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ABsTRACT. Lipschitz k-connectivity, Euclidean isoperimetric inequalities, and coning
inequalities all measure the difficulty of filling a k-dimensional cycle in a space by
a (k + 1)-dimensional object. In many cases, such as Banach spaces and CAT(0)
spaces, it is easy to prove Lipschitz connectivity or a coning inequality, but harder
to obtain a Euclidean isoperimetric inequality. We show that in spaces of finite Na-
gata dimension, Lipschitz connectedness implies Euclidean isoperimetric inequali-
ties, and Euclidean isoperimetric inequalities imply coning inequalities. We show
this by proving that if X has finite Nagata dimension and is Lipschitz k-connected
or admits Euclidean isoperimetric inequalities up to dimension k then any isometric
embedding of X into a metric space is isoperimetrically undistorted up to dimension
k + 1. Since X embeds in L., which admits a Euclidean isoperimetric inequality and
a coning inequality, X admits such inequalities as well. In addition, we prove that an
analog of the Federer-Fleming deformation theorem holds in such spaces X and use
it to show that if X has finite Nagata dimension and is Lipschitz k-connected, then
integral (k + 1)-currents in X can be approximated by Lipschitz chains in total mass.

1. INTRODUCTION

1.1. Overview. Isoperimetric inequalities measure how difficult it is to fill (Lipschitz)
cycles in a given space by (Lipschitz) chains of one dimension higher. They are impor-
tant in many branches of mathematics and play a crucial role in particular in asymptotic
geometry and geometric group theory, where they appear as Dehn functions and higher
filling functions and are quasi-isometry invariants of the underlying space or group. In
this article, we study the relationship between isoperimetric inequalities and extension
properties, especially Lipschitz connectivity and coning inequalities.

A space X is Lipschitz k-connected if Lipschitz maps from k-spheres to X can be
extended to Lipschitz maps from (k + 1)-balls. This is a key ingredient in constructing
Lipschitz extensions in general; see [2], [29]. A 1-dimensional Lipschitz cycle is a
sum of closed Lipschitz curves, so if X is Lipschitz 1-connected, it can be filled by
filling each curve by a Lipschitz disc. Higher-dimensional Lipschitz cycles, however,
can have complicated topology and it may not be possible to decompose them as sums
of Lipschitz spheres. For this reason, it is often much more difficult to prove higher
dimensional isoperimetric inequalities, and it is open in general whether Lipschitz k-
connectedness implies a k-dimensional isoperimetric inequality of Euclidean type.

Coning inequalities bound the filling volume of a cycle in terms of its mass and
diameter. They were introduced by Gromov in his seminal article [20], where it was
shown that Riemannian manifolds with coning inequalities admit Euclidean isoperi-
metric inequalities. This result was later generalized to complete metric spaces by the
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second named author in [42]. Coning inequalities have also played a crucial role in
recent articles on higher rank hyperbolicity [27], Morse quasiflats [24], [23], and the
equivalence of flat and weak convergence of currents [43]. It is open in general whether
spaces with k-dimensional Euclidean isoperimetric inequalities admit k-dimensional
coning inequalities. This is clear in dimension 1, where one can fill a Lipschitz closed
curve with diameter d and length L by decomposing it into L/d closed curves of length
at most 3d, but it is not clear whether higher-dimensional Lipschitz cycles can be de-
composed in the same way.

In this paper, we will show that Lipschitz connectivity implies Euclidean isoperi-
metric inequalities and that Euclidean isoperimetric inequalities imply coning inequal-
ities when the underlying space has finite Nagata dimension, thus establishing a par-
tial converse to the results mentioned above. Nagata dimension can be thought of as
a quantitative metric version of topological dimension and is closely related to Gro-
mov’s asymptotic dimension [21]. These results are consequences of a more general
theorem about isoperimetric subspace distortion. Isoperimetric distortion of subspaces
was briefly addressed by Gromov in [21] and has recently been studied in the articles
[11], [49], [31], [32] in connection with conjectures of Thurston, Gromov, and Bux-
Wortman. Roughly speaking, a subspace X of a metric space Y is (isoperimetrically)
undistorted up to dimension & + 1 if m-cycles in X with 0 < m < k can be filled almost
as efficiently by (m + 1)-chains in the subspace X as they can be filled in the ambi-
ent space Y. Our theorem about isoperimetric distortion asserts that if a quasiconvex
metric space X of finite Nagata dimension is Lipschitz k-connected or has Euclidean
isoperimetric inequalities up to dimension & then X is undistorted up to dimension k+ 1
in any ambient space Y. This generalizes and strengthens a recent result of the third
named author [49]. Since any metric space embeds isometrically in a Banach space
and Banach spaces admit coning inequalities and hence Euclidean isoperimetric in-
equalities the relationships between Lipschitz connectedness, Euclidean isoperimetric
inequalities, and coning inequalities described above follow.

Besides these structural results, our theorem on isoperimetric subspace distortion
also allows for a Federer-Fleming type deformation theorem in quasiconvex metric
spaces of finite Nagata dimension that admit Euclidean isoperimetric inequalities. The
deformation theorem and its variants approximate chains or currents in Euclidean
space or a simplicial complex by polyhedral chains in a cubical lattice or triangula-
tion. Metric spaces of finite Nagata dimension need not admit a triangulation, but we
show that any quasiconvex space X of finite Nagata dimension can be approximated
by simplicial complexes. When X has a Euclidean isoperimetric inequality, we can use
these approximations to define substitutes for polyhedral chains in X. Moreover, we
obtain a Federer-Fleming type deformation theorem in X by combining the classical
deformation theorem in the simplicial approximation and the isoperimetric subspace
distortion theorem in X. As an application, we show that when X has finite Nagata
dimension and is Lipschitz connected, integral currents in X can be approximated in
total mass by Lipschitz chains.

1.2. Undistorted fillings and first applications. Given a complete metric space X
and k > 0, we denote by I;(X) the abelian group of k-dimensional metric integral
currents in X in the sense of Ambrosio-Kirchheim [3]. See Sections 2 and 3 for the
definitions and concepts used throughout this introduction. Every Lipschitz k-chain in
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X induces a k-dimensional metric integral current in X and we encourage the geomet-
rically minded reader to think of integral currents as suitable limits of Lipschitz chains.
The filling volume in X of 7' € Ix(X) is defined by

Fillvoly(T) = inf {M(S) : S € I;+1(X) and 8S = T},

where M(S) denotes the mass of S and 0§ 1is its boundary.
We say that X has (Ely) for some k > O if there exists D > 0 such that for every
0 <m < k and every cycle T € I,,,(X) we have

Fillvolx(T) < DM(T)"" .

This means that X has Euclidean isoperimetric inequalities in dimensions m = 1,...,k
whenever k > 1. Condition (Elp) is always true and is only included to shorten the
statements of our theorems. We remark that (El;) is sometimes also denoted by (EIIj)
by some authors (see e.g. [19], [24]).

We say that X has (LCy) or that X is Lipschitz k-connected if there exists ¢ > 1
such that for every 0 < m < k each L-Lipschitz map from the Euclidean m-sphere
to X extends to a cL-Lipschitz map defined on the (m + 1)-ball. It is not difficult to
see that a metric space has (LCp) if and only if it is quasiconvex (see Section 2.1 for
the precise definition). Examples of Lipschitz k-connected metric spaces are compact
k-connected Riemannian manifolds, CAT(0)-spaces and, more generally, spaces with
a convex bicombing. This class also includes some Carnot groups such as the (2k + 1)-
dimensional Heisenberg group.

A closed subset X C Y of a complete metric space Y is said to be (isoperimetrically)
undistorted in Y up to dimension k + 1, for some k > 0, if there exists C > 0 such that
for all cycles T € I,,,(X) with 0 < m < k one has

Fillvolx(T) < C Fillvoly(T).

Our definition of undistorted does not involve additive error terms and thus differs
slightly from the definitions introduced in [11], [49], [32]. The following theorem is
one of the main results in the present paper.

Theorem 1.1. Let Y be a complete metric space and X C Y a closed quasiconvex
subset of finite Nagata dimension. If X has (LCy) or (Ely) for some k > 0, then X is
undistorted in Y up to dimension k + 1. The distortion constant only depends on the
data of X.

For the definition of Nagata dimension see Section 2.3 and [29]. Examples of metric
spaces of finite Nagata dimension include compact Riemannian manifolds, homoge-
neous or negatively pinched Hadamard manifolds, Carnot groups and, more gener-
ally, equiregular sub-Riemannian manifolds, doubling metric spaces and many more.
Moreover, products, finite unions, and subsets of spaces of finite Nagata dimension
have finite Nagata dimension.

In Section 5.1 we will discuss variants and generalizations of Theorem 1.1 in which
we relax the condition that X have finite Nagata dimension and in addition obtain
control on the support of fillings in X. Theorem 1.1 generalizes and strengthens [49,
Theorem 1.3] by the third named author, which was used to prove isoperimetric in-
equalities for subsets of symmetric spaces. Notice that in [49] the ambient space Y is
assumed to have finite Nagata dimension. In contrast, we do not pose any restrictions
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on Y. Since X embeds isometrically into a Banach space and since every Banach space
admits Euclidean isoperimetric inequalities and coning inequalities in all dimensions,
see [42], we in particular obtain the following consequences.

Corollary 1.2. Let X be a complete metric space of finite Nagata dimension. If X has
(LCy) for some k > 1, then X has (Ely).

When k = 1 the corollary holds without the assumption that X have finite Nagata
dimension and is much easier to prove. This is because integral 1-cycles can be decom-
posed into the sum of closed Lipschitz curves, see [44]. The corollary is furthermore
known when X has (LCy) and is of Nagata dimension at most k because in this case X is
an absolute Lipschitz retract by [29]. Thus, the corollary is most interesting for spaces
which are not Lipschitz connected up to the Nagata dimension. Typical examples with
such a behavior are Carnot groups such as the higher Heisenberg groups; see the para-
graph after the next corollary. We mention that the (LCy) property is preserved under
various constructions such as taking products, or passing to ultralimits or asymptotic
cones. In comparison, it is not known whether the (El;) condition is preserved under
these constructions.

In order to formulate the second consequence of the theorem, recall that a complete
metric space X is said to admit coning inequalities up to dimension k, or has (Cly) for
short, if there exists C > 0 such that for every O < m < k and every cycle T € I,,,(X) of
bounded support spt T we have

Fillvolx(T) < C diam(sptT) M(T).

It is well-known that in a complete metric space (Cli) implies (El;). This was proved
by Gromov [20] for Riemannian manifolds and extended to metric spaces in [42]. The
following corollary gives a partial converse.

Corollary 1.3. Let X be a complete quasiconvex metric space of finite Nagata dimen-
sion. If X has (Ely) for some k > 1, then X has (CIy).

Using a suitable variant of Theorem 1.1 established in Section 5.1 we will actually
get a stronger version of the coning inequality in which we also obtain control over
the diameter of the filling chain; see Corollary 5.2. Coning inequalities play an impor-
tant role in the recent articles [24], [23], [27], and the stronger version of the coning
inequality established in Corollary 5.2 prominently appears in [24], [23], where it is
called strong coning inequality.

We now briefly discuss some examples of spaces to which Corollaries 1.2 and 1.3
apply. Compact k-connected Riemannian manifolds have (LCy) and finite Nagata di-
mension by [29] and therefore have (Cl;) and (El;). The n-th Heisenberg group H" of
topological dimension 2n + 1, equipped with a left-invariant sub-Riemannian or sub-
Finsler metric d,, has Nagata dimension 2n + 1 by [30] and satisfies (LC,_;) by [46].
It thus follows from the corollaries above that (H", d.) has (CI,_;) and (EI,_;). Previ-
ously, it was known that H”, when equipped with a left-invariant Riemannian metric,
admits Euclidean isoperimetric inequalities up to dimension n — 1 for Lipschitz cycles,
see [48]. Together with [45] this also yields that (H", d.) has (EI,—;) for compactly
supported integral currents.
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We finally mention that Theorem 1.1 can be reformulated in terms of the absolute
filling volume of a cycle T € I4(X) in a complete metric space X defined by

Fillvole(T) = inf{Fillvoly(T) : Y complete metric space containing X},

compare with Gromov’s filling volume of abstract Riemannian manifolds in [20]. Our
theorem then says that if X is a complete, quasiconvex metric space of finite Nagata
dimension which has (LCy) or (El;) for some k > O then every cycle T € I;(X) satisfies

Fillvolx(T) < C Fillvols(T)

for some C > 0 only depending on the data of X. Itis easy to see that if ¥ is an injective
metric space containing X then Fillvole(7") = Fillvoly(T) for every cycle T € Ix(X).
Particular examples of such spaces Y are the Banach space £,(X) of bounded functions
on X equipped with the sup norm or the injective hull of X; see [25].

1.3. Deformation theorem in spaces of finite Nagata dimension. The classical de-
formation theorem of Federer-Fleming, see [17] or [16], shows that integral k-currents
in Euclidean R” can be approximated by polyhedral k-chains in the k-skeleton of the
standard cubical subdivision of R”. This result can be generalized to the setting of
Riemannian manifolds with a geometric group action and, more generally, to metric
spaces admitting a bilipschitz triangulation. The deformation theorem and its variants
have been of fundamental importance in geometric measure theory and other fields, for
example in the context of Dehn functions and higher filling functions; see, for example,
[15], [10], [49], [48], [1]. Metric spaces of finite Nagata dimension do not in general
admit a bilipschitz triangulation. Nevertheless, using a variant of Theorem 1.1 and
the methods developed in its proof, we can establish an analog of the Federer-Fleming
deformation theorem in spaces of finite Nagata dimension.

We first introduce a substitute for a cubical subdivision in our setting. Given a
metric simplicial complex X and m > 0, let &,,(X) be the abelian group of polyhedral
m-chains in X, that is, finite sums of the form } 6;[ o], where 6; € Z and [o] is
the current induced by the (oriented) m-simplex o; C Z. Let X be a complete metric
space and let k € N and C,e > 0. Suppose there exist a finite-dimensional metric
simplicial complex £ and a map ¢: @ — X, defined on the 0-skeleton © of X, with
the following properties:

(1) the metric on X is a length metric and each simplex in X is a Euclidean simplex
of side length &;
(2) ¢ is a quasi-isometry; more precisely, the image of ¢ is (Ce)-dense in X and

d(z,w) — Ce < d(¢(z), p(w)) < Cd(z,w) forall z,w € O,

Suppose also that there are homomorphisms A,,: Z,(X) — LX), m = 0,...,k,
subject to:

(3) 00 Aps1 = Ay o dand Ag([2]) = [¢(2)] for every z € =(©;

(4) A,([o]) has support in B(¢(o"?), Ce) and M(A,,([c]))) < Ce™ for every m-

simplex o in Z.

Any triple (Z, ¢, A,), where 2, ¢ and A, = {Ao, ..., Ay} satisfy the properties listed
above, is called (k, €)-polyhedral structure on X with constant C. If such a polyhedral
structure is given we set &, (X) = {An(Q) : QO € Z,(2)} and call its elements
polyhedral m-chains in X.
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Theorem 1.4. Let X be a complete quasiconvex metric space of finite Nagata dimen-
sion which has (LCy) or (Ely) for some k > 1. Then there exists C > 0 such that for
every € > 0 there is a (k, €)-polyhedral structure on X with constant C such that the
following holds. For everym = 1,...,k and every T € 1,,(X) there exist P € &,,(X),
Rel,(X),and S € L,,,1(X)with T = P+ R + 8S and such that

M(P) < CM(T), M(0P) < CM(IT),
M(S) < eCM(T) + & CM@T), M(R) < &CM(@T),
as well as spt P, sptS C B(sptT, Ce) and sptdP, sptR C B(sptdT, Ce).

The bounds on the mass of P, P, and R in Theorem 1.4 are as in the deformation
theorems of Simon [39] and White [47]. In particular, this gives a slightly sharper
bound on the mass of P than the original version of Federer and Fleming, which only
gives a bound M(P) < C[M(T) + e M(0T)]. The bound on the mass of S includes an
additional error term coming from a use of Theorem 1.1. This error term disappears
however when T is a cycle. If X has (LCy) then the map ¢ in the polyhedral structure
(Z, ¢, A,) in Theorem 1.4 is even defined on X® and the homomorphisms A,, are
simply given by the pushforward under ¢. Hence, in this case, elements of Zx(X)
are (currents induced by) Lipschitz k-chains. It thus follows that if a metric space X
has finite Nagata dimension and has (LCy) for some k£ > 1 then integral k-currents
in X can be approximated in the flat norm by Lipschitz chains; see Corollary 7.3.
The classical deformation theorem yields a stronger approximation result in Euclidean
space which asserts that integral currents can be approximated by Lipschitz chains in
total mass. Using the tools developed to prove Theorem 1.4 we can generalize this
stronger approximation result as follows.

Corollary 1.5. Let X be a complete metric space of finite Nagata dimension and let
T € Ix(X) for some k > 1. If X has (LCy_1) then there exists a sequence of Lipschitz
k-chains such that the induced integral currents T; converge to T in total mass, that is,
M(T - T;) = 0 and M(OT — 0T;) — O as i — oo.

For related approximation results in a different setting see for example [13], [18].
We do not know whether Corollary 1.5 holds without the assumption that X have finite
Nagata dimension.

The proof of Theorem 1.4 crucially relies on the following approximation result
which should be of independent interest and whose proof uses methods and arguments
developed by Lang-Schlichenmaier [29] in the context of Lipschitz extensions.

Theorem 1.6. Let X, Y be metric spaces such that X is quasiconvex and of Nagata
dimension < n and Y has (LC,_) and contains X. Then there exists a constant C
depending only on the data of X and Y such that for every € > O there is a metric sim-
plicial complex ¥ and C-Lipschitz maps : X — X and ¢: £ — Y with the following
properties:

(1) X has dimension < n, the metric on X is a length metric, and every simplex in
X is a Euclidean simplex of side length &;
(2) o) c X, Hull(y(X)) = X and d(x, o(y(x))) < Ce for all x € X.

If X has (LCy_1) for some k > 1, then 90(2(")) cX.
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If X is compact then X is a finite simplicial complex and, in particular, the metric
on X is a geodesic metric. The hull of a subset A C X is the smallest subcomplex of
X containing A and is denoted Hull(A). Theorem 1.6 is used as follows to construct
a (k, &)-polyhedral structure on a metric space X as in Theorem 1.4. Let X, i, ¢ be
as in Theorem 1.6, when applied to X and Y = £,(X). It is not difficult to see that
and the restriction ¢|so : 0 - x satisfy properties (1) and (2) in the definition of a
polyhedral structure. Furthermore, using ¢|s© and the (LCy) or (El;) condition on X
one easily builds homomorphisms A,,: &2,,(X) — L,(X) for m = 0,..., k satisfying
properties (3) and (4) in the definition of a polyhedral structure. This is accomplished
in Proposition 3.8. We finally mention that Theorem 1.6 has found another application
in the recent article [35], where it was used to prove the existence of a quasiconformal
parametrization of 2-dimensional metric surface under minimal conditions.

1.4. Outlines of proof. The idea behind the proof of Theorem 1.1 is inspired by the
arguments used to prove [49, Theorem 1.3]. Let X and Y be as in the statement of
the theorem. After possibly embedding Y into a bigger space (for example a Banach
space) we may assume that Y has (LC,), where n is the Nagata dimension of X.

One of the main ingredients in the proof is a factorization theorem (see Theo-
rem 4.1), which is established using arguments from [29] and roughly says the fol-
lowing. There exists a Lipschitz map f: ¥ — Y such that f restricts to the identity
on X and f|y\x factors through an (n + 1)-dimensional simplicial complex X. More
precisely, on Y \ X we have f = h o g for suitable maps g: Y\ X - Xand h: X - Y
satisfying the following properties. Let o: ¥ — R be the distance function from the
set X and let 7 > 0. Then g is Cr~'-Lipschitz on the set {o > r} and h is Cr-Lipschitz
on every simplex o~ C X for which g7!(sto") N {0 < r} # @, where C is independent of
r and st o denotes the open star of o in X. Moreover, # maps the 1-skeleton of X to X.
The simplicial complex X is equipped with the so-called £>-metric and every simplex
is isometric to a standard Euclidean simplex.

We now outline how this factorization theorem is used to prove Theorem 1.1. Let
T ex(X)beacyclein X and S € I;;1(Y) afilling of 7 in Y. After possibly modifying
Y and § slightly we may achieve that S meets the set X only on the boundary 7" and
not too much mass of S is concentrated near X. For suitable » > 0 (small) we then
send the restriction S L {o > r} to an integral current S/ € I4(X) via the map g.
Notice that the mass distortion of g is proportional to s~**1 on the part of S located
at a distance around s. Next, we use a refined version of the classical Federer-Fleming
deformation theorem in X to “push” the integral current S/ to the (k + 1)-skeleton
X*+D of 3 and obtain a polyhedral chain P € Pi+1(2). This refined version of the
deformation theorem, a detailed proof of which is given in the Appendix, includes
local mass estimates and allows us to control the mass of P,. on every simplex. Finally,
we map P, back to X via a chain homomorphism Ai1: Pi41(Z) = Liy1(X). Here, Ay
is the map induced by the restriction Alg1): £V — X. For m = 2,...,k, we construct
A1 from A, by applying the (LC,,) or (EI,;,) property of X. For a suitable sequence
r; — 0, the currents P; := Ak+1(P},.) € I;+1(X) converge to a filling P € Ij41(X) of T
with the desired bound on mass, thus concluding the proof of Theorem 1.1.

The proof of Theorem 1.4 is similar but somewhat easier because all the involved
maps are globally Lipschitz. Instead of using the factorization theorem sketched above
we apply Theorem 1.6 with Y = {.,(X) to obtain a finite dimensional metric simplicial
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complex X and Lipschitz maps : X — Z and ¢: £ — Y as in the theorem. As
described after the theorem, this leads to a (k, )-polyhedral structure (Z, ¢, A.) on
X. Now, let T € I4(X) and consider the pushforward current 77 = yuT € Ii(2).
The classical Federer-Fleming deformation theorem in X yields a decomposition 7’ =
P’ +R’+dS’ for currents P’ € X (X) and R’ € I(X), S’ € I;,1(X) with suitable bounds
on mass. We then use the fact that ¢ o i is close to the identity on X together with
further properties of A,, to show that 7' can be decomposed as T = P + R + 43, where
P = Ax(P") and where R € I(Y) and S € It (Y) are suitable currents. We finally use
Theorem 1.1 to “push” R and § from Y to X in order to obtain a decomposition as in
Theorem 1.4.

1.5. Structure of the paper. In Section 2 we introduce notation and definitions con-
cerning concepts used in the article, including simplicial complexes, Nagata dimen-
sion, Lipschitz connectedness, and pointwise Lipschitz constants. Section 3 contains
the necessary definitions from the Ambrosio-Kirchheim theory of metric currents. We
furthermore prove Proposition 3.8 which allows us to construct suitable homomor-
phisms from the group of polyhedral chains in a simplicial complex to the group of
integral currents in a metric space. This technical result will be needed in the proofs
of Theorems 1.1 and 1.4. The main result in Section 4 is the factorization theorem
sketched in Section 1.4 above; see Theorem 4.1. As already mentioned, this is one of
the main ingredients in the proof of Theorem 1.1. In Section 5 we discuss and prove
variants and generalizations of Theorem 1.1 and deduce Theorem 1.1 from them. The
main aim of Section 6 is to establish Theorem 1.6, whose proof is similar to that of
Theorem 4.1. Section 7 contains the proof of Theorem 1.4. Finally, in the Appen-
dix we give a detailed proof of a refined version of the Federer-Fleming deformation
theorem in metric spaces admitting a bilipschitz triangulation. Our refined version
includes local mass estimates which are of particular importance in the proof of our
isoperimetric subspace distortion theorem.

1.6. Acknowledgements. We thank the anonymous referee for their helpful sugges-
tions.

2. PRELIMINARIES

2.1. Notation and definitions. We recall standard notation and definitions from met-
ric geometry. Suppose that A, B C X are subsets of a metric space X. We write

d(A, B) := inf{d(a,b) : a€ A, b€ B} and diam(B) := sup{d(x,x’) : x,x" € B}.

We use the convention that inf @ = +oco and sup@ = —co. For every € > 0 we let
U(A, &) and B(A, €) denote the open and closed &-neighborhood of A, respectively. We
say that a subset Z C X is an g-net if d(z,7') > ¢ for all distinct z, 7 € Z and if the
family of all balls B(z, €) with z € Z covers X.

A metric space X is called c-quasiconvex, ¢ > 1, if all x, x’ € X can be connected by
acurve y: [0,1] — X such that £(y) < cd(x, x’). For us a curve is always continuous
and we use £{(y) € [0, ] to denote the length of a curve y. Let k > 0 and denote
by #* the k-dimensional Hausdorff measure on X and let % denote the Lebesgue
measure on RX. A subset A C X is said to be countably %k—rectiﬁable if it is #*-
measurable and there exist subsets A; ¢ R¥ and Lipschitz maps f;: A; — X such that
JO(A N\ Ui, fi(A) = 0. A finite Borel measure u on X is said to be concentrated
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on a Borel set B ¢ X if u(X \ B) = 0. The set sptu consisting of all x € X such that
Uu(U(x,e)) > 0 for all € > 0 is called the support of u. If X is separable and complete
then u is concentrated on sptu and sptu is o-compact. This is true more generally if
the cardinality of X is an Ulam number; see [16, 2.1.6]. As is done for example in
[3] we will assume throughout this paper that the cardinality of any set is an Ulam
number so that our arguments apply in both the separable and non-separable cases; see
[3, Lemma 2.9] and the remark following it.

2.2. Simplicial complexes. For the concepts appearing below we refer e.g. to [40].
Let ¥ be a simplicial complex. We denote by F¢(Z) the collection of closed k-simplices
in £ and by ¥ () the collection of closed simplices of any dimension in X. We also
write ¥ and F if there is no danger of ambiguity. We say that X is n-dimensional
if 7, # @ and ¥,41 = @. The k-skeleton of X is denoted by >®. Notice that if £
is n-dimensional, then ™ = X® for every m > n. The smallest subcomplex of X
containing a given subset A C X is called the hull of A and is denoted Hull(A). The
open star of o € ¥ is defined by

sto = U{intr:re?’ando-cr},

where int 7 is the interior of 7. We will use the following two specific choices of a
metric on a given simplicial complex. For a nonempty index set / define a simplicial
complex by

() = {xe ) x> 0and ) x; =1
i€l

and equip (/) C €>(I) with the metric induced by the norm of £>(I). A given simplicial
complex X can be naturally realized as a subset of (1), where I = ¥ is the collection
of vertices in X. The induced metric on £ C (/) will be referred to as the £,-metric on
Y. The diameter of £ with respect to the £,-metric is always at most V2. If X is path-
connected then the associated length metric on X will be called the length metric on X.
Notice that with respect to either metric each simplex of X is isometric to a standard
Euclidean simplex. We close this subsection with the following lemma which collects
various results that will be used later.

Lemma 2.1. Let X be a finite-dimensional simplicial complex, equipped with the €-
metric. Then the following holds:

(1) For every x € %, there is &, > 0 such that if y € U(x, &) then x and y lie in a
common simplex;

(2) If A C X is separable, then ¥’ = Hull(A) is a countable simplicial complex,
that is, the set of vertices of ¥ is countable;

(3) If X is path-connected, then the length metric and the {y-metric induce the
same topology.

An analogous statement holds when the £,-metric is replaced by the length metric.

Proof. For x € X denote by o(x) the unique simplex o such that x € into. Given
x = (xpier, weput I(x) = {i € X : x; # 0} and &, = min{x; : i € I(x)}. Clearly,
gy > 0andif |x —y| < &, then y; # 0 for all i € I(x). Hence, o(x) C o(y) whenever
|x —y| < &,. This gives (1). Next, we show (2). Let Z be a countable dense subset of
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A. We claim that
Hull(4) = ] o). 2.1)
zeZ
Fix x € A. As Z is a dense subset of A, there exists z € Z such that |[x — z| < &, and thus
o(x) C 0(2). This yields (2.1) and (2) follows.

Finally, we prove (3). Suppose now that X is path-connected. By virtue of (1), the
open balls U(x, €), where £ < g, with respect to the length metric and the £,-metric
coincide with each other. This shows in particular that both metrics induce the same
topology on X, as desired. O

2.3. Nagata Dimension. In the following, we recall the definition of Nagata dimen-
sion and some of its basic properties. A covering B = (B;);e; of a metric space X is
said to be D-bounded, for a real number D > 0, if every set B € B has diameter less
than or equal to D. Let n > 0 be an integer and s > 0 a real number. A covering B
has s-multiplicity at most n if every subset B C X with diam(B) < s meets at most n
members of 5.

Definition 2.2. We say that a metric space X has Nagata dimension < n with con-
stant c if for every real number s > 0, X admits a cs-bounded covering B; having
s-multiplicity at most nn + 1.

Equivalent definitions can be found in [29, Proposition 2.5]. The infimum of those
n > 0 for which X has Nagata dimension < 7z is denoted by dimy(X) and is called the
Nagata dimension of X. Nagata dimension was introduced by Assouad in [4], building
on earlier work of Nagata [36]. It can be thought of as a quantitative metric version of
the topological dimension dim(X) of X. Clearly, one has dim(X) < dimy(X) and this
inequality can be strict. For example, dim(Z) = 0 but dimy(Z) = 1. As a more striking
example, it can be shown that the group (Z /2 Z) ¢ Z? has topological dimension zero
but infinite Nagata dimension (see [8]).

However, on the positive side, if X is a compact Riemannian manifold or a Carnot
group equipped with the Carnot-Carathéodory distance, then dim(X) = dimy(X). See
[29, p. 3635] and [30, Theorem 4.2]. Moreover, any doubling metric space has finite
Nagata dimension (see [29, Lemma 2.3]). Nagata dimension also enjoys many good
structural properties. For example, dimy X X ¥ < dimy X + dimy Y and if X = A U B,
then dimy X = sup{dimy(A), dimy(B)}. In [14], [30] it is proved that dim(Z) <
dimy(X) whenever Z is an asymptotic cone or tangent cone of X. For further results
concerning Nagata dimension we refer to the articles [5], [7], [9], [29], [30] and the
references therein.

2.4. Lipschitz connectedness. Let X and Y be metric spaces. A map f: X — Y is
called L-Lipschitz, where L > 0 is a real number, if d(f(x), f(x")) < Ld(x, x’) for all
x,x" € X. The quantity

Lip(f) :=inf{L > 0 : f is L-Lipschitz}
is called the Lipschitz constant of f. We say that f is C-bilipschitz, C > 1, if
Cld(x,y) < d(f(x), f()) < Cd(x,y)

for all x, y € X. In the following, we recall the definition of Lipschitz k-connected
metric spaces and state several examples. Let B™*! := {x e R"™*! : |x| < 1}, form > 0,
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denote the closed (m + 1)-dimensional Euclidean unit ball and put S := OB™!. We
equip ™ and B"*! with the induced Euclidean metric.

Definition 2.3. A metric space X is said to be Lipschitz k-connected if there exists
¢ = 1 such that every L-Lipschitz map f: §™ — X with 0 < m < k has a cL-Lipschitz
extension f: B™! — X. We abbreviate this by saying that X has property (LCy).

In particular, Banach spaces and CAT(0) spaces or, more generally, metric spaces
admitting a convex bicombing have (LCy) with constant 3; see [38, Proposition 6.2.2.].
Every k-connected compact Riemannian manifold has (LCy). This follows from [29,
Theorem 5.1] which states that if a compact metric space X is k-connected and Lip-
schitz k-connected in the small, then X has (LCy). Moreover, certain horospheres in
symmetric spaces of noncompact type of rank k or in the product of k proper CAT(0)
spaces have (LCy_»). This has been established in [31] and [33], respectively. The jet
space Carnot groups (J5(RY), d,) have (LCi_); see [46]. Examples of Carnot groups
which can be realized as jet space Carnot groups include the nth Heisenberg group, the
Engel group and the model filiform groups. We refer to [41] for more information on
these groups. There are many examples of metric groups which have (LC)); see e.g.
[12], [34].

2.5. Pointwise Lipschitz constants. Let f: X — Y be a map between metric spaces
X and Y. The pointwise (lower) Lipschitz constant of f at x is defined by

d(f(x),
lip f(x) = Tim £,f(x), where £,f(x) = inf sup SLDSOD
r—0+ O<s<r d(x,y)<s S
If f is Lipschitz then the function lip f is real-valued and Borel; see [26, Lemma 4.1.2].

Lemma 2.4. Let f: X — Y be a map such that lip f(x) < C for all x € X. Then
f is continuous and {(f o y) < CL(y) for every curve y in X. In particular, if X is
A-quasiconvex, then f is CA-Lipschitz.

Proof. Let x € X. Since lip f(x) < C, for every r > 0 there is s € (0, r) such that

sup d(f(x), f(y)) < 2Cs;
d(x,y)<s

hence, f is continuous at x. In order to prove the second statement it is enough to show
that

d(f((0)), fly(D)) < Cl(y) (2.2)

for every rectifiable curve y: [0,/] — X. Fix a rectifiable curve y, which we may
assume to be parametrized by arc-length. Let C’ > C and consider the set

A= {t€[0.1]: d(f(»(0)). f(y(0)) < C'1}.
Clearly, A is nonempty and closed, so # := sup A is contained in A. We claim that r = .
We argue by contradiction and assume that ¢ < /. Choose s > 0 sufficiently small such

that r + s < [ and
A SO _ o

d(y(1),y)<s S
Since d(y(t), y(t + 5")) < E(Yl1+5)) = 8" forall 0 < s” < s, we obtain from the above
and the continuity of f that d(f(y(?)), f(y(t + s))) < C’s and hence

d(f(y ), f(y(t+ 5))) < C'(t + ).
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This shows that t + s € A, which is impossible. We therefore have ¢ = [ and thereby
d(f(y(0)), f(y(1))) < C’l = C'¢t(y). Since C’ > C was arbitrary this shows (2.2) and
proves the second statement of the lemma. O

3. CURRENTS IN METRIC SPACES

We recall relevant notions from Ambrosio-Kirchheim’s theory of currents of finite
mass in metric spaces [3]. See [28] for a variant of this theory.

3.1. Currents of finite mass, push-forwards and restrictions. Let X be a complete
metric space, k > 0 an integer, and let D*(X) be the set of tuples (7o, ..., 7) of Lip-
schitz functions 7;: X — R with o bounded.

Definition 3.1. A multi-linear functional 7: D¥(X) — X is called metric k-current (of
finite mass) in X if the following properties hold:

() T(ﬂ'(),?({, ... ,ni) — T(mo, 1, .. ., k) whenever sup; ; Lip(n{) < oo and n{ con-
verges pointwise to ;.
(i1) if {x € X : mo(x) # 0} is contained in the union Uf: | Bi of Borel sets B; and if

7; is constant on B;, then T'(mg, ..., m;) = 0.
(iii) there exists a finite Borel measure u on X such that for all (7o, ..., ;) € Z)k(X)
k
IT (7o, ..., )| < nLip(ﬂi) flﬂo(X)Idﬂ(X)- (3.1
i=1 X

The minimal Borel measure y satisfying (3.1) is denoted ||T||. The closed set
sptT == {x € X : ||IT|I(U(x, r)) > 0 for all r > 0}

is called the support of T, and M(T') = ||T||(X) is the mass of 7. Let M(X) be the space
of metric k-currents in X. When equipped with the mass norm M(-), this becomes a
Banach space. If T € My(X) and T # 0, then dimy(sptT) > k; see [51, Proposition
2.5]. In particular, one has My (X) = {0} whenever k > dimy(X).

Let Y be another complete metric space and let f: X — Y be a Lipschitz map. The
push-forward of T € My (X) under f is the element fuT € My(Y) defined by

faT(mg,...,mp)=T(mgo f,...,m 0 f)

for all (7, ..., 7x) € DX(Y). We have spt fyT < f(sptT) and M(fiT) < Lip(f)* M(T).
If T € My(X) then the restriction T L B to a Borel set B C X is defined by

TLB(mg,...,m) =T(Igmy,m1,...,7k)

for all (7, ...,mx) € DF(X), where 15 is the characteristic function of B. This is
well-defined since 7" admits a unique extension to a functional on (k + 1)-tuples for
which the first argument is a bounded Borel function. One has T L B € M(X) and
ITLBJ| = ||IT||B. Moreover, we have (fsT)_B = fy(TL f~'(B)) whenever f: X - Y
is Lipschitz and B c Y is Borel.

A sequence (T;) € My(X) is said to converge weakly to T € My(X) if (T;) con-
verges pointwise to T, thus for all (rg,...,m) € DK(X) we have Ti(ng, ..., m) —
T(rg,...,m;)asi — oo,
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3.2. Boundaries, slicings and integral currents. When k > 1, the boundary of T' €
M;(X) is the function 9T : D¥~'(X) — R given by

T (ro, ..., m—1) = T(1, 7o, 1, ..., 1),

Any T € Mi(X), k > 1, satisfying T = 0 is called a cycle. If T € My(X) then we say
that T is a cycle provided that 7(1) = 0. Notice that 9T always satisfies (i) and (ii) of
Definition 3.1. If 0T € M;_;(X) then T is called normal current. For such T we have
spt(0T) c sptT. We denote by N(X) the space of normal k-currents for k > 1, and we
set No(X) := My(X). Notice that d(T) = 0 for all T € Nx(X) with k > 2. If 6 € L'(RF)
then the function [0] : D¥(R¥) — R given by

[0l(ro, ..., m) = fR O det([0i;1; ;o) ) dL*

defines an element of Mk(Rk) and satisfies || [0] || = |6] Z¥. If 6 has bounded variation
then [0] € Nk(R"). In particular, if B C RX is a bounded Borel set of finite perimeter
then [B] := [1g] belongs to Nk(Rk).

Definition 3.2. Aneclement T € N(X) with k > 1 is called an integral current if ||T|| is
concentrated on a countably .7#*-rectifiable set and if for any Lipschitz map f: X —
R¥ and any open set U C X there exists 6 € LY(R¥,Z) such that f+«(TLU)=1[06].

Furthermore, 7' € No(X) is called an integral current if there exist xy, . .., x,; € X and
01,...,60n € Zsuch that T = 377", 6;[[x;]l. Here, for x € X the current [x] € No(X) is
defined by [x]l(;r) = m(x) for every bounded Lipschitz function 7: X — R. The family
of integral k-currents in X is an additive subgroup of N;(X) and is denoted by I;(X).
If f: X — Y is Lipschitz and T € I;(X) then fyT € I;(Y). In particular, if A ¢ R is
a k-simplex and ¢: A — X a Lipschitz map then ¢x[[A] € I;(X); consequently, every
Lipschitz chain in X induces an integral current in X. The following lemma shows that
the mass estimate M(f37) < Lip( £)¥M(T) can be improved if T is an integral current.

Lemma 3.3. If f: X — Y is a Lipschitz map then

ATI(B) < f [lip £COI* dIITNCx)

VaC:)

for every integral current T € It (X) and every Borel set B C Y.

Proof. The inequality is obviously true when k = 0. If £ > 1 then [37, Lemma 3.10]
implies that

k
ST (o .. m)l < fX (0 © NI [ JlipGri 0 A AITI)
i=1

for all (mg, . .., m) € DF(Y). Since lip(mr; o f)(x) < Lip(m;) - lip f(x) for all x € X, we
have

k
fiT (o, ...l < | | LipGr) fX o © £COI - [lip FCO dIITI().
i=1

Hence, the claim follows from the definition of || f:T||. O
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If T € Ni(X) with k£ > 1 and u: X — R is Lipschitz then for almost every r € R,
(Tyu,ry =0(TL{u<r)—@T)L{u<r}.

defines an element of N;_;(X), which is called a slice of 7. By the slicing theorem,
the measure |7, u, r)|| is supported on spt T N {u = r}, and

b
f M(T, u, r))dr < Lip(w) ITll({a < u < b})
a
whenever a < b. Moreover, if T € Ii(X) then (T, u, r) € I;_;(X) for almost all r € R.

3.3. Homotopy formula and coning inequality. Let £ > 0 and let [0,&] X X be
equipped with the Euclidean product metric. For a function f: [0,e] X X — R and
t € [0,g] we let f;: X — R be defined by f;(x) = f(t,x). If T € Ix(X) for some k > 0
then the function on D*([0, &] x X) given by
[e] X T(mo, ..., 7)== T (7wors - - - » Tht)
defines an element of I;([0, £] X X). Moreover, the functional [0, £] X T assigning
k+1

; i (971’7
(7m0, ..o s 1) E (—1)’+1f T(ﬂm_atl ,7T1t,---,7T(i—1)t,7T(i+1)z,---,ﬂ(k+1)z)df
. 0
i=1

is a multi-linear functional on D**1([0, £] x X) and has the following property.
Proposition 3.4. If T € It(X) then [[0,&]] X T € I;4+1([0, €] X X) and
I([[0,e]l X T) + [[0,e] x OT = [[e] X T — [0] x T. (3.2)
For k = 0 the second term on the left-hand side is zero.
This is analogous to [42, Theorem 2.9] and [3]. Notice that the assumption made in
[42, Theorem 2.9] that T has bounded support is not needed.

Given a map h: [0,e] X X — Y and t € [0,g], x € X, we let h;: X — Y and
hy: [0,e] — Y be the maps given by h,(2) := h(t,z) and h,(s) = h(s, x).

Lemma 3.5. [fh: [0,e] X X — Y is Lipschitz and T € It(X), then
I h#(10, el X T) I(B) < (k + l)f 1 lip (1) - [lip A ()] d(L" X |ITID(E, )
h~1(B)
for every Borel set B C Y.

Proof. Let (ng, ..., ms1) € DF(Y). We have

(0, €1 X T)(mo, . . ., et
k+1

& o(m; o hy)
- Zl|fo T(ﬂo ohy la—tt,ﬂl O Ngyoot (1) © My T(ig1) © Byy oo TWGhy1) © hz)dl’
P

k+1 k+1

¢ 0 ioh .
lefo fX|”0°hr% [] tipe; o o diTiico de,

j=1,j#i
where the second inequality follows from the definition of ||7|| when k = 0 and from
[37, Lemma 3.10] when k& > 1. Since
|8(7r,- )

2260 [
Ti = lip(r; © hy)(7)
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for almost all 7 € [0, €] and since lip(r; o h;)(x) < Lip(r;) lip h,(x) we obtain

(10, &1 X T)(mo, . . ., mes1))
k+1

1
< (k+ D[ | Lip(m) fo fX (w0 © h)(t, )| Tip (1) - [lip A (0)]* T .
i=1

Hence, the claim follows from the definition of ||A4([[0, €] x T)||. O

With the homotopy formula from Proposition 3.4 and the mass estimate from
Lemma 3.5 at hand it is not hard to see that Banach spaces admit coning inequali-
ties for any k > 1.

Corollary 3.6. Banach spaces have (Cly) with constant C = 1 for every k > 0.

Proof. Let X be a Banach space and T € I;(X) a cycle of bounded support for some
k > 0. Fix xo € sptT. The map h: [0,1] X X — X given by A(t,x) = (1 — t)xp + tx
is Lipschitz and satisfies lip h,(f) < diam(spt7’) and lip h;(x) = ¢ for all ¢+ € [0, 1]
and all x € sptT. Thus, by Proposition 3.4 and Lemma 3.5 the current defined by
S = hu([[0, 1] x T) belongs to I, 1(X) and satisfies dS = T as well as

M(S) < (k+ 1)diam(spt T *d L < ||T|) = diam(spt T) M(T),
[0,11xX

as desired. Since this holds for every k > 0 the proof is complete. O

We conclude this subsection with the following lemma which will be used in the
proof of Proposition 3.8 and also later in the article.

Lemma 3.7. Let X be a complete metric space and T € I(X) a cycle, where k > 1. If
X has (Ely), then for every € > 0 there exists S € Iy1(X) with S = T and such that

M(S) < Fillvoly(T) + & and sptS C B(sptT, D M(T)¥) (3.3)

for some D only depending on k and on the constant in (Ely). All minimal fillings of T
satisfy (3.3).

The lemma follows directly from [42, Lemma 3.4] and its proof. By choosing £ > 0
small enough we may assume that the filling S satisfies the isoperimetric inequality

M(S) < DM(T)F.

3.4. Mapping polyhedral currents to spaces with (LCy) or (El;). The aim of this
subsection is to prove the technical Proposition 3.8 below which will be important in
the proofs of Theorems 1.1 and 1.4.

Let X be a simplicial complex, equipped with the length metric or the {,-metric.
We define the set i (X) C I (X) of polyhedral k-chains in X as follows. One has
P e Z;(2) if and only if there exist finitely many o; € ¥y, 6; € Z, and isometries
@wi: A = o, where A denotes the standard Euclidean k-simplex, such that

P =" 0;pislAl

Since A can be embedded isometrically into R¥, the integral current [A] is well-
defined. By construction, &, (X) c Ix(X) is an additive subgroup with generating
set{[o] : o € Fi}. We use the convention that [o-] denotes any of the currents ¢s[Al],
where ¢: A — o is an isometry. Notice that [o-] is uniquely determined up to a sign.



UNDISTORTED FILLINGS IN SUBSETS OF METRIC SPACES 16

Given a Lipschitz map & : ¥ — Y such that /(X)) c X, the following proposition
constructs a chain homomorphism A, : #.(X) — L.(X) and a chain homotopy T, :
Z.(2) - L1(X) from A, to hg. This chain homotopy connects A, to 4 in the sense
that if T € &,,(2) is a m-cycle, then I'y(T) is an (m + 1)-chain such that oT,,,(T) =
Ap(T) — hsT.

Proposition 3.8. Let Y be complete metric space, X C Y a closed quasiconvex subset
and X a simplicial complex equipped with the length metric or {>-metric, both rescaled
by a factor € > 0. Suppose that h: ¥ — Y is a map such that W(Z®) c X and hl is
Lipschitz for every o € F. Let k > 0 and suppose Y has (Elx.1) and X has (LCy) or
(Ely). Then there exist homomorphisms A,,: P (X)) — L,(X) and T,,: P,,(Z) —
L, 1(Y) form=0,...,k+ 1 with the following properties:

(1) Ao =hgandTy =0,

(2) Ajpod =00 Ay form=0,...,k,

(3) 0ol =Apy—hg —Tp_qyodform=1,...,k+1,

(4) Foreachm =0,...,k+ 1 and each o € F,,

M(An(lo ) < C - [eLip(hlo)]"

and
M(T,.([o)) < C - [e Lip(hl)]" ",

(5) For eachm = 0,...,k + 1 and o € F,, the currents A,,([o]) and T',,([o])
have support in B(h(c®), Ce Lip(h|,)).

The constant C depends only on k and the data of X and Y.
We use the convention that 0 = 1.

Proof. By a simple scaling argument, it suffices to consider the case when € = 1.
We first construct the homomorphisms A,,. If X has (LCy), then there exists a map
h: 2**D — X which agrees with 4 on X and which is C Lip(/|,)-Lipschitz on every
simplex o C T*+D_ In this case we define A, ([o]]) = hg[o] for every oriented m-
simplex oo € X with 0 < m < k + 1 and extend A,, linearly to &,,(X). This yields a
homomomorphism A,, with the desired properties.

Next, we construct A, in the case when X has (EI;). Set Ag := hy. If o-is an oriented
1-simplex in X with vertices e_ and e, we let Aj([[c]) be the integral current induced
by a Lipschitz curve y in X from h(e-) to h(ey) of length £(y) < Cod(h(e-), h(es)),
where Cj is the quasiconvexity constant of X. In particular, we have dA|([c]) =
Ao([do]) and

M(A([e]) < €(y) < Ci Lip(hl,)

and spt(A1([o])) € B(h(c), C; Lip(hl,)), where C; := V2Cy. Doing this for every
oriented 1-simplex o and extending linearly we obtain the desired homomorphism
A Z1(X) - II(X). If k = 0 this finishes the construction of the homomorphisms
Any. If k > 1, then suppose we have defined A,, with properties (2), (4), (5) for some
1 < m < k. Let o be an oriented (m + 1)-simplex in . It follows from (2) that
A (Olo]) is acycle in I,,,(X). Thus, by Lemma 3.7, there exists S € I,,,+1(X) such that
0S = Ay(do]) and

m+1

M(S) < DM(A, @) < D|(m +2)Cpy Lip(hle)"] ™ < Cpuet Lip(hle ™!
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and

SpL(S) C B(spt(An (@), DM(A@Io1)7) € B ®), Cpret Lip(hly).

where C01 = Cp + D((m + 2)Cm)%. We set Ay+1([o]) = S and by defining
Aum+1([o]) like this for every oriented (m+1)-simplex and extending linearly we obtain
a homomorphism A,,+1: Zp1(Z) = L1 (X) satisfying properties (2), (4), (5).

We proceed analogously in order to construct I',. Set I'g := 0 and suppose we have
already constructed I',,_; with the desired properties for some 1 <m < k+ 1. Leto
be an oriented m-simplex in X. The current P := A, ([o]) — hxllo] — Tn-1([o]) is a
cycle and satisfies

M(P) < M(Ap (o) + M(yllo ) + M1 ([o' 1)) < G, Lip(al)™,

m

where C}; := Cj, + 1 + C), _,. Therefore, by Lemma 3.7, there exists § € I,,+1(Y) with
0S = P and

m+1

M(S) < D' M(P)" < D'Cyy" Lip(hly)™! < C, Lip(ly)™!

and

spt(S) C B(spt(P), D' M(P))  B(i(o'®), C,, Lip(il,)),
where C;, .= C,, + D’C,;;mTtl. We put I',([o]) :== §. Doing this for all o and extending
linearly yields the desired homomorphism I',,. It is clear that it satisfies all the desired
properties. We set C := max{C,,-C, :m =0,...,k+1}. This completes the proof. O

4. FACTORIZATION THROUGH SIMPLICIAL COMPLEXES

In this section, we prove the factorization theorem sketched in Section 1.4. The
theorem is obtained by a close inspection of the proofs of Lang and Schlichenmaier’s
results in [29].

Theorem 4.1. Let Z C Y be complete metric spaces such that Z has Nagata dimension
n and Y is Lipschitz n-connected for some integer n > 0. Then there exist C > 1,
an (n + 1)-dimensional simplicial complex X equipped with the {>-metric, and maps
g:Y\Z > Xandh: L — Y with W(Z®) c Z such that the following holds:

(1) f: Y —>Y, definedby f=hogonY\Zand f =idz on Z, is C-Lipschitz;
(2) gis Cr-'-Lipschitz on {y € Y : d(y, Z) > r} for all r > 0;

(3) his Cry-Lipschitz on every o € F, where r, = inf {d(y,Z) : y € g" (sto));
(4) for every o € F one has R, < Cry, where R, = sup{d(y,Z) 1y € g~ (sto)}.

Moreover, if B C Y is a bounded subset intersecting Z, then there exists a simplicial
complex ¥ C X such that ¥’ is (n + 1)-dimensional and C-quasiconvex, g(B\ Z) C ¥’
and h is C diam(B)-Lipschitz on ¥'.

The constant C depends only on the data of Z and Y. Theorem 4.1 is a crucial
component of the proof of Theorem 1.1. If X C Y is a closed subset which contains
Z and is Lipschitz k-connected for some k£ > 0O then we may choose / to furthermore
satisfy A(Z**D) ¢ X. As a result, if Z is Lipschitz n-connected, then it follows that f
is a C-Lipschitz retraction onto Z.
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Proof. We may suppose that Y \ Z # @. Following [29, Theorems 1.6 and 5.2], we
find an infinite index set I, a covering (B;)ie; of Y \ Z by subsets of Y \ Z, and constants
0 € (0,1) and @ > 0 depending only on the data of Z such that the following holds. For
all i € I, diam(B;) < ad(B;,Z) and for every y € Y \ Z there are at most n + 2 indices
i € I such that 7;(y) > 0. Here, 7;: Y \ Z — [0, +00) is defined by

7,(y) = max{déd(B;,Z) — d(y, B;), 0}.

We set T := X"*D(I) and 7(y) := Y,c; 7i(y). By the above, X is (n + 1)-dimensional
and g: Y\ Z — X assigning y %(y)‘l(T,-(y))ie ; 1s well-defined. In the following, we
prove items (1) — (4). To begin, we show that g: Y \ Z — X has the desired properties.
Lety,y’ € Y\Z and denote by K C I the set of all i € I such that 7;(y) > 0 or 7;(/') > 0.
Notice that K contains at most 2(n + 2) elements. We estimate

Ti(y)  7i0) 1 , ’
;'f o Tl ; 7(1)7() ;{(Ti(Y)T jO) —Tily )Tj(y))|

2
e 2 2 FHOOE) ~ 7))

i€K jeK

IA

4n+2)
7(y)
where in the last inequality we used that 7; is 1-Lipschitz. Since (B;);e; covers Y \ Z,
there exists i € I such that y € B;. As a result,

d(y,Z) < diam(B;) + d(B;,Z) < (1 + a)d(B;, Z)
and 7(y) > 6d(B;, Z). Thus, (1 + @)7(y) > (1 + @)0d(B;, Z) > 6d(y, Z). By the above,

, dn+2)(1+a) 1 ,

lg(») — gl < 5 0. Z)d(y,y )-
This shows that g is Cr~!-Lipschitz on {y € Y : d(y,Z) > r}. Next, we show (3)
and (4). For each i € I select y; € B; and x; € Z for which d(y;, x;) < 2d(B;,Z). Let
ho: T© — Z denote the map that sends e; to x; for each i € I. Here, ¢; € £>(I) is
defined by (¢;); = 1 if j = i and (¢;); = 0 otherwise. Notice that O = fe; i€ 1)
Using that Y is Lipschitz n-connected, we obtain a constant C, > 0 and an extension
h: X — Y of hg such that & is C, Lip(h| 0 )-Lipschitz on each o € ¥. Let o € ¥ such
that g~!(sto) # @. Notice that

d@y,y"),

re = inf{d(Z, g (into”")) : 0’ € F and o C o).

Thus, to show that & is C3rs-Lipschitz on ¢ it suffices to show that % is C3zr-Lipschitz
on each o’ € ¥ with o C ¢/, where r := d(Z, g"'(int0)). Fix 0’ € ¥ and let ¢; and ej
be two vertices of o”’. We may suppose that d(Z, B;) < d(Z, B;) and there exists some
y € Y\ Z such that g(y) € into”’. We estimate

d(h(e;), h(e))) < d(x;,y) + d(y, x;)
< 2d(Z, Bl) + d(yl,y) + d(y],y) + Zd(Z, B])

As g(y) € into”’, we infer 7;(y) > 0 and thus d(y, B;) < 8d(Z, B;). Therefore, d(y;,y) <
diam(B;) + d(y, B;) < diam(B;) + 6d(Z, B;), and we arrive at

d(h(e;), h(ej)) <22+ 6+ a)d(Z, B)).
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Since (1 — 0)d(B;, Z) < d(y, Z), we obtain
2+0+a
1-6
Asy € Y\ Z with g(y) € int(o0”’) was arbitrary, this implies that 4 is Czr-Lipschitz on o’
for r := d(Z, g '(int o)), as desired. This concludes the proof of (3). If ¢; is a vertex

of o, then we have

d(h(e), he;) < V2 ( )d(y,z> lei — el

24+0+«a
1-6 )r”’

and so R, < C3r, , as y € g~ (sto) was arbitrary. This yields (4).

Next, we show (1). Notice that Y is c-quasiconvex for some ¢ > 1. We want to apply
Lemma 2.4 to show that f is C4c-Lipschitz. To this end, we prove that lip f(y) < Cy
forall y € Y. For any y € Y \ Z there exists i € I such that y € B; and thus using (3) we

obtain d(f(y), x;) = d(h(g(y)), h(e;)) < C3d(y,Z) V2, and so

d(f(),y) < d(f ), ;) + d(xi, y) + (i, Y) < (C3V2 + 2 + @)d(y, Z). 4.1

By combining d(f(x), f(y)) < d(x,y) + d(y, f(y)), where x € Z, with (4.1), we find
that lip f(x) < (C3\/§ + 3+ ) forall x € Z. Now, fix y € Y \ Z and choose £ > 0
such that d(y’,Z) < 2d(y, Z) for all y’ € U.(y), and whenever y’ € U.(y) is contained in
g~ !(int(c)) for some o € F, then y € g~! (o). Because of (2) and (3), forall y’ € U.(y),

d(f), fO") < C3d(Y', 2) d(8(), 8(")) < 2C3C1 d(y,y"),

and so lip f(y) < 2C3C,. Hence, we have shown that lip f(y) < C4 forall y € Y. By
Lemma 2.4, f is C4c-Lipschitz, as desired.

To finish the proof, we show the statements of the moreover part. Let B C Y be
a bounded subset intersecting Z and suppose that J C [ is the subset of those indices
i € I for which there exists y € B such that 7;(y) > 0. By enlarging B (if necessary)
we may assume that J has infinitely many elements. We set £’ := X*D(J). Clearly,
¥’ c Y and ¥’ is (n + 1)-dimensional. By definition of g, we have g(B \ Z) C ¥’. Next,
we claim that ¥’ is Cs-quasiconvex for some constant Cs depending only on n. Let o7,
03 € F (). Clearly, there is o € F(Z(J)) of dimension at most 2 + 3 such that oy,
o € "D As o is isometric to a Euclidean standard simplex, it follows that o+
Cs-quasiconvex, and so, by using that o+ ¢ ¥, we find that ¥’ is Cs-quasiconvex
as well. Next, we show that & is Cg diam(B)-Lipschitz on X’. For each r € J choose
z, € B such that 7,(z,) > 0. We estimate

d(h(e,), h(ey)) < d(x,, yr) + d()’r, zp) +d(zp, zg) + d(zs, y5) + d()’s, X)
< diam(B) + 2(2 + a + ) max{d(Br, Z), d(BS,Z)},

forall r, s € J. Fix yg € BN Z. Since (1 — 6)d(B;,Z) < d(zs,Z) for all s € J, it follows
that

dy,2) <2d(Z,B)+d(yi,y) < 2+ 6+ @)d(Z,B;) < (

2+0+a
1-6
thus, by construction of £, for each o € ¥ (X’), the map 4 is Cg diam(B)-Lipschitz on
o. Now, an argument as in the proof of (1) above yields lip 4(x) < Cg diam(B) for all
x € ¥'. Hence, as ¥’ is Cs-quasiconvex, Lemma 2.4 tells us that & is CsCg diam(B)-
Lipschitz on X', as desired. We put C := max{C; : i =1,...,6}. m|

d(h(e,), h(ey)) < diam(B) + 2( )diam(B);
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If & is as in Theorem 4.1 above, then & is Cr-Lipschitz on every o € ¥ for which
g N(sto)N{d(y,Z) < r} # @. Hence, the following proposition tells us that lip Alz/ (x) <
Crforevery x € ¥/, where X’ := Hull (¢({y € Y : 0 < d(y,Z) < 1})).

Proposition 4.2. Let h: X — Y be a map from a simplicial complex T equipped with
the Cy-metric to a metric space Y. Let L > 0 and suppose A C X is such that h is
L-Lipschitz on every o € ¥ for which sto N A # @. Then the restriction of h to
Y’ := Hull(A) satisfies lip h|s/(x) < L for every x € ¥’.

Proof. For y € X denote by o(y) be the unique simplex in ¥ with y € into(y). Notice
that if y € X’ then Al (y) is L-Lipschitz because o-(y) C ¥’ and hence sto(y) N A # @.
Now, let x € ¥’. By Lemma 2.1 there is a real number sg > 0 such that x € o(y) for
all y € ¥’ with |x — y| < s9. Therefore, if y € ¥’ satisfies 0 < [x — y| < s < s¢ then, by
the above,
d(h(x), h(y)) _ d(h(x), h(y)) <L

s T x =yl

This implies that lip A|z/(x) < L for all x € ¥’, as was to be shown. O

Corollary 4.3. Suppose that h: ¥ — X is a homeomorphism between a simplicial
complex ¥ equipped with the €y-metric and a metric space X. If h is D-bilipschitz
on every o € F and X is c-quasiconvex, then h: £ — X is cD-bilipschitz when X is
equipped with the length metric.

Proof. Proposition 4.2 tells us that lip(z) < D forall z € Z. Let z, 7/ € ¥ and let y be
a curve in X connecting z and z’. By Lemma 2.4, it follows that

d(h(z), h(Z)) < €(h oy) < DE(y).

Consequently, / is D-Lipschitz with respect to the length metric d; on Z. To finish the
proof it remains to show that g: X — (,d;) given by x — h~!(x) is cD-Lipschitz.
For every z € Z denote by o(z) the unique simplex o € ¥ such that z € into. Given
x € X, we abbreviate o(x) := h(o(z)), where z = g(x). As h is a homeomorphism,
for every x € X there exists &, > 0 such that x € o(x") whenever x’ € U(x, &,). See
Lemma 2.1. Notice that g is D-Lipschitz on o (x) for every x € X. Hence, exactly the
same argument as in the proof of Proposition 4.2 shows that lip g(x) < D for all x € X.
Now, by invoking Lemma 2.4 we get that g is cD-Lipschitz, as X is c-quasiconvex.
This completes the proof. O

5. PrOOF OF THEOREM 1.1 AND GENERALIZATIONS

In this section we prove Theorem 1.1 from the introduction about isoperimetric sub-
space distortion. We also establish strengthenings and generalizations of this theorem
which will be used in Section 7 to establish Theorem 1.4, a deformation theorem in
spaces of finite Nagata dimension.

5.1. Undistorted fillings with controlled support. In this subsection, we discuss two
theorems on isoperimetric subspace distortion and deduce Theorem 1.1 from them.
The main difference between the following theorem and Theorem 1.1 is that we do not
assume that the whole subspace X has finite Nagata dimension and that in addition we
obtain control on the filling chain in the subspace X.
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Theorem 5.1. Let Y be a complete metric space and let Z C X C Y be closed subsets
such that Z is bounded and has finite Nagata dimension, and X is quasiconvex and has
(LCy) or (Ely) for some k > 0. If S € I;.1(Y) satisfies spt(0S) C Z and sptS C B(Z,n)
for some nn > 0, then there exists S € Ii1(Y) which has support in X and satisfies
08 = 8S as well as

M(S)<CM(S) and sptS c B(Z,Cn),

where C depends only on the data of X and the Nagata dimension and constant of Z.
Moreover, if Y is a Banach space then there exists W € I;»(Y) with OW = S — S and
such that M(W) < nC M(S) and spt W C B(Z,Cn).

Notice that the constant C is independent of the diameter of Z. The hypothesis that Z
be bounded can be dropped if one assumes that the whole subspace X has finite Nagata
dimension, see Theorem 5.3 below. Theorem 5.1 will be proved in Subsection 5.2. As
a consequence of the theorem we obtain the following strengthening of Corollary 1.3.

Corollary 5.2. Let X be a complete quasiconvex metric space of finite Nagata dimen-
sion. Suppose that X has (LCy) or (Ely) for some k > 0. Then every cycle T € 1,,,(X)
of bounded support withm = 0, ...,k admits a filling S € 1,,,.1(X) satisfying

M(S) < Cdiam(sptT) - M(T) and diam(sptS) < C diam(sptT)
for some constant C > 0 depending only on the data of X. In particular, X has (CIy).

The stronger version of the coning inequality asserted in the corollary is called
strong coning inequality in [24] and [23] and plays an important role in these papers.

Proof. Let m € {0,...,k} be an integer and suppose that T € I,,(X) is a cycle of
bounded support. View X as a subset of ¥ := {,(X) via a Kuratowski embedding. Fix
xo € sptT and define 4: [0,1]X Y — Y by A(t,y) := (1 —#)xp + ty. The integral current
S = hy([[0, 1] x T) satisfies S = T and M(S) < diam(spt T) M(T) as well as

sptS c A([0, 1] x sptT) c B(spt T, diam(spt T));

see Section 3.3. Applying Theorem 5.1 with Z = spt T, we obtain S € I,,,1(X) with
A8 = T and such that

M(S) < CM(S) < C diam(spt T) M(T)

as well as
sptS c B(spt T, C diam(spt T'))

for some constant C only depending on the data of X. In particular, it follows that
diam(spt S) < (2C + 1) diam(spt T). O

Every complete metric space with (Cl) also has (El), as was shown in [42]. Hence,
by Corollary 5.2, if X is quasiconvex, has finite Nagata dimension and satisfies (LCy)
for some k > 1, then X has (El). In the following, we use this fact in combination with
Theorem 5.1, to show that when X has finite Nagata dimension, then the conclusion
of Theorem 5.1 is also valid for currents S € I, (Y) for which the support of 9S is
unbounded.
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Theorem 5.3. Let Y be a complete metric space and let X C Y be a closed quasiconvex
subset of finite Nagata dimension. Suppose furthermore that X has (LCy) or (Ely) for
some k > 0. Then for all subsets Z C X and all § € I+1(Y) with sptdS C Z and
sptS C B(Z,n) for some n > 0, there exists § € I;,1(Y) which has support in X and
satisfies S = S as well as

M(@S) < CM(S) and sptS c B(Z.Cn),

where C depends only on the data of X. Moreover, if Y is a Banach space then there
exists W € I 4o(Y) with OW = § — S and such that M(W) < nC M(S) and sptW C
B(Z,Cn).

Proof. We first treat the case k > 1. The space X has (Cl) by Corollary 5.2 and hence
also (EIy) by [42]. By possibly embedding Y isometrically into £, (Y) we may further
assume that Y has (El;). Lemma 3.7 thus implies that for every n > O the following
holds. For every £ > 0 sufficiently small and every cycle U € L,,(Y) with 1 < m < k
and M(U) < e there is a filling V € 1,11 (Y) with M(V) < g and spt V C B(spt U, np); if
sptU c X then sptV C X.

Let Z, S, and 1 be as in the statement of the theorem and set 7 := 0S. Fix yg € ¥
and let o: Y — R be the distance function from y,. Notice that (T, o, r) and (S, o, r)
are integral currents for almost every r > 0 and

T L{o<r})=(T,0,ry=-0(S,0,r).

Let € € (0, 1) be sufficiently small. There exists r > 0 arbitrarily large such that the
integral currents (7', o, r) and (S, o, r) are supported on spt 7 N{o = r} and sptS N{o =
r}, respectively, and satisfy M({T, 0, 7)) < € and M({S, 0, 7)) < &. If r > 0 was chosen
large enough we may also assume that M(T' L {0 > r}) < cand M(S L {o > r}) < &.

In the following, we consider the cases k = 1 and k > 2 separately. Assume first
that k > 2. For s, > 0 we abbreviate A(s, f) := B(Z, s) N B(yg, f). By the observation
made at the beginning of the proof there exists a filling 7”7 € I;(Y) of the cycle (T, 0, r)
with M(T”) < e and spt T’ € X N A(n, r + np). Define cycles by

Ty =TL{o>r}+T and T, =TL{o<r}-T'

and notice that 7 = T + T,. We will find a filling of T by constructing suitable fillings
of 71 and T,. Since T} has mass at most 2& and support in X N B(Z,n) it has a filling
§'1 of mass at most 2& and support in X N B(Z, 2n), again by the observation at the
beginning of the proof. Next, we construct a filling of 7,. Notice that T, has support
in the set Z’ := X N A(n, r + 5n). The cycle T’ + (S, o, r) is contained in I;(Y), has mass
less than or equal to 2¢ and is supported in A7, ¥ + 1), so it has a filling §” € L4 (Y)
with M(S’) < 2¢ and support in A(2n, r + 21). Thus, S, ;=S L{o < r} — S’ is a filling
of T, satistying sptS, € A(2n,r + 2n) C B(Z’,2n) and M(S,) < M(S) + 2¢. Hence,
by Theorem 5.1, there exists a filling S, € I;,(Y) of T, with support in X such that

M(S,) < CM(S,) < CM(S) +2Ce

and spt§, C B(Z',2Cn) C B(Z,3Cn) for some constant C > 1 only depending on the
data of X. It follows that § := S + S is a filling of T with support in X and satisfying
sptS c B(Z,3Cn) and

M(S) < M(S ) + M(S2) < CM(S) +2(C + 1)e < 2CM(S),

where the last inequality holds provided £ > 0 was chosen small enough.
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In order to prove the last statement in the theorem, suppose Y is a Banach space.
SetR; =8, —S’ -5 L {o > r} and notice that R, is an integral cycle of mass at most
Se and with support in B(Z,2n). Therefore, if € > 0 was chosen sufficiently small,
then R; has a filling W € I;1»(Y) with M(W)) < 5¢ and spt W| C B(Z, 3n), compare
with the observation at the beginning of the proof. Moreover, by Theorem 5.1, there
exists Wo € I;4o(Y) with W, = S, — S, and sptW, C B(Z,3Cn) and such that
M(W>) < 3nCM(S,). Consequently, if € > 0 was chosen small enough, the integral
current W := W, + W, satisfies 9W = § — S, has support in B(Z, Cny) and mass bounded
by nC M(S) for some C only depending on the data of X. This concludes the proof of
the case k > 2.

If £k = 1, then M((T, o, r)) is a non-negative integer satisfying M((T,0,r)) < &.
Hence, (T,0,r) =0 and it follows that Ty =T L {o>r}, To =T L {0 < r} and (S, 0, r)
are integral cycles. Now, the same reasoning as in the proof of the case k > 2 yields
a filling S of T with the desired properties and, if Y is a Banach space, a filling W of
§ — S with the desired properties. This completes the proof when k > 1.

We finally treat the remaining case k = 0. Let o be as above. Similarly to the case
k = 1 there exist arbitrarily large » > 0 such that (S, p,r) = 0. Thus, there clearly
exists r such that the integral current S’ := S L {o < r} satisfies S’ = S and has
bounded support. Therefore, applying Theorem 5.1 to S’ we obtain a suitable filling
of dS in X. The moreover part can easily be proved as above. O

We can finally prove Theorem 1.1.

Proof of Theorem 1.1. Let X and Y be as in the statement of the theorem and let T €
I,,(X) be a non-trivial cycle for some m = 0, ..., k. By replacing Y by {.(Y) we may
assume that Y is quasiconvex and has (El;). In particular, Fillvoly(T) is finite. To apply
Theorem 5.3, we must find a filling S € I,,,41(Y) of T with M(S) < 2 Fillvoly(T) such
that sptS c B(spt7,n) for some finite 7 > 0. When m > 1, Lemma 3.7 implies that
such an § exists. When m = 0 then for any filling S of T with M(S) < 2 Fillvoly(T)
one constructs a filling of 7" with smaller mass and bounded support by restricting S
to a suitable ball as at the end of the proof of Theorem 5.3. In either case, we apply
Theorem 5.3 to S to show that there exists a filling § € I,,.1(Y) of T with support in
X such that M(§) < CM(S) < 2C Fillvoly(T) for some constant C depending only on
the data of X. This completes the proof. O

5.2. Proof of Theorem 5.1. Let Z, X, Y, S, i be as in the statement of Theorem 5.1.
We may of course assume that dS # 0 and thus & < dimy(Z); see Section 3.1. By
possibly embedding Y isometrically into £.,(Y) we may assume that Y itself is a Banach
space. In particular, Y has (LC,)) and (EI,) for all n € N, with constants only depending
on n (see [42]). Let o: Y — R be the distance function from the set Z.

Lemma 5.4. We may assume that
ISI{e < r}) <r(k+ HM(@DS) and M(I(S L {o > r})) <M(S) 5.1
for almost every r > 0 small enough.

Proof. 1t is clearly enough to find a metric space ¥ containing ¥ and a current § €
I+1(Y) satisfying the properties stated in the lemma and with S = 4S5, M(S) <
2M(S) as well as sptS c B(Z,2n).
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Let 0 < & < 77 be so small that e(k + 1) M(9S) < M(S). We define ¥ := [0,] X Y
and identify Y with the subset {0} X Y C Y. We set

S =[el xS —[0,&] xS. (5.2)
Clearly, S e L (Y) and 88 = [[0] x 8S. It follows from Lemma 3.5 that
M(S) < M(S) + ek + 1) M(S) < 2 M(S).

Since sptS C [0, e] x sptS, we infer sptS C B(Z,2n). We now show that S satisfies
(5.1). Let 9: Y — R denote the distance function from Z. We claim that

SL{<r=-[0,r] xS (5.3)

for every r € (0, £). To simplify the notation, we set Q, := [0, r] x dS. To establish
(5.3), it suffices to show that Q. L {0 < r} = Q,, as spt([e]l X §) C {&} x sptS and
thus ([e]l X S) L {0 < r} = 0 for all r € (0,&). Choose a sequence £;: R — [0, 1] of
Lipschitz functions such that £; — 1o, in L'(R) as j — oo. Letting 9 j=Ljoowe
observe that 0; — 1< in L'(Y,]10:l) as j — co. Moreover, using that 0j; =tj(t)on

Z, we find that Qg(@j 7, MT1s - - - s Mit1) 1S equal to
k+1 & 9
. T
Z}(—l)Hrl f () - 5S(ﬂ0za—;t,ﬂ1t> e T =1 T )t - - - >7T(k+1)t) dt
0

i=1
for all (mg, . .., mi1) € DFF1(Y). Hence, by letting j — oo, we obtain Q,L {0 < r} = O,
and (5.3) follows. Because of (5.3), we have

IS 12 < r}) = M0, 7]l X 8S) < r (k + 1) M(3S),
M(AS L {p > r}) = M([7] x 8S) = M(3S)
for every r € (0, £). This completes the proof. O

Next, denote by n the Nagata dimension of Z. By applying Theorem 4.1 with B =
B(Z,n), we obtain an (n + 1)-dimensional simplicial complex X equipped with the £5-
metric and maps f: ¥ — Y, g: Y\ Z — X, and h: £ — Y with &(Z©) c Z satistying
the properties listed in the statement of that theorem. In particular, X is quasiconvex,
g(B\ Z) C X and h is Lipschitz on Z. For the remainder of this section we denote by C
the constant of Theorem 4.1. Notice that C does not depend on the diameter of Z, but
the Lipschitz constant of 4 might.

For almost every r > 0O the current S, = S L {o > r} belongs to I;;;(Y) and
spt(dS ;) C {o = r}. Fix a decreasing sequence (r;) of positive real numbers converging
to zero such that S, € Ir.1(Y) and (5.1) holds with r = r; for all i > 1. Notice that S,
is supported on {o > r;} and g is Crl.‘l-Lipschitz on this set, so the current 7 = guS,,
is well-defined and an element of I (X). Let P; € P (ZEFDY, R} € I;41(2), Q) €
I;.2(2) with

S;=P;+R;+30; 5.4
be the integral currents obtained by applying the deformation theorem (Theorem A.2)
to §7. Further, let A,, and T, be the homomorphisms from Proposition 3.8 and define

P; = Np1(P) € L (X). (5.5)

In what follows, we will show that the sequence (P;) converges to a filling of 7 which
has the desired properties.
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To keep track of the constants, we denote by K the maximum of the constants ap-
pearing in Theorem A.2 and Proposition 3.8. By construction, K depends only on the
data of X and on the Nagata dimension and constant of Z. The next two lemmas show
that the P;’s defined in (5.5) have uniformly bounded mass and boundary mass and the
sequence (0P;) converges weakly to S .

Lemma 5.5. For all sufficiently large i > 1 we have spt P; C B(Z,Cn) as well as
M(P;)) <CM(S) and M(OP;) < CM(HS),
where C is a constant depending only on n, C and K.
Proof. For each o € F41 for which P/ L o # 0 we have
0#M(P;L0o) < KM(S;L sto) = K M(g#(S,, L g ' (sto))).

In particular, g N (sto)NB(Z,n) is nonempty, and so 7, = d(Z, g~ !(sto)) satisfies r, <
n. It furthermore follows from Theorem 4.1(4) that r, > 0. Since g‘1 (sto) c{o=ry}
and gis C r;l -Lipschitz on {po > rs} it follows with the above that

M(P,L o) < KC %D M(S,, L g7 (st o),
Since Al is Cr,-Lipschitz, we conclude
M(Ars1(P) L o)) < KCH A M(P L o)
< K2C*DM(S, L g7 (sto)).

Summing over all o € ¥4 and observing that each open simplex in X is in the open
star of at most C,, different (k + 1)-simplices we obtain

M(P) < CoiK*C* D M(S,,),

and hence M(P;) < CM(S) for all i large enough, where C := 2C,K>C>***D_ The
same argument as above shows that for each o € F; we have

M(A((OP)) L o)) < K*C* M((8S,,) L g~ (st o).
From this one concludes as above that
M(OP;) < C, K>C* M(3S,,) < CM(HS).
Finally, for every o for which P} o # 0 we have Lip(h|,) < Cr, < Cn and therefore
spt(Ag+1(P; L o) € B(h(c™), KCn) < B(Z, Cy).
This shows that spt P; ¢ B(Z, Cn) and completes the proof. O

Lemma 5.6. We have Fillvoly(0S — 0P;) — 0 as i — oo. In particular, the sequence
(OP;) converges weakly to 0S .

Proof. Since 0P = 8S; — OR;, we find
h4(OP)) = d(hyS ) — (h4R]) = O(fsS,) — H(R))
and thus, by Proposition 3.8,
S — 0P; = 0S — A(OP)) = dS — hy(OP;) — L' (OP))
= 0(fy(S — S},)) + d(hyR)) — OT((OP;) =: DA;.
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It follows that
Fillvoly(0S — 0P;) < M(A;) < M(fu(S - S,.)) + M(h#Rl’.) + M(rk(apg)).

We claim that there is a constant C > 0 such that for every i each term on the right
hand side in the inequality above is bounded by Cr; M(8S). Clearly, we have

M(fi(S = S;)) < CTM(S = §,,) = C*ISTI(e < i) < ¥k + 1) r M(@S),
where we have used (5.1) in the last inequality. Next, set M; := spt R, and observe that
M; c Hull(sptdS’) c Hull(g(sptaS,,)) c Hull(g({o = ri})). (5.6)

Thanks to Theorem 4.1(3), & is Cr;-Lipschitz on every o € F for which the set
sto N g({o = r;}) is nonempty. It thus follows from (5.6) and Proposition 4.2 that
lip(hlp,)(x) < Cr; for all x € M;, and so, by Lemma 3.3, we get

M(h4R}) < CHATM(R) < KCHA I M(9S )
and hence M(h4R)) < K C2+1r, M(DS). Finally, one calculates exactly as in the proof
of Lemma 5.5 that for each o € ¥,
M(T((0P) L o) < K2C?* r; M((8S,,) L g7 (st o))
and
M(T1(0P)) < CrxK*C*r; M(3S).

Thus, M(A;) — 0 as i goes to infinity. This proves the claim and completes the proof.
m]

The proof of all except the last statement of Theorem 5.1 can now easily be con-
cluded if we can show that (P;) has a weakly converging subsequence, which we will
show in the following lemma. Indeed, if a subsequence of (P;) converges weakly to S,
then S belongs to I, 1(X) and satisfies

M(S)<CM(S) and sptS c B(Z Cn),

as follows from Lemma 5.5, the closure theorem [3, Theorem 8.5], and the lower
semi-continuity of mass. Moreover, we have S = S thanks to Lemma 5.6, and thus
S satisfies the properties stated in Theorem 5.1.

Lemma 5.7. The sequence (P;) has a weakly converging subsequence.

Notice that when X is proper the lemma follows directly from Lemma 5.5 and the
compactness theorem [3, Theorem 5.2].

Proof. Fix r > 0, let A, be the collection of all o € ¥4 satisfying r, > r, and denote
by A, the union of all simplices in A,. We first claim that the set {P] L A, : i > 1}
contains only finitely many elements. To see this, let o € A, and notice that P} L o =
07 [o] for some 67 € Z. By (A.2) we have

Z(A)-167] = M(P, o) < K M(S|L stor) =: KM, (5.7)

where .Z(A) denotes the Lebesgue measure of the Euclidean (k + 1)-simplex A. By
construction, there exists iy > 1 depending on r such that for all o € A, and all
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i, j > ip we have S7L sto = S;.l_ sto. In particular, M7 = M =: M for all i > i.
Furthermore, since M? # 0 for at most countably many o € A,, we see that

DIMT= ) MS;Lsto) <Cox D, M(S) L intt) < Cue M(S}) < o0,

oeA, oA, TEF, r>r
where we have used that each open simplex in X is in the open star of at most Cy,x
different (k + 1)-simplices. Thus, the collection C = {0 € A, : KM > Z(A)} is
finite and letting M := sup /4, M7 < o, by virtue of (5.7) we find that for all i > iy,
07 =0if o ¢ Cand |07 < KM for all o € C. This implies our first claim.

Next, we claim that for almost every » > 0 small enough and every i sufficiently
large we have

Z M(Aws1 (P, L o) < CrM(8S),
T€F i1\ A,

where C only depends on n, C, and K. Indeed, the proof of Lemma 5.5 shows that

M(Ars1(P) L o)) < K2C*DM(S,, L g7 (st o).

Summing over all o € Fi41 \ A, and noting that g‘l(st o) C {0 < Cr}, because of
Theorem 4.1(4), yields

D M(Ai(PlLo) < Cuuk2C** V)18 e < Cr,
o€Fi1 \ Ay
and together with Lemma 5.4 we obtain the second claim.

Finally, it follows from the first claim and a standard diagonal sequence argument,
that (P}) has a subsequence (P;(m)) with the following property. For every r > 0 we
have

Piny =Py = D Pl = Phom) @
T€F i1\ A,
for all m, m, sufficiently large (depending on r). This together with the second claim
shows that for every r > 0 sufficiently small, the mass of P,y — Pjin,) is bounded by

DT ML (Pl L 0)) + M(Aki1 (P, L o)) < 2Cr M(3S)
0-67—-/(+1 \ﬂr

whenever my, m; are sufficiently large. Consequently, (P;(,) is a Cauchy sequence in
My, 1(X) and, in particular, is a weakly converging subsequence of (P;). O

The following lemma proves the last statement in Theorem 5.1.

Lemma 5.8. If Y is a Banach space then there exists W € i o(Y) with OW = § — §
and such that
M(W) <nCM(S) and sptW C B(Z,Cn)

for some C depending only on n, C and K.

Proof. Let H: [0,1] X Y — Y be the straight line homotopy defined by H(¢,y) =
(1 — 8y + tf(y). Since sptdS C Z and H(t,z) = z for every z € Z it follows that
Hy([0, 1] x0S) = 0 and thus, by Proposition 3.4, the integral current V := Hy([[0, 1] X
S) satisfies dV = faS — S. We have d(y, f(y)) < (C + 1)n for every y € B(Z,n) and
thus, by Lemma 3.5,

M(V) < (k +2)C*(C + D M(S)
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as well as
sptV c H([0, 1] x sptS) C B(Z,(C + 1)Cn).
Fix i sufficiently large, to be determined later. By (5.4) and Proposition 3.8 we have
P;i = fuS ), + Tk(OP}) — hyR; + OTy1(P)) — 0hy Q) = fuS — Aj + 0Tk (P}) — 0hyQ],
where A; is as in the proof of Lemma 5.6. Hence,
S -8 =(8 -P)—Ai +ks1(P)) — Ohy Q' + OV. (5.8)

Using the same arguments as in the proof of Lemma 5.5 one easily shows that I'y.1(P})
and hyQ/ are supported in B(Z,Cn) and satisfy M(h4Q}) < nCM(S) as well as
M(Tk11(P})) < CnM(S) for some C depending on , C and K.

It follows from the proof of Lemma 5.7 that, after passing to a subsequence, P;
converges to S in mass, so we can take M(S — P;) arbitrarily small. By the proof of
Lemma 5.6, M(A;) converges to zero as i tends to infinity. Moreover, (5.8) implies that
§ —P;—A; is a cycle whose support is contained in B(Z, C1). Hence, by Lemma 3.7 and
the remark following it, we can choose an arbitrarily large i such that S — P; — A; has a
filling U € I;;2(Y) satisfying M(U) < nC M(S) and spt U C B(Z,2Cn). Consequently,
the integral current W := U + I't11(P)) — hy Q) + V satisfies W = S — S as well as
M(W) < nCM(S) and spt W C B(Z, Cn) for some C depending on n, C and K. |

6. APPROXIMATING FINITE-DIMENSIONAL SPACES BY SIMPLICICAL COMPLEXES

The aim of this section is to prove Theorem 1.6 from the introduction. To this end,
we first establish the following approximation result:

Proposition 6.1. Let X C Y be metric spaces such that X has Nagata dimension < n
and Y is Lipschitz (n — 1)-connected for some n > 0. Then there is a constant C such
that for every € > O there exist a simplicial complex X equipped with the €,-metric and
maps y: X — X and ¢: X — Y with the following properties:

(1) o) c X, Hull(y(X)) = X and X has dimension < n;
(2) ¢ is Cs™'-Lipschitz and ¢ is Ce-Lipschitz on every o € F;
(3) @ o is C-Lipschitz and d(x, o(y(x))) < Ce for all x € X.

The constant C depends only on the data of X and Y.

Notice that in the case n = 0, we do not impose any assumption on the Lipschitz
connectedness of Y. If X C Y is a closed subset such that X is Lipschitz k-connected
for some k < n, then we can choose ¢ such that, in addition, (,0(2("”)) C X. The proof
of Proposition 6.1 is similar to the proof of the factorization theorem in Section 4.

Proof of Proposition 6.1. Let ¢ denote the Nagata constant of X. Fix &€ > 0 and let
B = (Bj)ies be a ce-bounded covering of X with e-multiplicity n + 1. We begin by
constructing a map ¢: X — X(I). For each i € [ we define 7;: X — Rvia x —
max{5 — d(x, B;), 0}. If 7;(x) > 0, then there is b; € B; with d(x, b;) < §; consequently,
for any x € X there are at most (n + 1) indices i € I such that 7;(x) > 0, as B has
e-multiplicity n+ 1. We set T(x) = ;7 Ti(x). Clearly, T(x) > O for every x € X. By the
above, ¢: X — X(I) given by x ‘T'(x)‘l(‘z'i(x))iE ; is well-defined and X := Hull(y/(X))
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is an n-dimensional simplicial complex. In what follows, we equip X with the £;-
metric and view i as a map from X to £. One calculates exactly as in the proof of
Theorem 4.1 that for all x, x” € X,

4n+1)

7(x)
Since B is a covering of X, it follows that 7(x) > £ for all x € X, so by the estimate
above, ¢ is Coe~!-Lipschitz, as desired.

Next, we construct ¢: X — Y. As Y is Lipschitz (n — 1)-connected, the same
argument as in the proof of Theorem 4.1 yields a map ¢: ¥ — Y such that h(e;) €
B; and Lip(¢l,) < CjLip(¢l|, ) for every o € F(X). Here, C; denotes a constant
depending only the data of X and Y. Fix o € ¥ and let ¢;, e; be two vertices of o.
Clearly, there is x € Y~ !(sto) such that 7;(x) > O and 7 j(x) > 0. We obtain

r(x) = y(x)] < d(x, x').

d(gler). gle)) < d(plen. x) + d(x. ple;)) < 2ce + 2,

since B is ce-bounded. Hence, by the above, ¢ is Cpe-Lipschitz on o, where C; =
V2(c + 1)C;. We proceed by showing (3). Let § := g o . Fix x € X and let o € ¥ be
the unique simplex such that y/(x) € into. Since there exists some i € [ with 7;(x) > 0,
we find that

d(6(x), x) < d(6(x), p(e)) + d(p(ei), x) < Czé, (6.1)

as ¢ is Cre-Lipschitz on o and d(g(e;), x) < ce + 5. In particular, if d(x, x") > ¢, then
(6.1) yields d(6(x), 6(x")) < C4d(x,x"), where C4 = 1 + 16C3. Now, suppose that x,
x" € X satisfy d(x,x’) < ¢, and let o, 0’ € F denote the unique simplices such that
Y(x) € into and ¥(x") € into’, respectively. If x € B; for some i € I, then 7;(x") > 0;
thus, cNo’ # @. There is p € oNo’ such that |y (x)— p|+|p—y(x')| < 2nlY(x) — (X)),
and we can estimate

d(6(x), 6(x')) < d(8(x), p(p)) + d((p), 6(x')) < Caz (W(x) = pl + |p = w(x')]).

Hence, d(6(x),8(x")) < 2CoCond(x,x’), for ¢ is Coe~'-Lipschitz. By setting,
Cs = 2CyCrC4n, we conclude that § = ¢ o i is Cs-Lipschitz, as desired. We put
C = max{C; : i = 0,...,5}, which does not depend on &. This finishes the proof of
Proposition 6.1. O

We conclude this section with the proof of Theorem 1.6.

Proof of Theorem 1.6. By Proposition 6.1 there is C > 0 such that for every £ > 0
there exist a simplicial complex X of dimension < n equipped with the {,-metric and
maps ¢: X — X and ¢: £ — Y such that statements (1) — (3) of Proposition 6.1 hold.
Fix £ > 0. Notice that y/(X) is rectifiably connected and every z € X lies in a simplex of
% which intersects /(X), so X is also rectifiably connected. Let d. be the length metric
on X, scaled by the factor ¢ - 2712 Thend, is a length metric and (%, d;) satisfies (1).
In the following, we show that ¢ : X — (£,d;) and ¢: (£,d;) — Y have the desired
properties.

Let x, x" € X and let @ be a curve in X from x to x” satisfying €(@) < cd(x, x"), where
c is the quasiconvexity constant of X. Then

V2 d(W(x), y(x)) < ey 0 @) < Cl(a) < Ced(x, X').
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This shows that ¥ : X — (X,d;) is 2-1/2. Cc-Lipschitz. Next, let z,z’ € Z. It follows
from Proposition 4.2 and Lemma 2.4 that for every curve vy in X connecting z and 7’
we have d(¢(z), ¢(z')) < Cel(y). By taking the infimum over all such curves y, we
conclude

d(¢(2). p() < CV2dy(z, ).
In particular, the map ¢: (2,d,) — Y is CV2-Lipschitz and it is clear that ¢ and ¥
satisfy condition (2) and the remaining statements in the theorem. O

7. DEFORMATION THEOREM IN SPACES OF FINITE NAGATA DIMENSION

The aim of this section is to prove Theorem 1.4. The proof will rely on Theorem 1.6
from the introduction and the deformation theorem for bilipschitz triangulated metric
spaces (see Theorem A.2). We follow the proof strategy outlined in Section 1.4.

Let X be as in Theorem 1.4. We define Y := £, (X) and view X as a subset of Y. By
Theorem 1.6 there is a constant C > 0 depending only on the data of X such that for
every € > 0 there exist a metric simplicial complex £ and C-Lipschitz maps ¢: X — X
and ¢: X — Y such that (1) and (2) of Theorem 1.6 hold. Fix € > 0. Let A, and I';;, be
the homomorphisms from Proposition 3.8 when applied to ¢. These homomorphisms,
satisfy

MAu (o) < Ce™, M(T,([o ) < Ce™*!
and spt A,,([o]), sptTu([o]) © B(e(c @), Ce) for every m = 0,...,k + 1 and each
m-simplex o in X. The proof of Theorem 1.4 relies on the following two auxiliary
lemmas.

Lemma 7.1. For every subset A C X we have o(Hull(y/(A))) C B(A, Ce). Moreover, if
0 € P,(2) has support in Hull(y/(A)), then
spt(Am(Q)), sptl'm(Q)) C B(A, Ce),
where C is a constant only depending on the data of X.
Proof. Let A C X be a nonempty set and let z € Hull(¥/(A)). Then there exists x € A
such that y¥(x) and z lie in a common simplex in Hull(¥(A)). In particular, we have
d(z,¥(x)) < € and hence
d(p(2), x) < d(e(z), p((x))) + d(e(Y(x)), x) < 2Ce.
This implies that ¢(Hull(¥(A))) € B(A,2C¢), as claimed. In order to prove the second
statement, let o ¢ Hull(y/(A)) be an m-simplex. Since ¢(c?) c B(A,2C¢) it follows
from Proposition 3.8 that
spt(An(lo])), sptTu(llol)) € B(A, 3Cé).
This implies the second statement. O

Lemma 7.2. The triple (X, ¢|so, As), where A, = {Ag, A1, ..., Ay}, defines a (k, €)-
polyhedral structure with a constant only depending on the data of X.

Proof. We only need to show that ¢|s0 has the desired properties. Let z,w € X(©.
Then there exist x,y € X such that z and y/(x) lie in a common simplex and w and ¥ (y)
lie in a common simplex. In particular, we have

d(p(2), p(w)) = d(p((x)), e () — d(p(2), p(P(x))) — d(e(w), p(Y()))
>d(x,y) —4Ces.
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Moreover, for every x € X we have
d(x, o)) < Ce + d(pW(x)), pE)) < Ce + Cd(W(x), =) < 2Ce.

This completes the proof. O
Now we are in a position to prove Theorem 1.4.

Proof of Theorem 1.4. In what follows, C and C’ will denote constants depending only
on k and the data of X and they may change from one appearance to another. Let
Il <m<kandletT € L,(X). Define T’ := 4T and write T’ = P’ + R’ + 0S’, where
P’, R’, S’ are as in Theorem A.2. If m is strictly larger than the dimension of X then
T’ = 0 by the comment after Theorem A.2 and in this case we let P, R’, and S’ be the
zero currents. Define P := A,,(P’). By Proposition 3.8 and Theorem A.2 we have that

M(P) < CM(T), M(0P) < CM(OT).

Moreover, spt P’ ¢ Hull(y/(spt T')) and spt 9P’ ¢ Hull((spt 0T)) and thus Lemma 7.1
implies that

sptP C B(sptT,Ce), sptdP c B(sptdT, Ce).
Now, let H: [0, 1] x X — Y be the straight line homotopy
H(t,x) = (1 = )x + to(x)).

The integral currents in Y defined by U = H([[0, 1] X 0T) and V = Hu([[0, 1] X T)
satisfy

T —psT' =-U -0V
and, by Lemma 3.5, M(U) < eC M(dT) and M(V) < eC M(T). Moreover, we have
sptU c H([0, 1] x sptdT) C B(sptdT,Ce)
and similarly spt V € H([0, 1] X sptT) C B(spt T, Ce). Proposition 3.8 yields
ouP’ = P =0, (P") —T_1(OP")
and hence
T=T-@sT" +@sT' =-U -0V +@sP" + o4R' + dpsS’ = P+ R + 03,
where we have set R = wsR’ — U —T'}—1(0OP") and S = puS’ =V —T,,(P"). A direct
calculation shows that

M(R) < e CM(OT), M(S) < e CM(T).

Moreover, Lemma 7.1 implies that spt R c B(spt T, Ce) and sptS c B(spt T, Ce).

Since R = (T — P) is supported in X, Theorem 5.3 implies the following two
statements. There exists R € L,(X) with AR = R and such that M(R) < CM(R) <
£C’ M(OT) as well as spt R C B(spt 8T, Ce). Moreover, there is S € I,,,,1(Y) satisfying
dS =R - Rand

M(S) < eCM(R) < £2C' M(T)

as well as sptS c B(sptdT, C’). By construction, T = P + R + d(S + §) and hence
A(S + S) is supported in X and satisfies

spt(S +8) c B(spt T, Ce).
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Thus, by Theorem 5.3, there exists S € L, 1(X) with S = 4(§ + $)and
M(S) < CM(S +8) < eC’ M(T) + £2C’ M(T)

as well as

sptS C B(sptT,C’¢).
SinceT =P+ R+3S =P+R+035 +3S = P+ R+ dS we have a decomposition as
in the statement of the theorem. O

Theorem 1.4 implies the following approximation result mentioned in the introduc-
tion.

Corollary 7.3. Suppose X is a complete metric space of finite Nagata dimension which
has (LCy) for some k > 1, and let T € 11(X). Then there exists a sequence of Lipschitz
k-chains in X such that the induced integral currents T; satisfy F x(T — T;) — 0 as
i — oo and

sup [M(T;) + M(T;)| < oo.
If T is a cycle, then the T; are ;ycles and Fillvolx(T —T;) » 0asi — oo.
In the above, .% x(T) is the flat norm in X of a current T € I;(X) and is defined by
Fx(T) =infMU) + M(V): U e ;(X),V e ;;1(X), T = U + 9V}.

In any complete metric space, convergence with respect to the flat norm implies weak
convergence. Moreover, in metric spaces with local coning inequalities the two no-
tions of convergence are equivalent for sequences with uniformly bounded mass and
boundary mass (see [43] for more information).

Proof of Corollary 7.3. Since X has (LCy) the map ¢ constructed above satisfies
o(XZ**tD) c X; see Theorem 1.6. Moreover, the homomorphisms A,, in the poly-
hedral structure (Z, ¢ls®,A.) can be chosen such that A([o]) = ¢xllo] for every
m-simplex o. See the begining of the proof of Proposition 3.8. It thus follows that
Z(X) = {A(Q) : Q € Fr(Z)} consists of integral currents induced by Lipschitz
chains in X. Now, the corollary follows from Theorem 1.4. O

We finally turn to the proof of Corollary 1.5. Given k > 0 we denote the space
of Lipschitz k-chains in X by C,I;ip(X). Precisely, C,I;ip(X) is the free abelian group
generated by all Lipschitz maps ¢: A¥ — X, where AX is the Euclidean standard k-
simplex. We view C,I;ip(X) as a subcomplex of the singular chain complex of X and
equip it with the singular boundary operator ¢ (see, for instance, [22, Ch. 2.1]).

As already mentioned in Section 3, Lipschitz chains induce integral currents. In-
deed, if @ = Zﬁ\; | Oipi 1s a Lipschitz k-chain in X then

N
[all = ) 6 ol AT
i=1

is a k-dimensional integral current in X. Moreover, one has that d[[a] = [0a] for all
a € C,EIP(X). This can readily be verified by combining Stokes’ theorem for chains
with [3, Theorem 11.1]. The following lemma proves Corollary 1.5 in the special case
when 0T is induced by a Lipschitz cycle.
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Lemma 7.4. Let X be a complete metric space of finite Nagata dimension and let
T € Iix(X) for some k > 1. Suppose that there is a cycle § € C,Eipl(X) such that

OT = [0]. If X has (LCy_1) then for every € > O there exists o € C]IC‘iP(X) such that
do=6 and M(T - o] < e.
We proceed with the proof of Corollary 1.5.

Proof of Corollary 1.5. Let & > 0 and k > 2. By Lemma 7.4, there exists o’ € C,fiﬂ X)
with 9o’ = 0 and M(IT - [0']) < &. Using Corollary 1.2 we find that X has (El;_;),
and thus there is §” € It(X) satisfying 8S” = 4T — [¢'] and M(S") < D&"/* =D Let
T" =T —S’. Then 0T’ = [[¢’], and so by Lemma 7.4 there exists o € C,EIP(X) with

0o = 0’ and M(T"’ — [[o])) < €. Therefore,
M(T - [[e]) < e+ M(S') < 2De
M(OT - dllel) = M@T - [[@']) < &.
This completes the proof in the case when k > 2. If k = 1, then 0T € Iy(X) and

thus there are finitely many x; € X and 6; € Z such that 0T = }; 6;[[x;]. In particular,
0T = [[4] for some cycle 6 € CIO“IP(X). Hence, by Lemma 7.4, for every € > 0 there

exists o € Cll“ip(X) with 9o = ¢ and M(T — [[¢])) < &, as desired. m|

Thus, we are left to prove Lemma 7.4. The main components in its proof are The-
orem 1.6 and [50, Lemma 3]. Moreover, we will need the following straightforward
approximation result.

Lemma 7.5. Let X be a complete metric space and let T € It(X) for some k > 1. If X
has (LCy-1) then for every € > 0 there exists @ € C,I;'p(X) such that M(T — [[a]) < &.

Proof. Let K ¢ R¥ be a compact subset and ¢: K — X a Lipschitz map. Due to [3,
Theorem 4.5] and the inner regularity of the Lebesgue measure on R¥, to prove the
lemma it suffices to show the following statement: for every € > 0 there exists a €

C,Eip(X) such that M(px[[K] — [@]) < &. Fix € > 0. By a straightforward construction,
we find finitely many k-cubes Q; C RX such that K c UQi, intQ; NintQ; = @
whenever i # j, and JZ%(J Q;) < H#*(K) + £. Clearly, there exists y € Ckip(Rk)
with [y] = Y [Q;]. Now, since X has (LC_) there is a C-Lipschitz map ¢: RF 5 X
extending ¢, and so by letting @ := @,y, we obtain

M(e+IK1T - [e]) < C*M(IKT - ) [0/) < C*e,
where in the first inequality we used that g4[ K] = @4[K]. O

The proof of Lemma 7.4 will use the following construction. Let X be a simpli-
cial complex. By choosing a total ordering on the vertices of X, we can construct an
isomorphism from &2,(Z) to a subcomplex of C];lp (2). Namely, for every k and every
k-simplex o of X, there is a unique isometry ¢, : A* — X that preserves the ordering of
the vertices. The ordering also lets us fix an orientation for o so that [o] = (¢ )# [A*].
Let g: 2(%) — C;P(Z) be defined by

o Y 0-100) = Y o (7.1)
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Then ¢ is a homomorphism of chain complexes and [¢(P)] = P for any P € &.().

Proof of Lemma 7.4. By Theorem 1.6 there exists C > 0 such that for every € > 0
there are a metric simplicial complex X = X(g) and C-Lipschitz maps ¢: X — X and
0: 0 5 x satisfying the properties listed in Theorem 1.6. Fix &9 > 0. By Lemma 7.5
there exists @ € C, (X) with M(T - [&]) < &o. Let @ = & — 6. Then da = 0, and
thus by [50, Lemma 3] there is a ¢, > 0 such that for every € > 0 there are y € C,Elp(E)
and A € C;P(X), and a (k — 1)-cycle o’ € C;""(2), such that [a’] € Z2}_1(Z) and

dy = yu(a) - o/, M([y]) < cee,
01 = a — pu(a), M([A]) € cqe.

After fixing a total ordering on the vertices of X, we may suppose that @’ = ¢([’]),
where ¢ is as in (7.1).

Fix & > 0 small enough such that ¢,& < &j. The boundary of 77 = yu([&]-T)—[y]
is equal to [@’] and one has M(T”) < C*eg + 9. Now, on account of Theorem A.2,
there exist P’ € i (X) and S’ € I}, () with T’ = P’ + S’ and such that M(P’) <
KM(T"), where K is a constant depending only on the Nagata dimension of X. Let
B:=q(P)e C,E‘P(Z) and 0 == & — 1 — @4(B). Then 98 = q(OP’) = q([’]) = ', and so
0o = 6 and

M(T - [[o]) < &0 + ca& + CKM(P’) < 2&0 + (C*K) - M(T") < Cey,

where C is a constant which is independent of &. O

APPENDIX A. DEFORMATION THEOREM IN BILIPSCHITZ TRIANGULATED METRIC SPACES

The aim of this appendix is to provide a detailed proof of the classical Federer-
Fleming deformation theorem in the setting of metric spaces admitting a bilipschitz
triangulation in the sense below. In fact, we establish a version of the deformation
theorem which moreover includes local mass estimates. Such estimates are of crucial
importance in the proofs of Theorems 1.1 and 1.4.

Definition A.1. A metric space X is said to admit an (n, D, &)-triangulation, where
D > 1,n € N, € > 0, if there exist an n-dimensional simplicial complex X and a
homeomorphism p: £ — X which is D-bilipschitz on every o € ¥ if Z is equipped
with the scaled ¢;-metric such that each simplex has side length e.

Notice that in a path-connected simplicial complex the £>-metric and the length
metric induce the same topology and they agree on each simplex. Thus, for path
connected spaces X the definition above could equivalently be stated with the scaled
{>-metric replaced by the scaled length metric on X. If X is quasiconvex then the
homeomorphism p: ¥ — X in the definition above is a bilipschitz homeomorphism
when X is equipped with the scaled length metric; see Corollary 4.3.

We will use the following notation for simplices in (1, D, €)-triangulated spaces. A
subset oo C X of a metric space X admitting a triangulation p: £ — X in the sense
above is called k-simplex in X if p~!(0) ¢ X is a k-simplex. We denote by F the
family of simplices in X and by 7 the collection of k-simplices in X. For every oo € ¥
we write int o := p(int p~!(0)) to denote the relative interior of o in X. Given o € F,
the set

sto = U{intr :TeF and o C T}
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is called the open star of o. Further, the hull of a subset B C X is the union of all
simplices o € ¥ such that into N B # @ and is denoted Hull(B). For £ > 0 we denote
by #(X) the abelian subgroup of I;(X) generated by currents of the form px[o]l,
where o C X is a k-simplex.

Theorem A.2. Let X be a c-quasiconvex (n, D, €)-triangulated metric space. Then
there is C = C(c,n, D) > 0 such that for every k = 1,...,n and every T € I;(X) there
exist P e P (X),Re (X)), and S € I, 1(X) withT = P+ R + 0S and

M(P) <CM(T), M(0P)<CM(T), (A.1)
M(S) <eCM(T), M(R)<eCM(T),

as well as spt R, sptdP c Hull(spt 0T) and spt P, sptS C Hull(sptT). Moreover,

IPl(inte) < CIT|(stor),  [l9Pl|(into) < CIAT (st o), (A2)
ISllinto) < eCITli(sto),  [IRll(intor) < & C10T||(st o)

forall o € F.

If X is as in the theorem and T € I;(X) for some k > n then T = 0; see Remark A.6.
Hence, the statement of the theorem holds also in this case with P, R, S equal to zero.

If M is a smooth Riemannian manifold of dimension » admitting a geometric group
action by isometries, then M admits an (n, D, £)-triangulation for every € > 0, where
D > 1 depends only on M. For such manifolds a variant of Theorem A.2 without the
local mass estimates was established in [15, Theorem 10.3.3]. We furthermore remark
that any n-dimensional smooth Riemannian manifold of bounded geometry admits an
(n, D, &)-triangulation for every € > 0, for some D > 1 depending only on »n and the
parameters of bounded geometry (see [6] and the references therein).

We prove Theorem A.2 by analyzing radial projections from simplices of X to their
boundaries. Let A™ be the Euclidean standard m-simplex and denote by o € int A™
and r,, > O the incenter and inradius of A™, respectively. There exists K > 0 only
depending on m with the following property. If b € A" N U(o, r,,/2) then the radial
projection g : A™ \ {b} — AA™ with center b is Kr~'-Lipschitz on A™ \ U(b, r) for
every r > 0. The radial projection g is homotopic to the identity map on A™ by a
straight-line homotopy 4. Like the radial projection itself, the Lipschitz constant of
h depends on the distance from b, but Proposition A.3 below gives conditions under
which we can define the pushforward of T under o, and the pushforward of [0, 1] X T
under #.

A.l1. Limit homotopy formula. Let X be a complete metric space and let L,& > 0.
Suppose that u: X — [0, 1] is 1-Lipschitz and %: [0, 1] X {u # 0} — X is a continuous
map which is Lipschitz on [0, 1] X {u > r} for every r > 0. Suppose furthermore that
lip h;(x) < Lu(x)™" and liph,(f) < Le for all t € [0,1] and all x € {u # 0}, where we
have abbreviated i, = A(t, ) and h, = h(-, x).

Letk > 1and T € Iy(X). Then T L {u > r} and (0T) L {u > r} are integral currents
for almost every r > 0 and thus Tj = hix(T L{u > r}) fori=0,1 and

S, = ha([0, 11 X (T L{u> 1), R = he([0, 11 X ((OT)L {u > r}))

are also integral currents. We will call such r > 0 admissible.
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Proposition A.3. Suppose {B;},. is a Borel partition of X (for example, the partition
of a countable simplicial complex into the interiors of its faces) such that for every
[>1,

fB u(x* dITI) < LITIBD, fB u(x)* dIaTI) < LIGTIBY).

Then there exist admissible r,, \, 0 such that Tﬁm — T R,, = R, S,, — S for some
TO T, R e Iu(X) and S € i 1(X) with

S +R=T"-T1°, (A.3)
and the following property holds for some C = C(L,k). If B C X is Borel then
IT'II(B) < CIITII(A), I0T*||(B) < CIIOTII(A), (A.4)

where A C X is the union of all B; such that By N hi_l(B) + @, and
ISII(B) < &C||IT||(A"), IRI(B) < e C||0T|I(A"), (A.5)
where A’ C X is the union of all B; such that B; N h;l(B) * @ for some t € [0, 1].

Proof. By the slicing theorem we have for every r > 0 that

2r
% f IEM(T u ) dr < r7 TN e < u < 2r)) < 26 f u(x)™ dlIT||(x).
’ {u<2r}

The last integral tends to zero with » — 0, so there exist admissible 7, ™, 0 such that

lim 7% M((T, u, r,n)) = 0.
m—oo

Set T,in = T;'m and observe that if / > m then Tli - T,in =h#s(TL_{r<u<r,}) and

OT| — 0T}, = hip((OT) L {r1 < u < 1)) + (T, ut, 1) — his(T, u, 17),

so Lemma 3.3 implies

M(T! - T')) < * f w0 dIIT)

{u<ry}

and

M(@T! - 9T < 14! f{ ' dlorco
U<ry

+ L7 MAT 1) + MG )|

The right hand side in both inequalities tends to zero as both m, [ — co, thus (Ti)isa
Cauchy sequence in N;(X) and hence converges to some 7" € Ni(X).
Next, set S, := S, and notice that

S1—=8m=hs([0, 1T X (T L{r; <u<rp))

for / > m and thus, by Lemma 3.5,

M(S; - S < (k+ 1)L’<+1af u(x)~* d|TI(x).

{u<ry}
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Since the integral on the right tends to 0 as m — oo it follows that (S ,,) is a Cauchy
sequence in Mg;1(X) and converges to some S € My,1(X). One shows analogously
that R, := R,,, converges to some R € M(X) as m — oo. Since

OSm =Ty, — Tpy = R + hy([0, 11 X (T, ut, 1))
by the homotopy formula and since
M(hg([0, 17 X (T, u, 1)) < ksLFrl = M((T, u, 1)) — 0

as m — oo, it follows that S + R = T'! — T°. From this we conclude that S € Ny, (X)
and R € Ni(X). As T,’;1, S m» Ry are integral currents for all m and the convergence is
in mass it follows that 7%, S, R are also integral currents.

Finally, if B C X is Borel and A C X is the union of all B; such that B; N hi_1 (B)#+ @
then, by Lemma 3.3,

ITEI(B) < LF f u(x) % d|ITN(x) < L T)I(A)
h7'(B)
and
10T I(B) < L*! f W) TN + L P MUT, w, 1),
h\(B)

which implies (A.4) upon taking m — oo. The inequalities in (A.5) are proved analo-
gously using Lemma 3.5. O

A.2. Special case of the deformation theorem. We will prove the deformation the-
orem by successive applications of the following proposition, which we prove by ap-
plying Proposition A.3 to a map from X to X which restricts to a radial projection on
each m-simplex.

Proposition A.4. Given m > k > 1 and D, c > 1 there is a positive constant C with
the following property. Let X be a complete c-quasiconvex metric space admitting an
(m, D, &)-triangulation and T € 1x(X). Then there exist P,R € I;(X) and S € I;41(X)
with spt P € XD and such that T = P + R + 8S as well as

M(P) < CM(T), M(OP)<CM(aT),
M(S) <eCM(T), M(R)<eCM(@T)

and sptR, sptdP c Hull(sptdT), and spt P, sptS C Hull(spt T'). Moreover,

IPllintor) < C[IT|i(sto),  |l0Pl|(intor) < C|IAT||(st o),
IS1i(into) < e CITl(stor),  [IRll(into) < e C AT |I(sto),

for every o € F.

Let 0 € int A and r,, > 0 be the incenter and inradius of A™ as above. As in [17],
one can establish that there exists K > 0 only depending on m such that if yy, y, are
finite Borel measures on A™ then there exists b € A" NU(o, r,,,/2) such that fori = 1,2,

f v = bI'™ dui(y) < Kui(int A™).
int A™
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Proof of Proposition A.4. Denote the metric on X by d. By possibly considering X
equipped with the metric £~'d we may assume that £ = 1. Let g: X — X be the inverse
of an (m, D, 1)-triangulation of X, and let T € I;(X). By the discussion preceding the
proof there exists, for every o € ¥, some point a, € into such that

f d(x,a,) ™" d|IT||(x) < KDM||T||(int o)
into

and
f d(x, ay)' 7% d||oT||(x) < KD"|6T||(int o).
into

Set Z := {a, : o € ¥} and define a 1-Lipschitz function u: X — [0, 1] by
u(x) = min{l, d(x, Z)}.

Set ¥’ = Zrc—’"D and observe that u(x) > r’ for every x € XD and if o € F,, then

min{d(x,a,), ¥’} < u(x) < d(x,ay)

for every x € o. With the above it follows that for every 7 € ¥ we have

f u(oy* dITII) < KT e ), f w0 AT < K0T (it )
intt intt

for some K’ = K'(D, m, c).
Let i: [0,1] X {u # 0} — X be the unique map such that for each o € 7,

q(h(1, %)) = (1 = Dg(x) + 104(a,)(q(X))

for all ¢ € [0, 1] and all x € o, where we have naturally identified g(o) with A™. We
have h(t,x) = x for all r € [0,1] and all x € X"V, so this is well-defined. Then
ho(x) = x and hy(x) € XD for all x € {u # 0}. Moreover, if A C {u # 0} then

h([0, 1] x A) c Hull(A)

and if o, 0’ € F are simplices such that 4([0, 1] X into”) Ninto # @ then ¢’ = o or
o’ is m-dimensional and contains o-.

Let t € [0,1] and x € {u # 0}. Then clearly we have liph,(f) < D?>. We next
show that lip /1,(x) < K”u(x)~" for some K”” = K" (D, m, c). For this, given y € X let
o(y) C X be the unique simplex containing y in its interior. Let x € {u # 0}. For all
y € X sufficiently close to x we have o(x) € o(y). If o(y) C X=D then hy(x) = x
and h,(y) = y and therefore d(h,(x), h,(y)) = d(x,y) < ru(x)™' - d(x,y). If o(y) is
m-dimensional then, letting b = g(a.(y)) and identifying g(o(y)) with A™, we have

d(hy(x), b)) < D((1 = ) lg(x) = O] + 1 lop(g() - 25(q(y))

tKD
min{d(x, a,),d(y, ay)} ) dx.),

which implies d(h,(x), h(y)) < D*(1 + tKD min{u(x), u(y)}"Dd(x,y). As a result,
liph;(x) < K”(1 + tu(x)™") < 2K”u(x)~! for some K" = K”(D,m,c). Next, since
{u < r} = U B(ae, r) for sufficiently small r > 0, it follows that {# > r} is quasiconvex
and hence, by Lemma 2.4, h is Lipschitz on [0, 1] X {&# > r} for sufficiently small r > 0.

Finally, let 7%, S ., R, be defined as at the beginning of Section A.1. By the properties
of h listed above, T® = T L {u > r}, sptT! ¢ X~V and spt T}, sptS, c Hull(sptT)
as well as spt R, c Hull(spt 9T) for almost every r > 0.

< 02(1 +
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By Lemma 2.1, it follows that g(Hull(spt T')) is a countable simplicial complex and
thus A = {into : oo € F and o~  Hull(spt T')} is countable. Applying Proposition A.3
with the countable Borel partition A U {X \ Hull(spt 7")} shows that there exists a se-
quence of admissible r; N, O such that the currents T;'X, S ., R, converge to currents
T!, S, R satisfying the properties listed in Proposition A.3.

Set P := T'. It follows that 70 = T, spt P ¢ XD, and spt P, sptS < Hull(sptT)
as well as sptR C Hull(sptdT). Since T = P — R — dS it moreover follows that
sptdP C sptdT U sptdR c Hull(spt 9T). The remaining properties of P, S, R listed in
the statement of the proposition easily follow from Proposition A.3 and the properties
of h listed above. O

When k = m, we can use similar techniques to approximate T by P € &,,(X).

Proposition A.5. Given m > 1 and D,c > 1 there is a positive constant C with the
following property. Let X be a complete c-quasiconvex metric space admitting an
(m, D, &)-triangulation and T € 1,,,(X). Then there exist P,R € 1,,(X) with P € &,,(X)
such that T = P + R as well as

M(P) < CM(T), M(oP) < CM(0T), M(R) < eCM(IT)
and sptR, spt 0P c Hull(spt 0T, and spt P c Hull(spt T'). Moreover,
IPli(o) < CIITlI(o),  1I0PI(r) < CllTI(st7),  IRll(o) < e C AT ||(int o)
for every o € F,,, and every T € Fp,—1.

Proof. We may suppose that € = 1. After possibly changing the metric on X in a
bilipschitz way we may assume by Corollary 4.3 that X is isometric to £ equipped with
the length metric. Let g: X — X be as above and let o € F,,. Then ¢|, is an isometry
and we may view it as a map from o to A™. There exists a function 6, € L'(0,7Z) such
that 7 L into = [0,] and |||l < Ki||T||(o) for some K; = K{(m), where [[0,] is the
m-current in X given by integrating 6, along o.

By the discussion preceding the proof of Proposition A.4, there exists Ko = Kp(m)
such that for every o € ¥, there are a point a,- € int o such that

f d(x,a,)' ™" d||oT|(x) < K,||0T||(int o) (A.6)
into
and an integer 7z, such that |z,| < K3||T||(c") and
1
lim — f 05 — 25| dF™ = 0. (A7)
r—0 r’m Uag.r)

In particular, z, = O for all but finitely many o € ¥,,,. We claim that
P= 3" zlol
TEF

and R = T — P satisfy the proposition. By construction, for every o € ¥,,, we have
[|Pll(c) < C||IT||(c), so spt P C Hull(spt T) and M(P) < C M(T) for some C = C(m).

Let u and % be as above. We bound dP and R by applying Proposition A.3 to oT.
For every admissible r > 0, let

OT), = h»@T L {u > r}), S, = ha([0, 11 X (AT L {u > r})).
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As above, there is a K3 = K3(m) such that for every T € 7,

f u(x)'"" d|OT|I(x) < K3||0T||(int 7).
intt

Therefore, by Proposition A.3 applied to 07T, there exist admissible r; N\, 0, Q €
L,-1(X), and S € I,(X) with spt @ ¢ X"~ and such that (3T),, — Q, S, — S,
0S = Q—-0T, and

IS 1l(int o) < C||0T ||(int o) [I1Qll(int ) < C||OT||(st T) (A.8)

for every o € ¥, and every 7 € ¥,_1. Welet R = S and claim that S = P - T it
follows that Q = 9P, and (A.8) implies the desired bounds on ||R|| and [|0P]|.
For sufficiently small » > 0, let g,: X — X be the continuous map such that

q(gr(x) = (1 = 1:(x))q(ac) + t:(xX)0¢(a,)(q(x))

for all x € o\ {a,}, where 7,(x) = min{1, 7 'u(x)}. Let moreover 4" : [0,1]x X — X be
the straight-line homotopy from idy to g,, i.e., g(h" (¢, x)) = (1 -1t)g(x) +1tq(g,(x)). Then
foro e ¥y, wehave g(ocN{u>r) =hi(cn{u=>r}) cdoand g (cN{u<r}) =o.
Furthermore, it follows as in the proof of Proposition A.4 that there exists Ky = K4(m)
such that lip g,(x) < K4~ and lip hi(x) < Kur~! as well as liph/(t) < K4, where we
have used the notation hj(x) = h'(t,x) = h'(t) as above. In particular, g, and h" are
Lipschitz.
The currents U; = g, #(T) and V; = b,/ ([0, 1] x 9T) satisfy

U=T+V;
because W; = h;"(l[O, 1] x T) is an (m + 1)-chain in X, hence W; = 0 and therefore
0=0W, = h?'#(T) - h(r)"#(T) - h;"(l[O, 1IxoT)y=U;-T -V,

Since A’ (t, x) = h(t, x) whenever u(x) > r, we have V;—S§,, = h;"(l[O, 1IxOT {u < r})).
Therefore, letting K5 = me(’,

M(V; = S,,) < Ksr! ™ M(OT L {u < 13})

<Ks ) f d(x, az)" ™" dI9TII(x) < KsK, M(OT),

where we use (A.6) in the last inequality. As i — oo, each term in the sum goes to
zero, so by dominated convergence, M(S,, — V;) — 0. Thus V; — § in mass and
(U;) converges in mass too. Finally, since g, is injective on U(a,, r), we have for each
o € Fthat U; L into = [0 o g, line]l- By (A7), for every o € F,, we have that
[165 o g;illinw —zolli = 0 asi — oo. Since (U;) converges in mass this implies that
U; — P in mass. This shows that S = P — T, as desired. O

Remark A.6. It is not difficult to see that if X is an (n, D, &)-triangulated metric space
and T € Ix(X) for some k > n then T = 0. Indeed, for every simplex o in X we have
[|IT|(c) = 0 because the Hausdorff dimension of ¢ is strictly smaller than k. Now, since
spt T is separable it follows from Lemma 2.1 that Hull(spt 7') is a countable simplicial
complex and hence M(T) = ||T||(Hull(spt 7)) = 0. Thus, T = 0, as desired.
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A.3. Proof of the deformation theorem. Let p: £ — X be an (n, D, )-triangulation
of X and T € I} (X) for some 1 < k < n. It is not difficult to show that for each
i =1,...,n— kthe restriction plsu-y is an (n — i, D, £)-triangulation of X7 and that
X~ is quasiconvex with constant only depending on c, n, and D.

In the following, C and C; will denote a constant depending on D, ¢, n and the
constant may change from one occurrence to another. Set Py := T'. By Proposition A.4,
applied to X(”"fl) and P;_; fori = ~1, ...,n—k, we have P;_4 = P; + R; + 0S; for some
Pi,R; € L(X"=D) 8, € I;, (X"~ D) such that spt P; ¢ X~ and

M(P;) < C;M(T), M(oP;) < C;M(OT), (A9)
M(S)) < eC;M(T), M(R;) < e C; M(OT).
Moreover, spt P;,spt.S; € Hull(sptT) and sptdP;, sptR; C Hull(spt dT) and the fol-
lowing property holds. For each simplex o € ¥ we have
IPill(int o) < ClIPi-1ll(sto), l0P;l|(int o) < ClOP;-1l|(sto), (A.10)
IS ill(intor) < eClIPi-ll(sto), IRill(int o) < eCllOP;-1lI(st o).
By Proposition A.5, we may write P,y = Pp_g+1 + Ry—ps1 With Py_py1 € P (X) and
Riy—k+1 € I(X) with sptR,_41 C X®_ These likewise satisfy spt P,_g+1 € Hull(sptT)
and sptOP,_j+1, Spt Ry—k+1 C Hull(sptdT'), and their masses satisfy (A.9) and (A.10).
LetP:=P, 41, R=Ri+ - +R,_ks1,and S =S1+---+S,_t. ThenT = P+R+0S
and (A.1) as well as spt P, sptS C Hull(spt7T) and sptdP, sptR C Hull(sptdT) are
satisfied. Finally, we show the local mass estimates in (A.2). For any { > 1 and any
oeF,
IPill(int o) < Cl|Pi-1li(sto) = C Z IPi-1ll(int o7y),

oCo

where 0| € . By induction,

IPiintoy < €' Y ITllGint o),
oCo | CCoj
where the sum is taken over all chains of simplices o; € . Let N be the number of
chains of simplices o9 C 0y C - -+ C 07— C A". Then for any o € F,

|Pl|(int o) < C"FFIN||T|(st o).
The same argument with P; replaced by dP; gives
l0P||(int ) < C" M IN|AT|(st o).
The estimates of ||S|| and ||R|| then follow from (A.10).
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