies that T'/M is 2-bi-Lipschitz equivalent
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to the sum [[,.; T;/M;. It then follows from [Weal8, Proposition 2.8(b)] that

(4.5) Lipy(T/M) =~ @Llpo T;/M;),
icl

where the isomorphism constant is absolute (throughout this proof, “~” de-
notes a weak*-weak*-continuous isomorphism between dual Banach spaces).

Let S; = hull(M;) in T; and write B; to denote the branch points of S;.
Observe that, by Theorem 4.17, for each ¢ € I, the space [B;UM;| C S;/M; C
T;/M; is ﬁ—uniformly disconnected. Then by [DS97, p. 161], the space
[B; U M;] is 8D3-bi-Lipschitz equivalent to an ultrametric space, and hence
has Nagata dimension 0 with constant depending only on D (and thus we
may apply Lemma 3.2). By Lemmas 4.8, 4.10, 2.5, 3.2, and Remark 2.4, for
each ¢ € I, we have

(4.6) Lipy(T3/M;) = Lipy([Bs U M) @ Lip(p,oar,) (T3 /M;)
= Lipo([Bi U M;]) @ Lipy(T;/(B; U M;)).

Here the isomorphism constant depends only on the doubling constant D.

Lemma 4.21 tells us that T;/(B; U M;) is 2-bi-Lipschitz equivalent to the
sum [[,c; Xij, where each X ; is either a (1, D)-tree or a (1, D)-wreath.
By [Weal8, Proposition 2.8(b)|, we conclude that

(4.7) Lipy(T;/(B; U M;)) @ Lipy(X
jed;

Again the isomorphism constant is absolute.
Suppose X; ; is a wreath. By definition, for any ¢ € I and j € J;, there
exists a (1,D)- QC tree T; ; and a two-point subset P; ; C L(T; ;) such that
Xij =T;;/Pi;. We may assume that P; ; contains the basepoint z; ; € T; ;
at which all Llpschitz functions in Lipy(7; ;) are zero. Hence, Lipy(X; ;) is
a weak*-closed subspace of Lipy(7; ;) with codimension 1. By [FG23, Theo-
rem C], Lipy(7; ;) = L>°(Z] ;) for some measure space Z; ; with isomorphism
constant depending only on D. It follows that Lipy(X; ;) ~ L°°(Z; ;) for some
measure space Z; ; with isomorphism constant depending only on D.
Suppose now that X;; is a tree. In this case, then, again referencing
|[FG23, Theorem C|, we conclude that Lipy(X; ;) =~ L>(Z; ;) for some mea-
sure space Z; ; with isomorphism constant depending only on D.
In either case, it now follows from (4.7) that, for some measure space Z;,
we have

(4.8) Lipo(T3/(Bi U M;)) = €D L®(Zi ;) = L™(Z),
JjeJ;

where the isomorphism constants depend only on D.
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As observed earlier, each space [B; U M;] is 8 D3-bi-Lipschitz equivalent
to an ultrametric space. It then follows from [CD16, Theorem 2| that
(4.9) Lipy([B; U M;]) =~ £°°(S;)

for some countable index set .S;. Here the isomorphism constant again de-
pends only on D.

Since all relevant isomorphism constants depend only on the doubling
constant D, we conclude that

Lip,(T/M) ¢ @Llpo (T;/M;)
el
(4.6), Lem. 2.5

~ @D (Lip([Bi U M) & Lipy(T;/ (B U My)))
el
(4 8)
(Lipo([B; U My)) & L>(Z;))
i€l
(4 9)
(€2(S5) ® L™(Z)) = L=(Z)
i€l
for some measure space Z. n

4.3. Proof of Theorem B. Suppose the indexing set is I = {0, 1, ..., k}.
We will prove the theorem by induction on k. For the base case, note that the
conclusion holds for Ty by [FG23, Theorem C|. Assume that the conclusion
holds for the union

xX:=

i<k
Thus the sets X,Y = T} satisfy the assumptions of Theorem 3.5, and we

conclude that
F(Un) = 70 @ F(1/M)
i<k
for some closed M C Tj. The inductive hypothesis and Theorem C imply
f(U Tz‘) ~ LY(Z-1) ® LY(Z;) = L'(Zy)
i<k
for some measure spaces Zj_1, Z,’ﬂ and Zj. This completes the inductive
step. m

5. Lipschitz light maps on unions and quotients of QC trees

5.1. Lipschitz light maps and Lipschitz dimension. We begin with
some terminology that underlies the concept of a Lipschitz light map.

DEFINITION 5.1. Given § > 0, we say that a finite sequence {u;};cs is a
d-chain provided that, for each i < max([), we have d(x;,z;11) < 9.
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A subset U of a metric space X is d-connected if every pair of points in U
is contained in a d-chain in U. A §-component of X is a maximal d-connected
subset of X.

DEFINITION 5.2. A map f: X — Y between metric spaces is Lipschitz
light if there exist constants L, > 0 such that

(1) fis L-Lipschitz, and
(2) for every r > 0 and E C Y such that diam(FE) < r, the r-components of
f7Y(E) have diameter at most Qr.

We say that such an f is L-Lipschitz and @-light. A collection {f;};cs of
maps is said to be uniformly Lipschitz light if there exist L, > 0 such
that, for every ¢ € I, the map f; is L-Lipschitz and Q-light.

REMARK 5.3. In [Dav21, Section 1.4|, David points out that the above
definition of a Lipschitz light map is equivalent to the following for maps
into Euclidean space: There exist L,Q > 0 such that f is L-Lipschitz and,
for every bounded subset E C R?, the diam(E)-components of f~!(FE) have
diameter at most @ - diam(FE).

It is easy to check that fs o fi is Ly Lo-Lipschitz L1(Q)1@Q2-light whenever
f1is Li-Lipschitz Q1-light and fs is Lo-Lipschitz (Q2-light. We will use this
fact throughout.

DEFINITION 5.4. A metric space X has Lipschitz dimension at most n, in
symbols dimy,(X) < n, if there exists a Lipschitz light map f : X — R". The
Lipschitz dimension of X is the minimal such n, with the usual convention
that min () = oco.

A few reasons that Lipschitz dimension is of theoretical significance are
provided by the embedding results for spaces of Lipschitz dimension at
most 1 contained in [CK13| and certain nonembedding results for spaces
of infinite Lipschitz dimension that are contained in [Dav21].

5.2. Proof of Theorem D. We begin this section with two general
lemmas on Lipschitz light maps that will be used in the proof of Theorem D.

LEMMA 5.5. Suppose X is a metric space, A,B C X, ¢ € (0,1], and
N is an e-Whitney net in B with respect to A. Let ¢ € (1,00), and let
7w AUN — A be any map satisfying d(u, m(u)) < c-d(u, A) for allu € AUN.
Then 7 is a (2¢ + €)/e-Lipschitz (2¢ + €) /e-light map.

Proof. First we note that, for all z,y € AUN, regardless of whether z,y
belong to A or N, the Whitney net inequality

(5.1) d(z,y) > e -max{d(z,A),d(y, A)}
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still holds. Then by this and the definition of 7, we have

(o), m(0) < dl(a).2) + ) + dr(),0) < (24 1) dov)

Therefore, 7 is (2¢ + ) /e-Lipschitz.

To see that 7 is light, fix any 6 > 0 and choose any £ C A such that
diam(FE) < 6. Let {z;}ics denote any d-chain in 7= (E) C AUN. We observe,
for any 1 <14 < max([/), that

(5.1)
1) > d(zi,l, Zi) > £-max {d(ZZ‘fl,A), d(zz,A)}

Therefore, every point of {z; };cs is within distance 0 /¢ of A. By the definition
of m, for all 4, j € I, we therefore obtain

d(zi, zj) < d(z, m(2)) +d(m(2), 7(25)) + d(z5, m(25))

2co 2c
< — +d(m(z), m(z5)) < <€ + 1) d,

where the final inequality follows from the fact that {n(2;),n(z;)} C E and
diam(F) < 4. This shows that 7 is (2¢ + ¢) /e-light. m

LEMMA 5.6. Let f : X — Y be a map between metric spaces. If there
exist QQ < oo and subsets A, B C X such that X = AU B, f|a is Q-light,
and f|p is Q-light, then f is (2Q(Q + 2) + 1)-light.

Proof. Let @, A, B be as above. Without loss of generality, we may as-
sume that AN B = (). Let § > 0, and choose E C Y with diam(E) < 4.
Let {x;}ies be a d-chain in f~1(E). We need to show that diam({z;}ics) <
(2Q(Q+2)+1)d. We may assume, for our purposes, that 2o, Tmax(r) € {¥i}ier
are such that diam({;}icr) = d(w0, Tmax(r))- Partition I into [ = I, U Ip
such that {z;}ier, € A and {z;}icr, C B. Without loss of generality, we
may assume that

(5.2) diam({z; }ier,) > diam({z; }icr,)-

Obviously, this implies T4 # 0. If Iz = (), then we have diam({x;};c;) =

diam({z; }ier,) < Q6 < (2Q(Q + 2) + 1)6 from the fact that f|4 is Q-light,

and we are done. We may assume, then, that Ig # (). Since I4, Ig # 0, there

must exist consecutive points x;, z;11 such that z;; € A and 1 € B, or

vice versa. If o, Tiax(r) € A OF T0, Tiax(r) € B, then (5.2) implies that

diam({z; }ier) = d(0, Tmax(r)) < diam({z; }ier,)-

If 2o € A and (1) € B (or vice versa), then (assuming without loss of

generality that xo, 2y € A and Tpax(r), Ti41 € B) (5.2) implies that

diam({z; }ier) = d(o, $max([)) < d(zo,zy) + d(@ir, Tyr41) + d(@i41, xmax([))
< 2diam({z;}ier,) + 9.
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Hence, it suffices to prove

diam({zi}ticr,) < Q(Q +2)4.

Of course, since f|4 is Q-light, this will follow if we can prove that {z;}ier,
is a (@ + 2)0-chain. But this is easy to see: suppose xj,z; are consecutive
points in (z;)ier,. If 7/ = j + 1, then d(zj,zy) < 0. If 7/ > j + 2, then
Z:]}H form a d-chain in B. Therefore, the Q-lightness of f|p
implies that diam({z; }f;i_l) < Q6. We conclude that
d(zj,x50) < d(xj, zj1) + d(@jen, 2y 1) + d(zy -1, 75)
<0+Qi+5=(Q+2)0. =
We now proceed to focus more specifically on QC trees and arcs, rely-

ing heavily on results from [FG23| and [Fre22]. We will need the following
technical lemmas.

the points {z;}

LEMMA 5.7. Given a C-bounded turning Jordan arc v, r > 0, and
{a,b} C R such that 0 < |a — b| = r - diam(vy), there exists an L-Lipschitz
Q-light map f v — R such that f maps the endpoints of v to a and b. The
constants L and Q) depend only on C and max{1,r}.

Proof. This follows from the proof of [Fre22, Theorem 2.2|. While the
proof as written applies to bounded turning Jordan circles, the same con-
struction can be applied to bounded turning Jordan arcs.

By post-composing with a translation, it suffices to assume that a = 0.
Via the construction from [Fre22| (modified as indicated above), there exists
an L'-Lipschitz Q'-light map f : v — R, where L', Q" depend only on C, such
that the endpoints of v map to {0, diam(+)}. First suppose r > 1. Then the
map - f is an L-Lipschitz Q-light map, where L, Q) depend only on C and r,
sending the endpoints of v to {0,r - diam(y)} = {a,b}, which proves the
lemma in this case. Now assume that 0 < r < 1. Then we post-compose f
with the 1-Lipschitz 3-light map

Z, x < 7"7—51 dlam(7)7
= . 1 g
(r+1)diam(y) —z, z > =+ diam(y),

producing an L-Lipschitz Q-light map, where L, Q) depend only on C, sending
the endpoints of v to {0, - diam(v)} = {a,b}. =
LEMMA 5.8. Given a d-chain {zx}rex in a 1-bounded turning tree T,
every point of the arc [20, Zmax(x)| 5 within distance & of the set {2k ke -
Proof. Let w € [20, Zmax(k)] be fixed. Write g : T — [20, Zmax(x)] to
denote the 1-Lipschitz retraction defined in the proof of Lemma 4.16. If

20 = Zmax(K)s then w = Znax(k) € {2ktker: If 20 # Zmax(k), then orient
[20, Zmax(k)] from 20 t0 zpmax(i)- Choose kg € K to be the largest index such
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that g(z1) < w in [20, Zmax(k)] for all k < ko. If kg = max(K), then

w = g(zmax(K)) = Zmax(K) € {Zk}kGK-
Suppose ky < max(K). Then w € [g(zk,), 9(2k,+1)]- As argued in the proof of
Lemma 4.16, the fact that g(zx,) # g(zk,+1) implies that [g(zx, ), 9(zky+1)] C
[2ko» Zko+1])- In particular, w € [z, 2k,+1]. Therefore, the assumption that 7'
is 1-bounded turning implies that

d(w7 Zko) < diam(['zkov Zk0+1]) = d(zkoa Zko—i-l) <9
In conclusion, whether or not 20 = zmax(x), we have d(w,{zxtrer) < 6. =

The following result is a version of Lemma 5.6 that is tailored to the
geometry of a bounded turning tree.

LEMMA 5.9. Suppose that T is a C-bounded turning QC' tree, and that
X C T is closed. If there exists a map F : T — R that is Lo-Lipschitz
Qo-light when restricted to X or the closure of any component of T \ X,
then F : T — R is L-Lipschitz Q-light. Here, L and Q) are determined only
by C, Ly, and Q.

Proof. By Lemma 4.3, we may assume that T is 1-bounded turning.
Write {U; }iecr to denote the countably many connected components of T\ X
(cf. Lemma 4.4). To see that F' is L-Lipschitz (for some L depending only
on C and Lyg), let 2,y € T. If both  and y are in X, or both are in a
single U;, then this is clear. Suppose z € X and y € U; (for some i € I). By
Lemma 4.4(iv), there exists a point z € [x,y] N (X NU;). Then, since T is
1-bounded turning, we obtain

[F(x) = F(y)| < |[F(z) = F(2)[ + |F(2) = F(y)| < 2Lod(x,y).
Finally, suppose x € U; and y € U; for some i # j € I. By Lemma 4.4(iv)
again, there exist z; € [z,y] N (X NU;) and z; € [z,y] N (X NUj). Then,
since 1" is 1-bounded turning, we obtain
|F(x)=F(y)| < |F(x)=F(2)|+|F(zi) = F(z)|+|F(2;) = F(y)| < 3Lod(x,y).
Thus F : T — R is L-Lipschitz with L = 3Ly.

To see that F'is @Q-light (for some @ depending only on C, Ly, and @),
fix 6 > 0 and let £ C R be such that diam(E) < §. Let {z;};ec; denote a
d-chain in F~1(E). For our purposes, we may assume that

diam({z;}jes) = d(z0, Trmax(s))-
Furthermore, by Lemma 4.16, we may assume {x;}jes C [Z0, Tmax(s)]- In-
deed, since 7' is 1-bounded turning, we have
diam([20, Tmax(s)]) = d(20, Tmax(s)) = diam({z;}jes).

In order to simplify our argument below, we may also assume (without
affecting the diameter) that {z;};c; proceeds monotonically from zy to
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Trmax() Along [To, Tmax(yy]- Since F' is L-Lipschitz, Lemma 5.8 implies that
(20, Tmax(s)] € F~1(E'), where E' C R is the set of points within distance
Lé of E.

If [20, Trax(s)] 18 contained in X, or in the closure of a single U;, then
we are done (see [FG23, Lemma 5.9]). Assume this is not the case, and
let {(ak,br)}rex denote the finitely many components of (2o, Tmax(s)) \ X
containing at least one point of {z;};c;. Note that, by assumption,

(53) (x()a xmax(J)) ¢ {(aka bk)}kEK 7£ (Z)

For each k € K, write U;, to denote the component of 7'\ X containing
(ak, bg). Since F' is Qo-light on each closure U;, , it follows that

d(ak, bk) = diam([ak, bk]) < 3LQ05.

Here we use the facts that [ay, bx] C F~1(E’) and diam(E’) < 3L4.

Therefore, by replacing each subchain {x;};cs N (ag, by) with the points
{ag, by}, we obtain a 3LQod-chain {z; } e C [T0, Tmax(.yy] from 2o t0 Tpax(s)-
We note that, by construction, all points of {z;};c are contained in X,
except possibly 20 =z and/or Zyax(1) = Tmax(J)- Since Fis Qo-light on X,
{zj}jes C F71(E'), and diam(E’) < 3LQoJ, we conclude that

diam({z;}jes) = d(20, Tmax(s)) = diam({2;}je)
< diam({z,..., Zmax(J’)—l}) + 6LQu0
< 3LQ36 + 6LQud < ILQ3S.

Here we are also using the fact that |J’| > 2, which follows from (5.3). Set
Q= 9LQ(2); we conclude that F': T'— R is @-light. u

LEMMA 5.10. Suppose T is a (C, D)-QC tree, and L(T) is closed in T. If
there exists an Lo-Lipschitz Qo-light map f : L(T) — R, then f extends to
an L-Lipschitz Q-light map F : T — R, where L and @) depend only on C,
D, Lg, and Q.

Proof. By Lemma 4.3, we may assume that T is 1-bounded turning. By
Lemma 3.2, there exists an L”-Lipschitz extension of f to L(T)UB(T), where
L"” depends only on D and Lg. Write G : L(T)UB(T') — R for this extension.
We claim that G is Q"-light for Q" determined by C, D, Lg, and Q.

Before verifying our claim, we first explain how it implies the conclusion
of the lemma. To this end, we first note that 7'\ (£(T") U B(T)) consists of
countably many pairwise disjoint arcs. The closures of these arcs, denoted
by {v;}jes, are (1, D)-QC arcs whose endpoints {p;,q;};cs are contained
in £L(T) U B(T). For each j € J, write a; := G(p;) and b; := G(g;). Since
G is L"-Lipschitz on £(T) U B(T), Lemma 5.7 implies the existence of an
L'-Lipschitz Q"-light map Fj : 7; — R such that (F})|(,, 4,3 = Glip,.¢;)- Here
L’ and @' depend only on C, D, and Ly (and not on j). Thus we define a
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map F' : T — R such that, for each j € J, we have F|7j = F}. Furthermore,
Flzrnpry = G. Via Lemma 5.9, our claim implies that F' is L-Lipschitz
Q-light, with L and @ determined only by C, D, Lo, and Q.

To verify our claim (and thus prove the lemma), let § > 0 be fixed, and
choose any E C R such that diam(FE) < §. Let {zx }rex denote any d-chain
in G™Y(E) c L(T) U B(T). For the purpose of bounding the diameter of
{2k }kex, we may assume that diam({z;}rer) = d(20, Zmax(k))- Indeed, if
diam({zx }rerx) = d(zn, 2m) for some n < m € K, then we simply replace
{205 - -+ Zmax(k) } (if necessary) with {z,, ..., 2m}.

CASE 1: No point of {23 }rex is within distance D*6 of £(T). We may
(and do) assume that D > 2. Thus {zx } xex consists entirely of branch points
in 7. By Lemma 4.16, we obtain a d-chain {2} }rex C [20, Zmax(k)]; 2gain
consisting solely of branch points in T'. Here z, = z¢ and Z;nax(K) = Zmax(K)-
By Lemma 5.8, every point of [20, 2ax(k)] 13 within distance § of some point
in {2 }rer. Therefore,

(54) d(['zOvzmaX(K)]a‘c(T)) > <D4 - 1)5 > 0.

By way of contradiction, assume that d(zo0, 2max(x)) > D*6. Let u de-
note the first point of [20, Zmax(k)] (moving from 2 to zyax(x)) such that
d(z0,u) = D*5. Since {2} }rek is a d-chain, the arc [29,u] contains at least
D* distinct points from {2} }rex. In particular, [2,u] contains at least D*
branch points of 7. By (5.4), Lemma 4.9, and the fact that 7" is 1-bounded
turning, we obtain points {b; };e; C T such that, for all 4,7’ € I, we have

(D* = 1)8 < d(bi,bir) < 2(D* = 1)6 + d(20,u) < 4(D* - 1)6.

Furthermore, |I| > D* By the fact that T is D-doubling, we also have
|I| < D3, a contradiction. We conclude that, if no point of {2 }xe s is within
distance D*6 to £(T), then diam({z; }rex) < D*9.

CASE 2: At least one point of {zj }rex is within distance D*6 of £(T).
If all points are within distance D*§ of £(T), then we may skip to the next
paragraph. If not, let K’ C K be a maximal (with respect to inclusion)
sequence of consecutive indices such that no point of {zy}rexs is within
distance D*§ of L(T). By Case 1,

(5.5) diam({zk}kem) < D4(5.

As K' # K, some point of the 6-chain {2 }xc v is within distance (D*+1)6 of
L(T). Therefore, (5.5) implies that every point of {z }rex is within distance
(1+2D*)§ of L(T). Since this holds for any such K’ C K, we conclude that
all points of {zj }rex are within distance (1 +2D*)§ of £(T).

We write D’ := 1 + 2D*. Via nearest point projections we obtain a
sequence {wgtrex C L(T). It is clear that {wy}rer is a (1 + 2D’)d-chain.
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Furthermore, since G is L”-Lipschitz, we can see that |G(z;) — G(wg)| <
L"d(zg,wy) < L"D'S for each k € K. Thus {wy,}kex € G~H(E'), where E
is defined to be the set of points at distance at most L”D’d from E. Note
that

(5.6) diam(E’) < diam(E) + 2L"D'§ < (1 + 2L"D')6.

Since G|z = f, f is Qo-light, and (1+2D")é < (1+2L"D’)d, we conclude
that
diam({wg }rerx) < Qo(1 + 2L"D")4.

It follows that
diam({zk}keK) < Qo(l +2D + QLHD/)(S
in the case that some point of {zj }rex is within distance D*§ of £(T).

If we set @Q := Qo(1 + 2D’ + 2L"D’), the conjunction of Cases 1 and 2
confirms that any d-chain {z;}rexr C G71(E) has diameter at most Q4.
Moreover, @ is determined solely by Lo, Qo, C, and D. =

LEMMA 5.11. Suppose T is a (C, D)-QC tree, and M C L(T) is closed
in T. Then every Lg-Lipschitz Qo-light map f : M — R extends to an
L-Lipschitz Q-light map F : T — R. Here L and @ depend only on Ly, Qo,
C, and D.

Proof. Set S := hull(M) C T. By Lemmas 4.8 and 5.10, there exists
an L"-Lipschitz Q"-light map G : S — R such that G|y, = f, where L”
and Q" depend only on C, D, Ly and Qq. Let {U;};c; denote the connected
components of T'\ S. Write {T;};er to denote their closures. By Lemma 4.4,
each T; is a subtree of T. By [Nad92, Theorem 10.10]|, each intersection
V; := T; NS is connected, and thus also a subtree of T. It follows from
the connectedness of U; that V; C L(T;), and so the subtree V; must be
degenerate. That is, V; consists of a single point. In this way we define, for
each i € I, the point p; € T; N'S. By [FG23, Theorem 5.10], for each i € I,
there exists an L/-Lipschitz @’-light map F; : T; — R, where L’ and Q'
depend only on C and D. Up to translating images in R, we may assume
that F;(p;) = G(pi). Thus we obtain a continuous map F': T — R such that
F|s = G and, for every i € I, F|p, = F;. By Lemma 5.9, the map F : T'— R
is L-Lipschitz Q-light for L and @) determined solely by C, D, Ly, and Qg. =

Proof of Theorem D. Let T1,...,T) C Z be a finite collection of QC trees
inside an ambient metric space Z. We will prove that Ule T; has Lipschitz
dimension 1 by induction on k. By [FG23, Theorem D], the conclusion holds
when £ = 1. Now let £ > 2, set X := Uf:_ll T; and T := T}, and assume that
X has Lipschitz dimension 1. Let f : X — R be a Lipschitz light map.

Let N be a 2-Whitney net in 7 with respect to X, and let 7 : XUN — X

2
be any map with d(u,7(u)) < 2d(u, X) for all w € X U N. Note that this
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implies 7| x is the identity map on X. By Lemma 5.5, the map 7 is Lipschitz
light. Then fom : X UN — R is Lipschitz light, being the composition of
Lipschitz light maps.

Set Y :=TN(XUN) = (TNX)UN. It is easy to see that Y is a
closed subset of T'. Since Y is closed in T, the closures of the countably
many components of 7'\ 'Y, say {S;}ier, are subtrees of T' (see Lemma 4.4).
For each i € I, set M; := S;NY C L(S;). By Lemma 5.11, for each i € I, the
map (f om)|y, extends to an L-Lipschitz Q-light map f; : S; — R, where
L, Q < oo are independent of i. Gluing these f; and fom together, we obtain
a well-defined map F': T'U X — R satistying F|g, = f; and F|xyn = fom.
By Lemma 5.9, the restriction F|p is Lipschitz light, and by Lemma 5.6, the
entire map F is Q'-light for some Q' < oo.

It remains to verify that F' is Lipschitz. To this end, let z,y € T U X.
Without loss of generality, there are three cases to consider: z,y € T,
zre€T\X and y € X, or 2,y € X. The Lipschitz inequalities for the first
and third cases hold since F|r and F|x are Lipschitz. Thus, we proceed to
consider the second case. By Lemma 2.2, there exists u € N such that

(5.7) d(z,u) < d(z,X) < d(z,y).

Let L' be the maximum of the Lipschitz constants of F'|r and F|x_y. Then
since x,u € T and y,u € X U N, we have

|F(z) = F(y)| < |F(x) = F(u)| + [F(u) — F(y)| < L'd(z,u) + L'd(u, y)
(5.7)
< Ld(z,u) + L'd(u,z) + L'd(z,y) < 3L'd(x,y),
completing the proof of Theorem D. =

5.3. Proof of Theorem E. We bootstrap our way towards a proof of
Theorem E. First, we prove that the Lipschitz dimension of a QC wreath
is equal to 1. Then, via a series of lemmas, we reduce the general case to a
consideration of QC wreaths and QC trees.

LEMMA 5.12. If X is a QC wreath obtained from a (C,D)-QC tree T,
then there exists an L-Lipschitz Q-light map g : X — R such that L and Q)
depend only on C' and D.

Proof. We may write X = T'/P, where P = {a,b} C L(T). Let p denote
the quotient metric on 7'/ P. By |[FG23, Theorem D] (see also [FG23, Theo-
rem 5.10]), there exists an L-Lipschitz Q'-light map f : T — R, where L and
Q' depend only on C and D. Then we post-compose f with the 1-Lipschitz
3-light map

L if z < (f(a) + f(b))/2,
fla)+ f(b) —z if x> (fa)+ f(D))/2,
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obtaining an L-Lipschitz Q"-light map ¢ : T — R with g(a) = g(b), where
L, Q" depend only on C, D. Then g descends to a map g : T/P — R, defined
by the property g = g om, where 7w : T'— T'/P is the projection. It follows
from Remark 2.4 that Lip(g) = Lip(g) = L.

To prove @Q-lightness of g, we need the following claim.

CLAIM. For all 6 > 0 and all é-chains {[zk]}vex C T/P for which
p(P,{[zk] trex) < 0, we have

7 {[zal}rex) = Ea U By,
where Eq, By are 25-connected sets with d(a, E,) < 6 and d(b, Ey) < 6.

We prove this by induction on |K|. The base case |K| =1 is straightfor-
ward. Now suppose that |K| > 2. By the inductive hypothesis, we have
7 ({21 ocmax(r)) = E, U Ey for some 26-connected sets E,, B with
d(a,E,) < 6 and d(b, E,) < 6. Since {[zi]}rex is a d-chain, we see that
p([zmax(K)fl]v [Zmax(K)]) < 9. Let uewil([zmax(K)fl]) and UET(?I([Zmax(K)])'
If [2max(ic)] = P, then 7' ({[zx]}rer) = (EaU{a})U (B, U{b}), which satis-
fies the desired conclusion. Hence, we may assume that {v} = 7 ([zmax(x)])-
We have

o> p([zmax(K)—1]> [Zmax(K)]) = min{d(ua U)7 d(uv P) + d(U, P)}7
which implies that (i) d(u,v) < ¢, (i) d(v,b) < ¢, or (iii) d(v,a) < 0.
Suppose (i) holds. By the inductive hypothesis, u € E, U E,, and without
loss of generality we may assume that v € E,. Then E,U {v} is 2d-connected
and 7 ({[zx]}rex) = (Eq U {v}) U Ep, proving the claim in this case. Now
suppose (ii) holds. Then d(v,b) < 4, and thus E, U {v} is 26-connected and
7 ({[ze]}vex) = Ea U (Ey U {v}), proving the claim in this case. The last
case (iii) follows from a similar argument.

With this Claim in hand, we can prove that g is Q-light. Let 6 > 0 and
E C R with diam(E) < 6. Let {[2x]}xex C g *(E) be a 6-chain. We consider
two cases: (1) p(P, {[zk]}ker) > 0 and (ii) p(P, {[2x] trer) < 9. Assume (i)
holds. Then for all k¥ < max(K), we have

6> p([zk]7 [Zk+1]) = min {d(zk> Zk-i-l)v d(zkv P) + d(zk+1v P)}
> min {d(2k, 2k-+1), 20},
implying that {z}rex is a d-chain in ¢g~!(E). Since g is Q"-light, this in
turn implies
diam({[zx]}rer) < diam({zk}brer) < Q"6

proving Q" hghtness in this case. Now suppose (ii) holds. By the Claim,
T 1({[zk]}keK) E, U Ej, where Ea, Eb are 26-connected sets with d(a, E,)
< § and d(b, Ey) < 6. Then since E,, By, C g~ Y(E) and g is Q"-light, we
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see that diMam(Ea), fliam(Eb) < 2Q"$. This inequality together with the fact
that d(a, E,), d(b, Ep) < 6 implies

diam({[zx] Yrer) = diam(m(E, U Ep)) < 4Q"6 + 20,
proving (4Q" + 2)-lightness in this final case. m

We will also use the following, which may be of independent interest as
it provides a new characterization of uniform disconnectedness.

PROPOSITION 5.13. Let o € (0, 1) and suppose X is a metric space. If Y
15 an a-uniformly disconnected subset of X, then the quotient map w: X —
X/Y s 1-Lipschitz Q-light for Q = 9/a+8. Conversely, if 7 : X — X/Y is
1-Lipschitz Q-light, then'Y is B-uniformly disconnected for any 5 < 1/Q.

Proof. We first assume that Y is a-uniformly disconnected. Note that 7
is clearly 1-Lipschitz (regardless of any assumptions on Y'). To show that =
is Q-light, we begin with the following claim.

CLAIM. For everye > 0, each e-component of Y has diameter no greater
than €/ a.

To verify this claim, let a, b be arbitrary points in an e-component C of Y,
and let {zx }rex be an e-chain in Y connecting a to b. Since Y is a-uniformly
disconnected, there must exist some 1 < ky < max(K) such that

€ > d(zpy—1, 2k,) > ad(a,b),

hence d(a,b) < ¢/a. Since a,b € C we arbitrary, this shows diam(C) < ¢/a.
Next, let 6 > 0 be given, and let [E] C X/Y be such that diam([E]) < 4.
Let U denote a d-component of 7~ 1([E]). We consider two cases for U.

CASE 1: There exists a point z € U such that d(z,Y) > 46. In this
case, we first note that for any points z,y within distance 2§ of z, we have
p([z], ly]) = d(x,y). Indeed, this follows immediately from the definition of
the quotient distance p. Thus 7 restricted to B := B(z;2J) is an isometry,
and the diameter of any d-chain {zj. }rex in 7~ 1([E]) N B is preserved by 7.
Since w({z; }rer) C [E] and diam([E]) < d, we note that

(5.8) any 6-chain in 7! ([E]) N B has diameter at most 4.

Let u,v € U be arbitrary, and let {w;};cs be a d-chain in U containing
u, v, z, which exists since u,v,z € U and U is a d-component of 7~ ([E]).
Suppose, by way of contradiction, that {w;};jc; ¢ B. By re-indexing, we
may assume that wj, = z and {zjy, ..., Zmax(s)} € B for some jo < max(J).
Write j; to denote the first index after jo such that d(wj,,z) > 2§. Since
{w;}jes is a d-chain, the triangle inequality implies that d(w;, —1,wj,) > 9.
Since {wj,, ..., w;j,—1} is a d-chain in 7~ ([E])N B, we contradict (5.8). Thus
{w;}jes C B. By (5.8), we conclude that d(u,v) < 6. Since u,v € U were
arbitrary, this implies that, in Case 1, we have diam(U) < 4.
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CASE 2: For every point z € U, we have d(z,Y) < 40. In this case, let
{2k }ker denote any d-chain in U. By assumption, each z is within distance
46 of a point zj, € Y. Therefore, we induce a 9d-chain {z} }rcx consisting
of points in Y. By the Claim above, we have diam({z} }rex) < 99/c. This
implies that, in Case 2, we have diam(U) < (8 +9/«)d.

Combining Cases 1 and 2, we conclude that any §-component of 7~ ([E])
has diameter at most (9/a + 8)d. It follows that 7 is (9/« + 8)-light.

To conclude the proof of the lemma, we assume that 7 : X — X/Y is
1-Lipschitz Q-light. Fix any two points z,y € Y. Let § > 0 = diam([Y]) be
given, and let {2} }rex denote a d-chain from z to y in ¥ C 7~ ([Y]). By
assumption, diam({zx}rerx) < Q5. Therefore, § > d(x,y)/Q. The desired

conclusion follows. m

LEMMA 5.14. Suppose X = [[,o; Xi. If there exist uniformly L-Lipschitz
Q'-light maps f; : X; — R, then there exists an L-Lipschitz Q-light map
f: X — R, where Q depends only on L and Q'.

Proof. This lemma is merely a special case of [FG23, Theorem F| (see also
[FG23, Theorem 4.4]), since the spaces { X, };cr form a 2-geometric tree-like
decomposition of X. m

Proof of Theorem E. Let T denote a (C,D)-QC tree. By Lemma 4.3,
we may assume that T is 1-bounded turning. By Lemma 4.19, we know
that T'/M is 2-bi-Lipschitz equivalent to [[,; T;/M;, where {T;};c; denotes
the closures of the countably many connected components of 7'\ M, and
M;:=T,N"M C L(T;). Let S; denote hull(M;) C T;, and write B; to denote
B(S;). By Lemmas 2.5 and 4.21, each (T;/M;)/(M;UB;)/M;) = T;/(M;UB;)
is 2-bi-Lipschitz equivalent to [[;c ;. Xi,;, where each X ; is either a (1, D)-
QC tree or (1, D)-QC wreath. If X ; is a tree, then by [FG23, Theorem 5.10],
there exists an L-Lipschitz Q-light map f; ; : X; ; — R such that L and @
depend only on C' and D. If X;; is a wreath, then, by Lemma 5.12, there
exists an Lo-Lipschitz Qo-light map f;; : X;; — R such that Lo and Qo
depend only on C' and D. By Lemma 5.14, for each i € I, there exists an Lj-
Lipschitz Q1-light map g; : T;/(M; UB;) — R, where L; and ()1 depend only
on C' and D. Write 7 to denote the quotient map = : T;/M; — T;/(M; U B;)
(here we again use Lemma 2.5). By Theorem 4.17 and Proposition 5.13, the
map 7 is 1-Lipschitz @Q9-light, with )2 depending only on C' and D. Thus,
it is easy to check that the composition g; om : T;/M; — R is Lipschitz light,
with constants depending only on C', and D. Finally, again appealing to
Lemma 5.14, there exists a Lipschitz light map g : T/M — R with constants
depending only on C' and D. In particular, dimz(T/M) =1. =
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numerous mistakes, in particular for bringing to our attention a fundamental
error in the first (faulty) proof of Theorem D.
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