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Abstract

We consider the notion of metric spaces being locally Lipschitz contractible introduced
by Yamaguchi, and a category of metric spaces satisfying this condition. Many objects in
metric geometry including CAT-spaces and Alexandrov spaces, belong to this category. We
consider the homology of integral currents with compact support in a metric space, introduced
by Ambrosio and Kirchheim, and prove that it and the usual integral singular homology are
isomorphic on the category. The proof of it is based on the theory of cosheaves. A method
to compare the homologies associated to cosheaves is also proved in this paper.
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1 Introduction

There are homology theories of metric spaces depending on metric structures. For instance,
we denote by SkL'p (X) the free abelian group based on the set of all Lipschitz maps from a
k-simplex A with a standard Euclidean metric to a metric space X. Then, it is a subgroup of

the group of usual integral singular k-chains Sk (X), and further, S'P(X) = Do 51[; P (X)
becomes a subcomplex of Se(X) = @77, Sk(X). By the definition, the homology HEP(X)

of Sl“ P (x) depends on the metric structure of X. This group Hi‘ P (X) is called the singular
Lipschitz homology of X. Here and hereafter, the symbol e means degrees of a chain complex
and * denotes a fixed degree (of a homology). Yamaguchi introduced the notion of metric
spaces being locally Lipschitz contractible (abbreviated to LLC) and proved

Theorem 1.1 [19] For every LLC metric space X, the inclusion S{‘ip(X) — S¢(X) induces
an isomorphism Hi‘lp(X) — H"¥(X).

Here, H:im‘f’ denotes the usual integral singular homology, that is the homology of S,. We
can regard S.L P as a functor from the category of metric spaces and locally Lipschitz maps
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to the category of chain complices and chain maps, and the correspondence Sl“ P 5 S,asa
natural transformation between the functors.

Ambrosio and Kirchheim introduced currents in general metric spaces [1]. Currents are
generalizations of operations of integrating smooth forms on submanifolds. We will recall the
precise definition and fundamental properties of metric currents in Sect. 3. A restricted class
IS (X) consisting of all integral currents with compact support in X becomes a chain complex,
due to [1]. Its homology is denoted by Hic (X) in this paper. On the other hands, Riedweg and
Schippi introduced the notion of metric spaces admitting locally strong Lipschitz contractions
(see Sect. 2). They defined a natural transformation [ - ] from S.L * to I{ and claimed

Theorem 1.2 [14] On the category of metric spaces admitting locally strong Lipschitz con-
tractions and locally Lipschitz maps, the natural transformations S, <= Sl“ P u) IS induce

isomorphisms between their homologies.

The assumptions in Theorems 1.1 and 1.2 are related. Indeed, we will prove that a metric
space admitting locally strong Lipschitz contractions is LLC (Lemma 2.7). A main result of
the present paper is

Theorem 1.3 On the category of LLC metric spaces and locally Lipschitz maps, the natural

. i Lip [-] . .
transformations Hy"¢ < Hy'""* — HIC are isomorphisms.

As a direct corollary to Theorem 1.3, we have

Corollary 1.4 The functors Hi“ P and Hic can be extended to functors on the category of
all locally Lipschitz contractible metric spaces and all continuous maps, such that they are
naturally isomorphic to Hy"%. In particular, Hi“ " and H,,{C are homotopy invariants for LLC
metric spaces.

The proofs of Theorems 1.1 and 1.2 were done directly. We will give a versatile proof of
Theorem 1.3 using the theory of cosheaves. Here, cosheaves are categorically dual notion of
sheaves, which were introduced by Bredon [3]. Indeed, in the course of the proof of Theo-
rem 1.3, we give a technique to compare homologies associated to cosheaves (Theorem 4.9).
Notice that Mongodi [9] considered that a chain complex consisting of metric currents in a
metric space X, and proved that its homology coincides with the usual singular homology
if X is locally Lipschitz contractible CW-complex. His proof was done by verifying that
the homology of currents is actually a homology theory, that is, it satisfies the axioms of
Eilenberg and Steenrod. Furthermore, he used the uniqueness of homology theory to prove
the result. We should remark that there exists an LLC metric space which does not have the
homotopy type of CW-complices (Sect. 5). So, our result can not be proved via the uniqueness
of homology.

A way to compare the homologies using cosheaves was also discussed by De Pauw [6].
There, he consider the chain complices of usual currents in a subset of Euclidean spaces. Our
proof of Theorem 1.3 is similar to an argument in that paper. However, our formulation as
in Theorem 4.9 did not appear. We consider that such a formulation is important and is very
useful.

1.1 Organization

The present paper mainly consists of three parts dealing with: Lipschitz contractions, metric
currents, and cosheaves. The first two parts are subjects in geometry (and analysis) and
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the third part is purely an algebraic-topological subject. Our main theorem in the paper is
Theorem 1.3. However, we consider that the proof of it is very important. It is based on
Theorem 4.9. If the reader purely is interested in algebraic topology, the author recommend
to firstly read Sect. 4.

In Sect. 2, we review and define the notion of local Lipschitz contractibility and its variants.
We prove that the local Lipschitz contractibility is weaker than other conditions. In Sect. 3, we
review the notion of metric currents and its fundamental theory introduced and investigated by
Ambrosio and Kirchheim [1]. Furthermore, we give proofs of several remarkable properties
which are needed to prove our main results. In Sect. 4, we recall the notion of cosheaves
and its fundamental properties. We prove an important Theorem 4.9 which is a general
method to compare homologies associated to cosheaves. We generalize the local Lipschitz
contractibility in terms of local triviality of homology theories (Lemma4.12). At the end of the
section, we prove Theorem 1.3 using Theorem 4.9 and Lemma4.12. Finally, in Sect. 5, we give
several remarks about our results. In particular, we provide an example of an locally Lipschitz
contractible metric space which does not admit the homotopy types of CW-complices.

2 Variants of local Lipschitz contractibility

Let us fix terminologies. In this section, X and Y always denote metric spaces. For L > 0, a
map f: X — Y is said to be L-Lipschitz if it satisfies

d(f(x), f(y) = Ld(x,y)

forallx, y € X. Wesay that f is Lipschitzif f is L-Lipschitz for some L > 0. The Lipschitz
constant of f is the minimum of all L such that f is L-Lipschitz, and is denoted by Lip(f).
A map f: X — Y is said to be locally Lipschitz if for any x € X, there exists an open
set U in X containing x such that the restriction f|y is Lipschitz.
A map f: X — Y is called a bi-Lipschitz embedding if it satisfies

L7d(x, x') <d(f(x), f(x)) < Ld(x, x")

for all x, x’ € X where L > 1 is some number. If a bi-Lipschitz embedding is bijective,
then it is called a bi-Lipschitz homeomorphism. A locally bi-Lipschitz; homeomorphism is a
homeomorphism such that it and its inverse are locally Lipschitz.

A homotopy /: X x [0, 1] — Y is called a Lipschitz homotopy if it is a Lipschitz map,
i.e., there exists a constant C > 0 such that

d(h(x,t), h(x', 1) < Cd(x,x")+ |t —1'])

for every x,x’ € X and t,¢ € [0, 1]. For a homotopy h, we write h, = h(-, t) for each
t € [0, 1]. We will also consider locally Lipschitz homotopies, which are homotopies being
locally Lipschitz.

Let U and V be subsets of X with U C V. A Lipschitz homotopy h: U x [0,1] — V
is called a Lipschitz contraction if there exists a point xo € V such that A is the inclusion
U — V and h; = xp is a constant map. In this case, we say that U is Lipschitz contractible
to xo in V and that A is a Lipschitz contraction from U to xo in V.

Definition 2.1 ([19], cf. [8]) Let X be a metric space. We say that X is locally Lipschitz
contractible, for short LLC, if for any x € X and any r > 0, there exists r’ € (0, r]
such that U (x, r’) is Lipschitz contractible to x in U (x, r). This property is also called the
LLC-condition.
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Here, U (z, s) always denotes the open metric ball centered at z with radius s in a metric
space. Notice that we use a version of the definition of LLC-condition reformulated in [8].
Obviously, if a metric space X is covered by open sets X; such that each open set X; is LLC,
then X is LLC.

We introduce a notion which seems to be weaker than the LLC-condition.

Definition 2.2 We say that a metric space X is weakly locally Lipschitz contractible, for short
WLLG, if for any x € X and any open set U C X with x € U, there exists an open set
V C X withx € V C U such that V is Lipschitz contractible in U to some point of U.

Obviously, every LLC space is WLLC. Furthermore, we have

Lemma 2.3 Let U be a subset of a metric space V. Suppose that U is Lipschitz contractible
in V. Then, for any x € U, U is Lipschitz contractible to x in V.
In particular, every WLLC metric space is LLC.

Proof By the assumption, there is a Lipschitz homotopy 4: U x [0, 1] — V such that
ho = idy and A is a constant map. The image of /1 is denoted by y € V. Furthermore, let
us take an arbitrary point x € U. Then, we consider amap k: U x [0, 1] — V defined by

| h(z,20) ifr <1/2,
k@ n = {h(x, 2-2) ifr>1/2
for z € U and ¢ € [0, 1]. This is well-defined. Indeed, k(z, 1) = y = h(x, 1). Furthermore,
k is Lipschitz. Actually, forany z € U and s, ¢ € [0, 1] with s < 1/2 < ¢, we have
d(k(z,s), k(z,1)) = d(h(z,2s), h(x,2 —2t))
<d(h(z,2s),h(z,1)) +d(h(x, 1), h(x,2 —2t))
< Lip(h)(1 — 2s) + Lip(h)(2t — 1)
= 2Lip(h)(t — s).
Fors,t € [0, 1] with s, < 1/2 or with s, > 1/2, we also have
d(k(z,s), k(z, 1)) < 2Lip(h)|s —t|.
For any z, w € U and s € [0, 1], we obtain
d(k(z,s), k(w,s)) < Lip(h)d(z, w).

By the definition, & is a constant map of the value x. Therefore, U is Lipschitz contractible
toxin V.

Let us take a WLLC metric space X. Then, forany x € X and r > 0, there existanr’ > 0
such that U (x, r’) is Lipschitz contractible in U (x, r). By the former statement, U (x, r’) is
also Lipschitz contractible to x in U (x, r). Hence, we know that X is LLC. This completes
the proof. O

Proposition 2.4 The LLC-condition is inherited to open subsets and is preserving under
locally bi-Lipschitz homeomorphisms. Namely, if X is LLC and U is an open subset of X,
and if f: X — Y is a locally bi-Lipschitz homeomorphism, then U and Y are LLC.

Proof Let X be an LLC metric space and U its open set. For any x € U and r > 0, we can
take 7’ > O such that U(x,7’) = U NU(x,r") C UNU(x,r). Here, U(z, s) denotes the
open ball in the whole space X. Since X is LLC, there is an r” > 0 such that U (x, r”) is
Lipschitz contractible in U (x, r’). Hence, U is LLC.
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Let f: X — Y be alocally bi-Lipschitz homeomorphism. Hence, for any x € X, there is
an open neighborhood U of x such that f|y: U — f(U) is a bi-Lipschitz homeomorphism.
By the former statement, U is LLC. Therefore, we may assume that f itself is bi-Lipschitz.
Let C > 1 be a constant which bounds Lip( f) and Lip(f~'). We prove that ¥ is LLC. For
any x € X and r > 0, we have

fW,C7'r) cU(f @), 1) C fUK,Cr)).

Since X is LLC, there exist an r’ > 0 and a Lipschitz contraction &: U (x, Cr") x [0, 1] —
U(x, C~'r) to x. We consider a map k: f(U(x,Cr’)) x [0, 1] — U(f(x), r) defined by

k(f(y). 1) = f(h(y. 1)

fory € U(x,Cr’) and t € [0, 1]. By the construction, k gives a Lipschitz contraction from
U(f(x),r')to f(x)inU(f(x),r). This completes the proof. ]

In [8], the author and Yamaguchi defined a notion stronger than the LLC-condition as
follows.

Definition 2.5 [8] A metric space X is said to be strongly locally Lipschitz contractible, for
short SLLC, if for any x € X, there exist » > 0 and a Lipschitz contraction i: U(x, r) X
[0,1] — U(x,r) to x such that d(x, h(y, t)) is monotone nonincreasing in ¢ for every
y € U(x, r).Such an £ is called a strong Lipschitz contraction.

It is clear that any SLLC space is LLC. Obviously, every Banach manifold is SLLC.

2.1 Strong Lipschitz contractions in the sense of [14]

The terms of strong Lipschitz contractions were used in two papers. One of them was in [8]
as in Definition 2.5 and another one was introduced by Riedweg and Schippi in [14] as in
the following definition.

Definition 2.6 [14] A metric space X admits locally strong Lipschitz contractions if for any
x € X, there exist r > 0 and y > 0 such that every subset S C U (x, r) admits a Lipschitz
contraction ¢ : S x [0, 1] — X to some point in X whose Lipschitz constant is controlled as

d(p(z, 1), ¢(@', 1) < ydiam(S)|t — 1’| + yd(z,2)) 2.1
forallz, 7 € Sandt,t’ € [0, 1].
In [14], a map ¢ satisfying (2.1) was called a strong Lipschitz contraction of S.

Lemma 2.7 Any metric space admitting locally strong Lipschitz contractions is (weakly)
locally Lipschitz contractible.

Proof Let a metric space X admit locally strong Lipschitz contractions. For any x € X, there
arer > 0 and y > 0 such that any subset S of U (x, r) admits gy satisfying (2.1). Let us take
r" < r’ < r.Then, the Lipschitz contraction ¢ = ¢y, : U(x,r") x [0, 11 — X satisfies

d(p(z,0), @', 1) < 2yr"|t —1'| + yd(z,2)

forallz,z € U(x,r”)andt,t" € [0, 1]. In particular, ¢(z, t) is contained in U (x, 3y r”) for
any z € U(x,r") and ¢ € [0, 1]. Hence, if 3yr” < r/, then ¢ is a Lipschitz contraction of
U(x,r”)in U(x, r’). Therefore, we know that X is WLLC. By Lemma 2.3, X is LLC. This
completes the proof. O
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2.2 Examples

Many objects in metric geometry, related to restrictions of sectional curvature, are known to
be SLLC. Such spaces are called CAT-spaces which are metric spaces of curvature locally
bounded from above and Alexandrov spaces which have a local curvature bound from below.
Furthermore, Ohta introduced generalizations of CAT-spaces in the view point of convexities
of distance functions. Let us briefly recall the definitions of them.

A metric space X is geodesic if any two points p, ¢ in X admit a curve ¢: [0, 1] - X
such that ¢(0) = p and ¢(1) = g and that d(c(¢), ¢(¢')) = |t — '|d(p, q). Such a curve ¢ is
called a geodesic segment.

Definition 2.8 [10]Letk € (0, 2]. Anopen set U of a geodesic space X is called a Cx-domain
for k if for any three points x, y, z € U, and any geodesic segment c: [0, 1] — X between
c(0) = y and c(1) = z, we have

d(x,c()? < (1 = 0d(x, y)> +td(x, 2)* — gt(l —nd(y, 2)°. 2.2)

Let Ly, Ly > 0. An open set U in a geodesic space X is called a Cr-domain for (L1, L7)
if for any three points x, y, z € U, any geodesic segments ¢, ¢: [0, 1] — X with ¢(0) =
c(0) =x,c(1) =y,and c(1) = z, and for all ¢ € [0, 1], we have
min{d(x, y) +d(x, z),2L2}

2

d(c(t), &) < (1 L ) 1d(y.2) 23)

A C>-domain is usually called a CAT(0)-domain. If U satisfies the opposite inequality
of (2.2) for k = 2, we say that U has nonnegative curvature (in the sense of Alexandrov).
In a complete Riemannian manifold, a CAT(0)-domain (or a nonnegatively curved domain)
actually has the nonpositive (or nonnegative, respectively) sectional curvature. In the same
way, there are definitions of synthetic sectional curvature bound from above (and from below)
by a real number «, for metric spaces, in terms of geodesic triangle comparison. See details
[4]. Ohta’s results (Corollaries 2.4 and 3.2, Lemma 2.9 and Proposition 3.1 in [10]) and their
proofs imply

Proposition 2.9 Both a Ci-domain and a Cp-domain in a geodesic metric space are SLLC,
where k € (0, 2] and L1, Ly > 0 are arbitrary. In particular, a CAT-space is SLLC.

Let us give a proof only for CAT(0)-domains, for convenience.

Proof Let U be a CAT(0)-domain in a geodesic space and x € U. For R > 0, any geodesic
joining two points in the ball U (x, R) is contained in U (x, 2R). Taking R with U(x,2R) C
U, we define a map

h:Ux,R) x[0,1] - U(x,R)

by h(y,t) = cy(t). Here, cy: [0, 1] — X is a geodesic with ¢y (0) = y and ¢y (1) = x. Using
the condition (2.2) for k = 2 twice, we have

d(h(y, 0. h(z,0)* < (1 =Dd(y, ).
Therefore, we obtain
d(h(y, 1), h(z,5)) <d(y,z) + R|t —s|.
Hence, & is a Lipschitz contraction to x. Furthermore, by the definition, it is a strong Lipschitz

contraction in the sense of Definition 2.5. This completes the proof. O
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Furthermore, in [ 14], CAT-spaces are proved to admit locally strong Lipschitz contractions.

A complete geodesic space with curvature locally bounded from below, in a syn-
thetic sense, is called an Alexandrov space. Any complete Riemannian manifold and the
Gromov—-Hausdorff limit of manifolds having a uniform lower sectional curvature bound are
Alexandrov spaces. See details [4,5]. A main result in [8] states that every finite dimensional
Alexandrov space is SLLC. The proof of this fact is not trivial. For instance, we can observe
that the same proof of Lemma 2.9 does not work for a geodesic space of nonnegative cur-
vature. To prove the result in [8], we used the theory of gradient flow of distance functions
founded by Perelman and Petrunin [11,13].

The author does not know whether arbitrary (finite dimensional) Alexandrov space admits
locally strong Lipschitz contractions.

2.3 Lipschitz extensions

We recall McShane—Whitney’s Lipschitz extension theorem.

Theorem 2.10 [7,18] Let X be a metric space and A a subset of X. Let f: A — R be an
L-Lipschitz function. Then, the following functions

X>x - ing (f(a)+ Ld(x,a)) and
ae
X > x> sup(f(a) — Ld(x,a))

acA

are L-Lipschitz on X and extensions of f.

We will often use this theorem in the present paper. The set of all real-valued Lipschitz
functions on a metric space Y is denoted by Lip(Y). Using the above Lipschitz extension
theorem, we have

Lemma 2.11 Let A be a compact setin ametric space X. If a sequence f; € Lip(A) converges
to f € Lip(A) as j — oo pointwise on A with sup; Lip(fj) < 0o, then there are Lipschitz

extensions f j of fj to X which converges to some Lipschitz extension f of f pointwise on
X as j — oo.

Proof Let f; convergeto f in Lip(A) as j — oo pointwise on A, with L := sup; Lip(f;) <
0o. Theorem 2.10 ensures that the functions f] and f defined as

fi(x) = min f;(a) + Ld(a,x) and f(x) = min f(@) + Ld(a. )

are Lipschitz extensions of f; and f to X. Letus fix x € X\ A. Foreach j, wetake y;,y € A
such that

i) = fi(vj) + Ld(y;,x) and f(x) = f(y) + Ld(y, x).

Then, we have
fix) < fi() + Ld(y, x)

for every j. Hence, we obtain lim j—00 f] x) < f (x). Furthermore, a subsequence {yx(j)};
of {y;}; may converge to some yo, € A as j — 00. Then, we have

0 = f () + Ld (oo, ) = lim_ f;(p) + Ld iy 2)-

Therefore, liimj oo f] (x) > f (x). This completes the proof. m]
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Let Lipy, (X) denotes the set of all real-valued bounded Lipschitz functions on X.

Lemma 2.12 Let A be a subset of a metric space X. Then, the maps Lip(X) — Lip(A) and
Lip,(X) — Lipy,(A) assigning the function restricted to A are surjective.

Proof By Theorem 2.10, the restriction map Lip(X) — Lip(A) is surjective. Let f €
Lip,(A), we have a Lipschitz extension f of f to X by using Theorem 2.10. Let C > 0
satisfy that —C < f(a) < C for all a € A. Then, the function min{C, max{—C, _f}} is
bounded Lipschitz on X and an extension of f. Hence, the map Lip,(X) — Lip,(A) is
surjective. O

2.4 Locally-Lipschitz homotopy invariance of the singular Lipschitz homology

For a metric space X, its singular Lipschitz chain complex S.L P (X) was defined in the

introduction. As for the usual singular chain complex S,(X), the complex Sl“ ip (X) has a
canonical augmentation defined as

N N
e SgP(X) 3 Y ai > Y ai € Z, (2.4)

i=1 i=1

where x; € X and a; € Z. For the extended chain complex
o STPOO > SR o SO0 S 2,

its homology is denoted by FI}: ip(X ), and is called the reduced singular Lipschitz homology
of X.

Lemma2.13 Let h: X x [0,1] — Y be a locally Lipschitz homotopy. Then the induced
homomorphisms between the (reduced) singular Lipschitz homologies coincide as follows.

Li Li
hox = his: HZP(X) — H®(Y),
how = hie: HYP(X) — HYP(Y).

Proof Recall that the continuous homotopy £ satisfies o = 714 as a map between the usual
(reduced) singular homologies. The proof of this fact is done by giving a chain homotopy
equivalence between chain maps ho# and /14 from Se(X) to Se(Y). This chain homotopy
is constructed by a decomposition of the prism A¥ x [0, 1] into simplices. Such a prism
decomposition is given by acombinatorial or a piecewisely linear way. Therefore, the standard
chain homotopy gives a chain homotopy equivalence between hox and /14 as chain maps
from Si‘lp(X) to S{‘lp(Y). Hence, the maps ho, and &, from H,z‘lp(X) to H;‘IP(Y) are the
same. The reduced version is proved by a similar way. O

3 Chain complices consisting of metric currents
In this section, we denote by X and Y metric spaces. We recall the notion of currents in
metric spaces introduced by Ambrosio and Kirchheim [1]. Here, we note that we will use a

slightly modified definition from the original one. For the reason why we use the modified
definition, see Remark 5.3.
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3.1 Basics of measure theory

Let us denote by 1« a Borel measure on a metric space X. The support spt(u) of p is defined
by

spt(n) ={x € X | w(U(x,r)) > 0 for any r > 0}

which is a closed subset of X. The measure u is said to be finite if £ (X) < oo. The outer
measure obtained from pu is denoted by the same symbol as .

We say that p is concentrated on a subset A of X if u(X\A) = 0. It is known that if
is concentrated on a separable set, then p is concentrated on its support. If x is finite and is
concentrated on a separable set, then its support is separable.

We say that p is tight if for any ¢ > 0, there exists a compact subset K C X such that
W(X\K) < e.If p is finite, then p is tight if and only if p is concentrated on a o -compact
set. In this case, u is concentrated on its support. Furthermore, Lip, (X) is dense in LY(X, n)
if p is a finite tight Borel measure on X.

Let M be a family of finite Borel measures on X. The infimum A\, v of M is given
by

/\ v(B) :=inf > u;(B))

veM Jj=1

for all Borel sets B C X, where the infimum runs over among all countable family {u j}?il -
M and all Borel partitions {B;} of B. Here, a Borel partition { B} of B is a disjoint countable
family consisting of Borel sets satisfying Uj B; = B. By the definition, /\ .\ v(B) <
V/(B) for any v/ € M and Borel set B C X. In particular, M is a finite Borel measure.
Furthermore, if some v € M is tight, then /\UE M V1S tight.

For another metric space Y with a measurable map f: X — Y, we denote by fyu the
push-forward measure of p by f which is defined by fiu(B) = w(f~1(B)) for all Borel
sets B C Y.

3.2 Metric currents

From now on, k denotes a nonnegative integer.
We set D°(X) = Lip,(X) and D¥(X) = Lip,(X) x [Lip(X)]* for k > 1. We will often
abbreviate an element (f, 7y, ..., ;) € Dk(X) by (f, ).

Definition 3.1 [1] A multilinear functional T: D¥(X) — R is called a k-current in X if it

satisfies the following three conditions.

(1) T is continuous in the following sense. Let f € Lip,(X) and nij € Lip(X) where
i €{l,... .k} and j € N with sup; ; Lip(nl-j) < oo. If nl.j converges to some function
7; as j — oo pointwise on X for each i, then we have lim; o T'(f, /) — T(f, ),
where 7/ = (nlj,...,n,{) and 7 = (myq, ..., Tk).

(2) T satisfies the locality as follows. For (f, w) € DX(X), if ; is constant on {f # 0} for
some i, then T(f, ) = 0.
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(3) T has finite mass in the following sense. There is a finite tight Borel measure p on X
such that

k
7.l = [ Ttiver) [ 1714
; X
i=1
holds, for all (f, ) € D¥(X). Here, when k = 0, the value ]_[ff=1 Lip(m;) is regarded
as 1.
The minimal measure of 1’s satisfying the finite mass axiom (3) as above for T is called the
mass measure of T and is denoted by || T'||. We say that a current 7" has compact support if
|IT || has compact support, or equivalently, ||7'|| is concentrated on a compact set. The set of
all k-currents in X is denoted by My (X) and its subset consisting of currents having compact
support is denoted by M (X).

Typical and essential examples of currents are as follows.

Example 3.2 For an L'-function 6 on R* in the Lebesgue measure LK, a k-current [[0] €
My (R¥) is defined as

37l'i

[[Gﬂ(f,n):/ efdet( )dﬁk(x)
Rk 0

Xj
for (f,m) € DK (R¥). Here, 97; /0x are defined for almost everywhere R* and are bounded
integrable functions, due to Rademacher’s theorem.

There is a useful characterization of the mass measures of currents as follows.

Proposition 3.3 (Proposition 2.7 in [1]) Let T be a metric k-current in X. For every Borel
set B in X, we have

(e ¢]
ITI(B) = sup ) T(xz, 7)),
j=1

where the supremum runs among all Borel partitions {B;} of B and all Lipschitz maps
7l = (! )1<i<k 1 X — R¥ with Lip(z/) < 1 for all i.

We remark that, in this proposition, xp ; is not Lipschitz, but T (xp s —) is well-defined
(see the above of Lemma 3.4 later).
For k-currents 7', S in X and a Borel set B in X, we have

IT + SI(B) = ITI(B) + ISI(B),
I =TI(B)=ITI(B).
These properties follow from the definition. The second property induces that spt(—7) =
spt(7).
We recall fundamental operations to obtain currents. From now on, let 7 € M (X). For

another metric space with a Lipschitz map ¢: X — Y, we have the push-forward ¢p4T of T
by ¢ defined by

ouT(f. ) =T(fod,mod)

for (f,m) € Dk(Y), which is a k-current in Y. Furthermore, we have |¢sT| <
Lip(¢)k¢#||T|| as measures on Y. If ¢ is a bi-Lipschitz embedding, then by Lemma 2.12,
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¢s: M (X) — M (Y) is injective. Since Lip, (X) is dense in LY(X, |T|), the k-current T
can be extended to a multilinear functional on L' (X, ||T|) x [Lip(X ) ina unique way.
Therefore, for any Borel set A C X, the functional 7| A is defined by

TLA(f,m) =T (xaf m)

for (f,m) € DK(X), where x4 denotes the characteristic function of A, which is called the
restriction of T to A and is also a k-current in X.

Lemma3.4 Let T be a current in X and A a Borel set in X. The mass measure of T | A
coincides with the restricted measure | T ||| A to A defined as

ITILA(B) := [IT[I(AN B)

for every Borel set B C X. In particular, the support of T | A is contained in spt(T) N A,
where A is the closure of A in X.

Proof We take a metric current 7' in X of degree k and a Borel set A. By Proposition 3.3,

o0
ITLAIB) = sup Y T(xaxs;, )
j=1

holds, where the supremum runs among all Borel partitions {B;} of B and all k-tuples

7l = (7'[ )1<,<k of 1-Lipschitz functions 72' : X — R. Since XANB; = XAXB; and a Borel
partition { B} of B gives a Borel partition {BJ N A} of AN B, the value IT|(A ﬂ B) actually
coincides with || T | A|[(B), by Proposition 3.3 again. Therefore, we have | T | Al = ||T||LA.
Hence, we obtain spt(7 [A) = spt(||T||LA) C spt||T|| N A= sptT N A. This completes the
proof. O

It is clear that T'|spt(7) = T as currents in X. The restriction is a current in the whole
space X in general. However, if T has compact support, T itself can be regard as a current
in its support as follows.

Lemma3.5 Let T € My (X). Then, there is a unique k-current T' in spt(T) such that
T = 1uT’', where 1: spt(T) — X is the inclusion.

Proof Let us take T € M} (X) and set A = spt(7'). A functional T": D¥(A) — Ris defined

as follows. For (£, ) € DF(A), by Lemma 2.12, we have an extension ( f, #) € D¥(X) of
(f,m). Then, we set

T'(f, ) =T(f, 7).

First, we check that this value is independent on the choice of ( f , ) and show that T’ is
multilinear and satisfies the locality. Let f € Lip, (X) be another extension of f. By the finite
mass axiom, we have T ( f n) =T f 71) Furthermore, if f is a bounded Borel function
on X with f|A = f, then T(f ) = T(f 7), because T can be regarded as a functional
on LY(X, |IT|) x [Llp(X)]k. This implies the linearity of 7'(f, 7) in f. Here, recall that T
as the functional on L' (X, IT]) x [Lip(X )I¥ satisfies the strengthened locality, continuity
and finite mass axiom, as stated in [1]. For another Llpschltz extension 77 € [Lip(X ¥ of 7,

the strengthened locality of T implies T'(f, #) = T'(f, 7). Furthermore, the strengthened
locality of T implies the multilinearity of 7/( f, 7) in 7 and the locality of T".
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Let us define a finite Borel measure 1 on A by u(B) = || T ||(B) for any Borel set B C A.
The tightness of || T|| ensures that p is tight. For any (f, ) € DK(A), we have

k k
IT'(f, )| = IT(f, %) s]‘[Lip(ﬁi)/X|f|d||T|| =1"[Lip<m>/x|f|du.
i=1 i=1

Here, we note that a Lipschitz extension 77; of 77; can be chosen as Lip(77;) = Lip(s;). Hence,
T’ has finite mass. )

Finally, we prove that 7’ is continuous. Let rrij € Lip(A),i = 1,...,k, j € N with
sup; ; Lip(nij ) < L < oo such that nl.j converges to 7; as j — 0o pointwise on A, for every

i. By Lemma 2.11, we have extensions frij of rrij to X with sup; ; Lip(ﬁij ) < L, such that

ﬁl/ converges to some Lipschitz extension 7; of 7r; pointwise on X as j — oo, for each i.

By the continuity of 7', we have
lim T'(f,7/) = lim T(f, 7)) =T(f,7) =T'(f, n).
j—o00 j—o00

Hence T is continuous. Therefore, T’ € ME(A). By the definition, (»T’ = T. Since (4 is
injective, such a T’ is unique. This completes the proof. O

As a corollary to Lemma 3.5, the push-forward operator ¢4 : Mi(X ) — ME(Y ) is also
defined, for a locally Lipschitz map ¢: X — Y, as follows. For T € M (X), taking 7" as in
Lemma 3.5 for 7, and set ¢4 T := L#(¢)|Spt(7‘))#T/ € M{(Y), where 1: ¢(spt(T)) — Y is the
inclusion. By the construction, the pushforwards have the following functorial property:

(W 0 ®) = Yy : M(X) — My(Z)

for locally Lipschitz mappings ¢: X — Yandy: Y — Z.
The boundary 8T of T is a functional on D¥~!(X) defined by

or(f,m)=TQ, f,m).

It satisfies the continuity and locality, but does not have finite mass in general. It is trivial
that

0y = Py 3.1
holds on Mj (X), for a locally Lipschitz map ¢: X — Y. By the locality, we have
00T =0. (3.2)

Definition 3.6 [1] A k-current T in X is normal if its boundary has finite mass, or equivalently,
0T € My_1(X). Here, when k = 0, we always regard T as normal and 07 = 0. We denote
the set of all normal k-currents in X by N (X) and set Ny (X) = Nx(X) N M (X).

By the definition, (3.2) and (3.1), the group No(X) = @1?10 Ni(X) becomes a chain
complex with the boundary map 9 and ¢4 : N (X) — N, (Y) is a chain map for any Lipschitz
map ¢: X — Y. Furthermore, by Slicing Theorem 5.6 in [1], if 7 € N;(X), then we have

spt(dT) C spt(T). 3.3)

Hence, NS(X) = @ino N;(X) is a subcomplex of N,(X). Furthermore, by (3.1),
¢y NS(X) — NS(Y) is well-defined as a chain map, for any locally Lipschitz map
¢p: X —>7Y.
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Lemma3.7 Let T € Ny(X). Then, there is a unique T' € N{(sptT) such that 3T =T,
where ¢: spt T — X is the inclusion.

Proof Let us take T € N{(X). By Lemma 3.5, there is a unique 7’ € Mj(K) such that
T’ =T, where K = spt T. On the other hands, since 37 € My,_, (X), by using Lemma 3.5
again, we have S € Mz_l (K) such that (4§ = 0T. Then, we obtain

L#S =dT = 3L#T/ = L#aT/.

Since t is injective from Lemma 2.12, we conclude that 37’ = S and hence |07 || = ||S||.
Therefore, T" € N{(K). This completes the proof. O

3.3 Integral currents

For a metric space X, we denote by H¥ = Hlj( the k-dimensional Hausdorff measure on X.
A subset S of X is called a countably H*-rectifiable set if there are countably many Borel
subsets B; of R¥ and Lipschitz maps ¢;: B; — X such that

H s\ Je¢iB)p | =0.
j=1

Definition 3.8 [1] A k-current T in X is said to be rectifiable if ||T|| is concentrated on a
countably H¥-rectifiable set and is absolutely continuous in H¥. When k = 0, a rectifiable
O-current 7 is represented as

o0
T(f) =) 6;f(x)
j=1
for f € Lip,(X), where §; € R and x; € X. Such a T is written as
o
T =Y 0. (3.4)
j=1

When k > 1,ak-current T in X is called an integer rectifiable current if it is rectifiable and
for any open set O C X and a Lipschitz function ¢, there is an integral valued L'-function
6 on R¥ such that

ox(T'L0) = [0]

as currents in RX. An integer rectifiable O-current T in X is defined as (3.4) such that 0 el
forall j.

For integral rectifiable O-current 7" represented as (3.4), the families {x;} and {6;} can be
finite sets.

Definition 3.9 [1] A k-current in X is said to be integral if it is integer rectifiable and normal.
We denote by I (X) the set of all integral k-currents in X and set I} (X) = I (X) N Mg (X).

The Boundary Rectifiability Theorem 8.6 in [1] says that I, (X) = @,fio I (X) becomes
a subcomplex of N, (X). The group I (X) = @,fio I; (X) is also a subcomplex of I, (X). As
mentioned in the introduction, we will compare the homology of I (X), denote by HiC(X ),
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with the singular (Lipschitz) homology of X. Furthermore, we can check that the chain map
¢y IS(X) — IS(Y) is well-defined, for a locally Lipschitz map ¢: X — Y. Therefore, IS
can be regarded as a covariant functor from the category of all metric spaces and all locally
Lipschitz maps to the category of all chain groups and all chain maps.

Lemma3.10 For any T € L(X), there is a unique T' € L (sptT) such that 4T' = T,
where 12 spt T — X is the inclusion.

Proof Let T € I (X). By Lemma 3.7, there is a unique 7" € N (K) such that (47" = T,
where K = spt T. From the definition, there is a countably H*-rectifiable set S C X such that
IT](X\S) = 0. Then, we note that S N K is also a countably H*-rectifiable set in K . Hence,
we have || T'|(K\S) = |T]|(X\S) = 0. For a Borel set B C K with H¥(B) = 0, we have
IT'|(B) = |IT||(B) = 0. Therefore, T’ is a rectifiable current. We prove that 7" is integer
rectifiable. For any open set O in K, there is an open set U in X such that O = K NU. Letus
take a Lipschitz map ¢: K — R¥. By Lemma 2.11, there is an extension ¥ : X — R such
that ¢ is Lipschitz. Since T is integer rectifiable, there is an integrable function 6 : R — Z
such that

Yu(TLU) = [9].
Now, we note that T |U = (T")|U = 14(T'| O). Therefore, we obtain
[01 = Yaw(T'LO) = ¢u(T'|O).

This implies that 77 is integer rectifiable. This completes the proof. O

3.4 Locally Lipschitz homotopy invariance of the homology of currents

We check that the homology HC(X) is independent on locally Lipschitz homotopy. Further-
more, we have

Lemma3.11 Let h: X x [0,1] — Y be a locally Lipschitz homotopy. Then, we have
H, (NS (ho)) = H«(NS(hy)) as morphisms from H,(NS(X)) to Ho (NS(Y)). Furthermore,
we have H,IC (hg) = Hic (h1) as morphisms from ch (X) to HiC(Y).

To prove Lemma 3.11, let us recall a product of currents considered in [1,17]. Let T be a
k-current in a metric space X. Then, we define a functional 7 x [0, 1]: yplag (Xx[0,1) = R
by

k+1

i ! o,
(T x [0, 1])(f,ﬂ)=§(—1)/0 T(ﬁﬁ,m»dt

for (f,m) € Dk+1(X x [0, 1]), where 7;; = (m};)j%. Here, the partial derivative
dm;(x,t)/dt is defined for Ll-ae. tand |T|-ae. x, by Rademacher’s Theorem and Fubini’s
Theorem. The functional 7' x [0, 1] does not satisfy the continuity in general. Ambrosio and
Kirchheim, and Wenger proved

Proposition 3.12 ([17, Theorem 3.2], [1, Proposition 10.2]) Let T € Ny (X) with bounded
support. Then, T x [0, 1] € Nx1(X x [0, 1]) with boundary

(T x[0,1) =T x[0] =T x[1]—(dT) x [0, 1].

Here, (T x [t)(f, ) =T (f;,m) for (f,m) € Dk(X x [0, 1]).
In addition, if T € 1;(X), then T x [0, 1] € Ii41(X x [0, 1]).
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By the construction, if 7" has compact support, then 7" x [0, 1] has compact support.
Indeed, we have, for (f, ) € Dk‘H(X x [0, 1]) with Lip(m;) < 1,

1
(T [0, 1(f. m)] < Kk + 1)/0 [ sidiriear
X
Hence, the support of 7 x [0, 1] is contained in spt(7") x [0, 1].

Proof of Lemma 3.11 Letus denote by Cy one of Nj or If. Let2: X x [0, 1] — Y be alocally
Lipschitz homotopy. Let us define a map

P: Cr(X) > Cr1(Y)
by
P(T) = hy(T x [0, 1]).
Then, by Proposition 3.12, we have
OP(T)+ P(OT) = hy(T x [0] = T x [1]) = hosT — h14T.
Hence, the map P is a chain homotopy between /g4 and h14. Therefore, the induced maps

between homologies are the same. This completes the proof. O

3.5 Mayer-Vietoris type property

Lemma 3.13 (Localization Lemma 5.3 in [1]) Let T be a normal k-current in a metric space
X and f: X — R a Lipschitz function. For almost all s € R, the restriction T |[{f < s} of

T to the sublevel set of f is a normal current in X. Furthermore, if T is integral, then so is
T{f <s}forae seR

As a corollary to Lemma 3.13, we know that T|[{f > s} = T — T[{f < s}isalso a
normal current, for a.e. s € R. Furthermore, if 7 has a compact support, then 7 |[{f < s}
and T [{f > s} have compact support.

Lemma3.14 Let U and V be open subsets in a metric space X. Then, there is an exact
sequence as follows.

0> NWUNV) S NW)DN(V) S NE(U U V) = 0,
where Y and ¢ are defined as
U(T) = isT, —iyT), (S, S) = juS+ juS'

Here,i: UNV - U,i":UNV - V,j: U — UUV, j:V — UUYV arethe inclusions.
Furthermore, if we replace N with I, then we obtain an exact sequence

05 LEUNY) L EW W) S EWUUY) - 0.

Proof Let us denote by Cy one of Nj and If.. Let us take open sets U and V in X and consider
the following sequence

0o CGUNV) L CuU) @ Cu(V) 5 CU U V) — 0.
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Since iy and i, are injective, ¥ is injective. By the definition, we have ey = 0. We prove
that ¢ is surjective. Let us take T € C¢ (U U V). We denote by d the distance function from
X\ V. Since spt(T) is compact and is contained in U U V, there is an » > 0 such that

spt(T)yN{d <r}CU.

By Lemma 3.13, we can take r such that 7 |{d < r}isin C¢. Then, S := T|{d < r}is
regarded as a current in C¢ (U) and S’ := T |{d > r} can be regarded as a current in C¢(V),
by Lemmas 3.4 and 3.5. By the construction, we have T = jsS + j,S'. Hence, the map ¢
is surjective. Next, we take an element (S, §') € Cr(U) & Cr(V) with jxS + j; 8 = 0.
Since spt(—S) = spt(—juS) = spt(jzS) = spt(S), we know that spt(S) = spt(S’) and it is
contained in U N V. By Lemma 3.5, the current S can be regarded as a current in U NV, say
T. Then, we have ¥ (T) = (igT, —iyT) = (S, S'). This completes the proof. 0

3.6 A natural transformation [ - | from S';ip tolS

In the introduction, we already define the complex S{‘ "P(X) of singular Lipschitz chains in a
metric space X, which is a subcomplex of the usual integral singular chain complex So(X).
Following [14], we define a chain map [ - ]: S.L'p(X) — IS (X). For each singular Lipschitz
simplex o : AK — X, which is just a Lipschitz map, a k-current [o] in X is defined by

[o] = oyl ax]l.

By the definition, we have
spt([o]) C im(o).

Its Z-linear extension gives a group homomorphism [ - ]: S]I;ip(X ) — IZ(X). Then, we have

spt([c]) C im(c)
for every Lipschitz chain ¢. Here, for a singular chain ¢ = )__ a,0, its image is defined by

im(c) = |_J im(o).
g #0

We note that, Stokes’s theorem for Lipschitz functions on AF holds as the following form.

a(flv"'vfk) k _/ a(f27'~'7fk) k—1
/Mdet 3(S1s -, 5%) aLi(s) = o Ak fldeta(zl,...,tk,l)dﬁ @

for f1,..., fr € Lip(Ak), where fBA" is the sum of integrations over (k — 1)-faces of Ak
with orientations, and ¢ is an intrinsic coordinate of each face. This formula is actually proved
by a standard smoothing argument, and is represented as

k
O f1s s f) = Y sl psr DAL, - fo)
i=0
where ;: Ak~ — A is an orientation preserving isometric embedding into a face of

AF. From this formulation, the map [-]: Sl“ ip(X ) — IS(X) is known to be a chain map.
Furthermore, it is natural in the sense that [¢4c] = ¢4[c] for alocally Lipschitzmap ¢: X —

Y to another metric space Y and ¢ € S{‘ lp(X ).
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3.7 The groups of 0-chains

Let X be a metric space. Obviously, the groups S(% P (X) and Sp(X) are the same. For the
group I (X) of integral O-currents, the following two lemmas hold.

Lemma3.15 The map [ -]: S(])“ip(X) — I(C)(X) is an isomorphism.

Proof Letus take ¢ = Y | ajx; € Sy™P(X) = S;™(X). Then, [c] = YV, ailxi] € IS(X)
from the definition. Hence, the map [ - ]: S(])~ ip (X)) — I(C) (X) is surjective. We prove that it is
injective. We assume [c] = 0, that is, ZlN: 1 ai f(x;) = O for every bounded Lipschitz map
f1 X — R.Fix an index i, we can take a function f € Lip,(X) such that f(x;) = 1 and
f(x;) =0forall j # i.Hence, a; = 0 for all i. It implies ¢ = 0. This completes the proof.

O
Let us consider the map &: N§(X) — R defined by

eT =T(1)

for all T € N§(X). The restriction of ¢ to the group I§(X) is also represented as the same
symbol ¢: I§(X) — Z, where we note that the target group can be Z. We have deS = 0 for
all § € Nj(X), by the locality axiom of currents. Hence, the both ¢’s are augmentations of
the complices N¢(X) and IS(X).

Lemma3.16 Let ¢: S(])“ip(X) — Z be the standard augmentation defined in (2.4) which is
denoted by the same symbol as the map & : 1§(X) — Z. Then, we have g o [-] = e.

Proof The lemma follows directly from the definitions. O

~

Lemma 3.17 Let X be a metric space consisting of a single point. Then, we have H(}C (Xo) =
Z and H,!C(XO) = 0 for k > 1. In addition, Hy(NS(X0)) = R and Hy(N;(Xo)) = 0 for
k> 1.

Proof By the definition, we have I§(Xo) = Z and Nj(Xo) = R. By Theorem 3.9 in [1],
normal currents have the following property: if T is a normal k-current in a metric space Y,
then || T || is absolutely continuous in the k-dimensional Hausdorff measure H*. Therefore,
we have I} (Xo) = 0 = N{(Xp) for all k > 1. This implies the conclusion of the lemma. O

4 A way comparing homologies by using cosheaves

In this section, we recall the notion of cosheaves and give a technique to compare two
homologies associated to cosheaves. Let Ab and C(Ab) denote the categories of all abelian
groups with group homomorphisms and of all chain complices of abelian groups with chain
maps, respectively. Throughout the present paper, any chain complex was and will be indexed
by nonnegative integers. A complex C € C(Ab) is represented as C = Co = (C,,0) =

(= Ck ﬁ Ci_1 — -+~ i Co) = Py~ Ck. We recall that the m-th homology H,, (C,)
of C, is defined as H,,(C,) = Ker am/InTBm_l if m > 1 and as Hy(C,) = Co/Im 9.
For a complex C, = (C,, d) € C(Ab) and an abelian group A € Ab, a homomorphism
e: Cp — A is called an augmentation of C, if € 0 d; = 0 holds, and the augmentation &
is also denoted by ¢: C, — A. Let C be one of Ab and C(Ab). We also define the reduced
homology H,(C,) of the complex C, augmented by ¢ as H,,(Cs) = H,,(C,) if m > 1 and

Hy(Cy) = Ho(Co = A) = Kere/Im 3.
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4.1 Cosheaves

Cosheaves were introduced by Bredon [3]. Proofs of statements below about (pre)cosheaves,
we refer to the book [3].

In this section, X always denotes a topological space. The set O(X) of all open subsets
of X is regarded as a category in a usual way, that is, open sets U € O(X) are objects and a
morphism U — V uniquely exists if and only if U C V, for U, V € O(X).

Let C denote one of the categories Ab or C(Ab). A precosheaf on X (of C-valued) is a
covariant functor 2 from O(X) to C. We will use only a precosheaf 2 such that 2((#) = 0.
For a precosheaf 2 on X and U, V € O(X), the morphism induced by U C V is denoted
byiyuy = i&fu : A(U) — A(V). A precosheaf 2 is said to be flabby if ix y is injective for
every U € O(X), or equivalently, iy ¢ is injective for every U and V in O(X) with U C V.

Definition 4.1 [3] A precosheaf 2( on X is called a cosheaf if it satisfies the following: For

any family of open sets U = {Ug}aea of X, setting U = [ J,c4 Uq, the short complex

P AW NUp > PAV) S AU) - 0 (4.1)
a,feA A

is exact, where ® =}, 4 iv,,u,nUs — iUp,UNU aNd € = 3, iU U,
There is a useful characterization of precosheaves to be cosheaves.

Proposition 4.2 [3, Chapter VI, Proposition 1.4] A precosheafl on X is cosheaf if and only
if it satisfies the following two conditions.

(a) Forany open sets U,V € O(X), the short complex

AU NV) L Ay @AV) S AU UV) - 0

is exact, where ¢ = iyyy,u + iyuv,v and ¥V =iy ynv — iv.unv.
(b) If a family {Uy}yca of open sets in X is directed, that is, for any a,a’ € A, there is
a’ € A such that Uy, U Uy C Uy, then the map

lim A(Us) — A (U Ua)
aeA acA
is an isomorphism.

The short sequence (4.1) can be extended on the left side as a chain complex as follows.
For k > 1, let us define a map

o =" P UUso) > P AWapocr)

associated to a family & = {Uy}qea of open sets, by,
k
D, — —1\P A
k=2 D DPig, g
[o7) e aj p:O

wher.e Uy...u .denotes the intersection ﬂl;zo Uy, and Uap is ﬂj#p Uy, . Here, @Zfl’m is
nothing but ® in (4.1). We set

GUA) = B AUs.ap)-
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d)Z/{,Ql (DZ/I,Ql

The maps (deu’Q[)kz] satisfies = 0 for k > 2. So, the group

CoU, ) := EB Cr(U, )
k>0

becomes a chain complex with boundary map ® = &Y% = (quu,QL)kZl ande: Co(U, A) —
Ql(Ua U, ) is an augmentation of this complex.

Proposition 4.3 [3, Chapter VI, Corollary 4.5] Let 2 be a flabby cosheaf on X. Then the
sequence

S EUD T S U W = D Co ) S AX) = 0
is exact, for any open covering U of X.

For two open coverings U = {U;};je; and V = {V;}c; of X, we say that V is a refinement
of U if there is a map A: J — [ between index sets such that V; C Uy holds for every
j € J. Such a map A is called a refinement projection from V to U, and is denoted by
A:V < U. The refinement projection A induces a map iy : Ck v, — Ck U, 2A) defined
by

Ay AWVio_ i) = AUr(o)..rGi)
for each component of ék VY, ). Actually, we have
Lemma4.4 Ay: C‘. V) — é.(u, ) is a chain map.

Proof Let us consider the following diagram
AV o) LN AUn o). ()
i‘;'fp’VJ'O'«»jkl liﬁx(jp»[fm'o)...x(jk)
AV, —2 AW,

This diagram commutes from the definition. It implies the conclusion of the lemma. O

4.2 Double complices
If 2 is a precosheaf of C(Ab)-valued, then we denote it by 24 = 2,. In this case, é. o, As)
becomes a double complex by the boundary maps ® and 9. Indeed, the following holds.

Lemma4.5 We have 0® = ®9, where 0 acts on each component of (f,, u,A,) =
@[0 ,,,,, ip Qlo([a/vi()...i,,)for all p.

Furthermore, if .V < U is a refinement projection, then the map Ay : é. VY, As) —
Co(U, ) is a chain map of double complices.
Proof By the definition, the following diagram

ig, v,

W (Uiy.i)) ——> (U

al la
‘171'/ Uig...ip N
W1 (Uiy...i,) ——> -1 (Vi)

@ Springer



1088 A. Mitsuishi

commutes. Here, LA/,-I. =, oy U;,. The first statement follows from this and the definition

of ®.
The second statement follows from Lemma 4.4 and a similar argument done there. O

Now, let us consider an abstract double complex A = A, o = @i’ =0 A;,j of nonnegative
degrees. We denote its boundary maps by

o = (b,' = (D,‘,ji Ai,j — Ai—],j and 0 = 8.,‘ = 8,-,1-: A,'yj —> Ai,j—1~

Here, we set &9 = 0and 99 = 0. The total complex A, of A isdefinedby A, = @iﬂ:m A
together with the boundary map Ziﬂ.:m &; + (—1)/ dj: Ay > Ap—1.Let B = B, =
@jz() B; be a chain complex with the boundary map 98 = 8f: B; — Bj_1. Suppose
that there is a map £: Ao, — B, consisting of morphisms €;: Ag ; — B; such that
£j0j41 = 3f+18]’+1 and &;®; ; = 0 for every j > 0. Here, we set 9 = 0. This situation is
presented as in the following diagram

S

2 Ao 2 Al 2 Ap,2 : By
S

2 A2 1 LA 1.1 2 Ao, 1 : By
S

° A2 2 Al ° Ao,0 : By.

In this case, a morphism &.: H,,(Aes) — H;,(B,) is defined in a canonical way. Then,
the following is well-known. Actually, by a simple diagram chasing, one can easily get

Lemmad.6 Let A = (A;;,P,0), B = (B, 98) and ¢ be as above. Let m > 0. If the
sequence

] ] [ e
Am,j’j — Am,jfl.j — s —> A()’j — Bj — 0

is exact, for each 0 < j < m, then the map &,: Hy,(As) — Hy,,(Bs) is surjective. Namely,
for any ¢ € By, with 98¢ = 0, there exist elements Cm—kk € Am—kk for 0 <k < m
satisfying

ecom =c¢ and Dy g = 0Cm—k—1 k+1

forevery k withO <k <m — 1.

4.3 Local triviality of precosheaves

Let X be a space. A precosheaf ) on X is said to be locally trivial (or be locally zero) if for
any x € X and U € O(X) with x € U, thereis V € O(X) with x € V C U such that the
map i‘?U: HV) — H(U) is trivial.

A topological space is said to be paracompact if any open covering of it admits a locally
finite refinement. Recall that any metric space is paracompact.
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Theorem 4.7 [3, Chapter VI, Theorem 4.6] Let X be a paracompact topological space. If $)
is a locally trivial precosheaf on X, then for any open covering U = {U;} of X, there is an
open refinement V = {V;} of U with a refinement projection A: V < U such that the map

AWVig..ojw) = DWUn(jo)..r(m))

is trivial for every indices jo, ..., jm of V.

4.4 Local triviality of spaces

Let us denote by Met the category of metric spaces and locally Lipschitz maps and by Top
the category of topological spaces and continuous maps. Let D be one of Met and Top, and C
denote one of Ab and C(Ab). Let us consider a covariant functor H : D — C. Then, for each
X € D, we obtain a precosheaf H: O(X) — C on X. We say that a space X is H-locally
trivial if the precosheaf H on X is locally trivial. In this terminologies, the following holds.

Proposition 4.8 Let H: D — C be a covariant functor. The H-local triviality is inherited to
open subsets.

Furthermore, when D = Met, the H-local triviality is stable under locally bi-Lipschitz
homeomorphisms.

Proof Let X € D and X’ an open subset of X. We assume that X is H-locally trivial. Let
us take x € X’ and an open neighborhood U of x in X’. Since U is open in X and X is
H-locally trivial, there is V € O(X) withx € V C U such that H(t) = 0, wheret: V — U
is the inclusion. Since V € O(X’), we conclude that X’ is H-locally trivial.

Furthermore, we assume that X is a metric space and take another metric space Y. Let
f: X — Y be a locally bi-Lipschitz homeomorphism. To prove the statement, we may
assume that f is a bi-Lipschitzhomeomorphism. Let us take y € Y and an open neighborhood
VofyinY.Setx = f~'(y) € X, L = max{Lip(f), Lip(f~")}. By the H-local triviality
of X, we obtain r > 0 such that U(x,r) C f~'(V)and H() = 0, where ¢: U(x, r) —
£71(V) is the inclusion. Then, U(y, L~'r) C V and the inclusion ¢’: U(y, L™'r) — V is
decomposed as ' = f~! oo f. Hence, we obtain H(:/) = 0. This completes the proof. O

4.5 A way to compare homologies by using cosheaves
In this subsection, we prove the following important

Theorem 4.9 Ler A, and 2, be flabby cosheaves on a paracompact topological space X
of C(Ab)-valued together with a natural transformation n: Uy — A,. Let A and A’ be
precosheaves on X of Ab-valued together with natural transformations ¢ : A — A’ &: Ay —
Aand &' Ay — A’ such that §'n = C&. Suppose that §: Ay — A and §': A, — A’
are augmentations. Furthermore, we assume that n: Ao(U) — Ql’O(U ) is surjective and
¢: A(U) — A'(U) is injective for each U € O(X). Then, the following holds.

(1) If the precosheaves ﬁp ) are locally trivial on X for 0 < p < m, then
Nt HuQe(U)) — Hy QUL (U)) is injective for every U € O(X). Here, I:Ip(Ql.) is
the p-th homology of the augmented complex & : Ay — A.

(2) Ifthe precosheaves H () and H, (2A,) are locally trivial on X for0 < p <m—1and
1 <g <m,thenn.: HyQe(U)) = Hy (A, (U)) is surjective for every U € O(X).
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Note that the surjectivity of n implies that Hy (2l (U)) — Ho(2(,(U)) is always surjective,
for every openset U C X.

Proof Let X,,,2A,, A, A’, n, ¢, &, & be in the assumption. First, we assume that the pre-
cosheaves H »(2,) are locally trivial on X for0 < p < m. We prove that n,: Hy,; (Ae(X)) —
H,, (A, (X)) is injective. By Theorem 4.7, we obtain a sequence of open coverings {L/,, }’;1:0 of
X such that{), is a refinement of U/}, | together with a refinement projection A, : U, < Uy
and that

p)s: Hy@e Uiy i) = Hp@e(hpUiy..i,)))

are trivial maps for all finite elements U, ..., U;, € Up, foreach p =0, ..., m — 1. Here,
we write A, (Ujy..i,) = ﬂf;:OAp (Ui,). For U = U, we consider the following diagram.

la

d o] d d

P s — 2 G ) — 2 o, Ay — s A (X) 0

d o] | d

2 L sua) —2 s ) —2 s Goud )

d o] d d

2 sy —2 s G U Ay —2— CoUd, Ag) ——s A(X) 0
¢] ¢] ¢]
CrU, A) Ci1U, A) CoUd, A)

Here, 0 denotes the boundary map of the complex 2,. Let us take ¢ € 2, (X )v with ¢ = 0.
Since 2, is a flabby cosheaf, by Lemma 4.6, there are elements cp ), € CpUo, Ap—p)
such that

ecop =c and Ocppm—p = Pcpiim—p—1

for every p with 1 < p < m — 1. Furthermore, we suppose that ¢ satisfies 3'c’ = nc
for some ¢ € A, (X), where 9’ is the boundary map of ;. Then, to prove that 7, is
injective, it suffices to show that there is an element ¢ € 2,1 (X) such that dc = c. Since
e: Co(Uo, A, ) — A, (X) is surjective, there exists c(’)’m+1 e CoUy, QI;HI) such that
€0 mi1 = C'. Then, we have

8(8/6(/),m+1 — nco,m) = 0.
Therefore, there is an element c/1 m € c 1(Uo, A, such that
[ I
(o} Am = d Co.m+1 — NC0.m-
So, we have
@/8/5',1,”1 = _naco,m =-—-ndcipm-1 = _q)/ncl,m—L
Hence, there is an element c’z,m_1 e Co (U, 2, ;) suchthat ®'cy | = 8’C’Lm +ncim—1.

Repeating such a diagram chasing, we obtain elements c’P +lm—p € C 1 (Uo, Ay, p) such
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that
/) _al. +1
¢ Coptlm—p = 3 Cpm—p+1 +(=D7 NCp,m—p

for 1 < p < m. Since n: ém+1(uo, Ap) — ém+1(uo, Ql’o) is surjective, there is a ¢;;+1,0 €
Cin+1(Uo, o) such that neyi1,0 = ¢, o Then, we have

LEDCm 11,0 = (1" & p.

Since ¢ is injective, we obtain
EPemr10 = (=D gcu 0.
By the property of Ag: Uy < U, thereis acy 1 € ém (U1, 21) such that
dcm,1 = (ho)#(Pcmi1,0 + (=1)"cm,0)-

Therefore, we obtain

3Dy 1 = (ho)#(=D"dcm—1,1.
Hence, by the property of A, we obtain ¢,,—1,2 € (j’m, 1 (U, 2y) such that

dcm-12 = ()#(Pem,1 + (=D Rodpcm—1.1)
Repeating this argument, we have elements ¢,,—p p41 € Con pUps1, Apy1) satisfying
9cm—p.pr1 = p®cm—p1.p + (D" P Rp)gcmp.p

for 1 < p < m, where ):p# = Ap# o --- 0 Ao Then, setting ¢ = ecom+1 € Apy1(X), we
have

ac = ecom = C.

This implies that 7, : I:Im R (X)) — ﬁm (A, (X)) is injective. That is, this completes the
proof of (1).

Next, we prove that 17, : Hy, (e (X)) = Hy (A, (X)) is surjective, assuming the assump-
tion of (2). By a thing mentioned at before starting the proof, we may assume that m > 1.
Let us take ¢’ € A, (X) with 8'¢’ = 0. Let W be an arbitrary open covering of X. Then,

there are c;,,m_p € ép(W, Ql;n_p) such that
/ /
ecy,, =C
0,m
9'c — P 4.2)
Cp,m—p - Cp+l,in—p—1

forall1 < p <m — 1. Since n: Ay — Q[E) is surjective, there is a ¢, 0 € ém W, 2p) such
that

NCm,0 = Cpy - 4.3)
By the assumption, we have

CEDcy 0 = S/nd>cm,o = E/Cb/c;mO = 5/8/0,/"71,1 =0.
Since ¢: A — A’ is injective, we conclude

EDCy0 = 0. 4.4)
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Now, let us consider the following sequence of open coverings of X such that
Vo<U <V < <Vt <Ur <V <+ < Vi1 < Uy.
Here, the refinement projections are denoted by
Me—1: Vk—1 <Ur and pue: Uy < Vg
forl <k <mand1 < ¢ <m— 1. By Theorem 4.7, we may assume that the induced maps
=12 Heo1 e (Vi) = Hiot Qe Ok 1(Vi..j,)))
(10)w: He(A, (Uiy...i,)) = He(A (uk (Ujg...i,))
» € Vi—1, Uiy ..., Ui, € U, 1 < k < m and

1 < ¢ < m — 1. As seen above, we have a sequence {c},’mﬂ7 e C,(Vo, Qlfnfp)}ofpfm and

an element ¢, 0 € C’m Vo, U,n) satisfying (4.2)—(4.4). By (4.4) and the triviality of (4.5),
there is an element ¢, —1,1 € ém_l (U1, A1) such that

4.5)

are trivial, for all p > 0, Vj, ..., V;

0cm—1,1 = do#Pcm,0-
Then, we have

dDCm—_1.1 = ro#®dcpo =0,

a/ncm_],] = )”O#q)/C;n,O = 3’ rouc,

m—1,1-

By the second equality and the triviality of (111)«, there is an element ¢, _; , € Cn1 V1, )
such that

r 7 /
¢y = H1#(NCm—1,1 — Ao#Cyy_1.1)-

The rest equality and the triviality of (A1), guarantee the existence of an element ¢,,—22 €
C—2 U, AUy) satisfying

dem—2,2 = Mgp1#Pem—1.1.
Repeating such an argument, we obtain sequences of elements ¢, _ pop+l € Con—pVp, Api1)
and ¢;—p,p € Cu—p(Up, Ap) such that
’ _ ’
0 Cm—p,p+1 - /'Lp#(ncm—p,p - vp—lcm—p,p)’
0Cm—p.p = dp—1#1p—1#PCm—p+1,p—1

forall2 < p < m, where v,_| = Ap_1#tp_1#--- Ai#ii1#rox. Let us consider elements
c:=ecom € Un(X) and ¢’ := ecgy , ; € A, | (X). By the construction, they satisfy

ne=c +9¢c.
Therefore, we know that 1, : Hy, (e (X)) — Hy (A, (X)) is surjective. This completes the
proof of Theorem 4.9. O

4.6 Spaces of currents as cosheaves
Let X be a metric space. For each open set U € O(X), we obtain chain complicies NS (U) and

IS(U). Assignments U — NS(U) and U +— IS(U) are precosheaves on X of C(Ab)-valued,
by the definition. We have
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Lemma 4.10 The precosheaves NS and IS on X are actually flabby cosheaves.

Proof Let us denote by Cy one of Ny and I}. By Lemma 2.12, the precosheaf C; is flabby. By
Lemma 3.14, we already know that C, satisfies the condition (a) in Proposition 4.2. We prove
the condition (b) in Proposition 4.2. Let {U,} be a directed family of open sets. Since Cy is
flabby, the map Cy(Uy) — Ci(U) is injective for every «, where U = | J,, Uy. Because the
functor of taking the direct limit is exact, the canonical map

lim G (Uy) — Cr(U)

is injective. Let us prove that this map is surjective. Let T € Ci(U). Since T has a compact
support and {U,} is directed, there is an « such that spt(7') C U,. By Lemma 3.5, T can be
regarded as a current in U, . This implies that the considered map is surjective. This completes
the proof. O

4.7 Singular (Lipschitz) cosheaves

For a topological space X, the singular chain complex S, of each open set gives a flabby
precosheaf on X. In general, S, is not a cosheaf. Nevertheless, taking subdivisions infinitely
many times, we obtain a cosheaf on X as follows.

Example 4.11 [3] For each topological space X, let us consider a sequence of barycentric
subdivisions

.S 5,008 MmN

and its direct limit, denoted by &4(X). In this case, for degree k, the direct limit &4 (X) is
represented as the quotient group of Sy (X) identifying ¢ and ¢’ whenever Sd"¢ = Sd™ ¢’
for some m, m’ > 0.

Then, a correspondence O(X) > U > G,(U) € C(Ab) is a flabby cosheaf on X. Indeed,
because S, is flabby and the direct limit lim is an exact functor, G, is flabby. To prove that
&, is a cosheaf, it suffices to check the properties (a) and (b) in Proposition 4.2. However, it
is trivial, by the definition. Finally, noticing that the identity map on S, and the subdivision
are chain homotopy equivalent, we have a natural isomorphism

nx: Ho(X) = Hi (64 (X)).

Here, the naturality means the functorial sense, that is, for a continuous map f: X — Y
between topological spaces, the induced maps fi: Hi(X) — Hi(Y)and fi: Hi(Go(X)) —
Hy (G4(Y)) satisty ny fu = funx.

In Example 4.11, instead of a topological space and singular chains with a metric space

and singular Lipschitz chains, respectively, we obtain a flabby cosheaf (‘SIJiP on a metric space
X of C(Ab)-valued. That is, we set

&P (W) =lim (5P ) 2 sy 2 -

foreach U € O(X).Here, we note that the subdivision preserves the Lipschitz-ness of singular
chains. So, the map Sd: S.L P Sl“ P is well-defined. Furthermore, since the canonical chain
homotopy equivalence maps between the identity and the subdivision on S, also preserve the
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Lipschitz-ness of singular chains, they give chain homotopy equivalence between Sl‘ P and
GI.‘IP. Therefore, we have a natural isomorphism

HEP(X) = Ho (S2P(X))

between their homologies. ‘

Let us recall that the natural map [-] = [ ]x: Sl“ P (X) — I{(X) for each metric space
X was defined in Sect. 3.6. Obviously, we have [Sd c¢] = [c] for singular Lipschitz chain c.
Hence, we can define a natural map

[-1: &5°(X) — IS(X).

4.8 Local Lipschitz contractibility implying local triviality
We prove

Lemma 4.12 [fa metric space X is locally Lipschitz contractible, then it is H-locally trivial.
Here, H is one of the precosheaves H,fmg, H,i“lp, H,i‘lp and ch fork = 0.

Recall that HkL P _ I:IkL P for k > 1, which are non-reduced homologies.

Proof Since an LLC metric space X is locally contractible in the usual sense, the statement
for H = H:mg holds. For another H, the statement follows from Lemmas 3.11,3.17 and 2.13.
O

4.9 Cone inequalities implying H-locally triviality

Riedweg and Schippi introduced the notion of metric spaces satisfying the cone inequalities.
We translate this notion in terms of precosheaves.

Let X be a metric space and €, = (&,, d) a flabby precosheaf on X of C(Ab)-valued.
Furthermore, A is an Ab-valued precosheaf on X together with a natural transformation
e: €y — A suchthat ed = 0. Thatis, ¢: €, — A is an augmentation. The map ¢ may be
trivial. Moreover, we suppose the following.

(1) For any j > 0, ¢ € €;(X), there is a unique compact set K(c) such that for every
V € O(X) with K(c) C V, there is an element ¢’ € €;(V) such that igc’ = c. Here,
i: V. — U is the inclusion and iy = &,4(7) denotes the induced map;

(2) Forany j > 1,U € O(X), c € €;(U), we have K(dc) C K(c).

For instance, S, and Sl‘ ' satisfy these conditions for the canonical augmentations. In
these cases, K (c) is the image of a singular chain c. Furthermore, N¢ and IS also satisfy the
conditions, for augmentations &: N§(X) — R and &: I§(X) — Z defined by (T) = T (1).
In these cases, K (S) is the support of a current S.

Definition 4.13 [14] Let X, €,, A, ¢ be as above. We say that X admits the cone inequality
for &; if for any x € X, there exist r > 0 and a continuous non-decreasing function
F: [0, 00) — [0, o0) with F'(0) = 0 such that

e when j > 1,foreveryc € €;(X)withK(c) C U(x,r)anddc = 0,thereisc’ € €;11(X)
such that 3¢’ = ¢ with diam K (¢’) < F(diam K (c));
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e when j = 0, forevery ¢ € €y(X) with K(c) C U(x, r) and ec = 0, there is ¢’ € €| (X)
such that 3¢’ = ¢ with diam K (¢’) < F(diam K (c)).

Lemma 4.14 If X admits the cone inequality for €;, then the precosheaf I:Ij (C,) is locally
trivial. Here, H 1(€,) denotes the j-th homology of the augmented complex - - - 3 ¢, i

) d e
i1 — - —> ¢ — A

Proof Let X admit a local cone inequality for € j- Then, for x € X, there exists r > 0
and F: [0, 00) — [0, co) satisfying the condition written above Definition 4.13. For any
s € (0, r), we choose s’ € (0, s) with

s+ F@2s) <.

Let us take any ¢ € €;(X) with K(c) C U(x, s”). Such a c is considered as an element in
C;(U(x,s")), because €; is flabby and it satisfies the condition (1). We suppose that d¢ = 0
when j > 1 and that ec = 0 when j = 0. Since s’ < s < r, there exists ¢’ € €;41(X) such
that 8¢’ = ¢ and

diam K (¢") < F(diam K (¢)).
Forany y € K(c) C K(c’) and z € K(c’), we have
d(x,z) <d(x,y)+d(y,z) <s + F2s) <s.

Hence, K (¢/) C U(x, ). So, the ¢’ can be regarded as an element in €41 (U (x, 5)). There-
fore, the morphism

H; (€U (x,5)) = H;(€(U(x,5)))

is trivial. This completes the proof. O
Riedweg and Schéppi claimed

Theorem 4.15 [14, Theorems 3.2 and 3.4] If a metric space X admits the cone inequalities
for Hy, I:Ilz‘lp and H,gc, for all k with 0 < k < m, then the canonical maps Hy,, (X) <
HayP(X) — HIC(X) are isomorphisms.

By Lemmas 4.12 and 4.14, our Theorem 4.9 is a generalization of Theorem 4.15 in terms
of local triviality.

4.10 Proof of Theorem 1.3
By above preparations, we immediately get a proof of our main theorem.

Proof of Theorem 1.3 Let X be an LLC metric space. By Lemma 4.12, all the precosheaves
Hksmg, FI,I“ P and H,}C on X are locally trivial, for every k > 0. By Lemma 3.15, the chain
map|[-]: S(])“lp (X) — I5(X) is an isomorphism. Due to Sect. 4.7, the functor GI;IP :0(X) —

C(Ab) is a flabby cosheaf and 6](;ip = S(]; P by the definition. Therefore, Theorem 1.3 follows
from those things and Lemmas 3.16 and 4.10 and Theorem 4.9. O
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sing

Proof of Corollary 1.4 Let H denote one of H-™® and HIC. Let us set 1: H — H"™ the
natural isomorphism obtained in Theorem 1.3. Let X and Y be LLC metric spaces, and
S X — Y acontinuous map. Then, we define a homomorphism H(f): H(X) — H(Y)
by H(f) =ty o H."(f) o tx. Furthermore, for another continuous map g: ¥ — Z to an
LLC metric space Z, we obtain

' o Hi™(g) oty o1y o HY™8(f) 0 1x
' o HI™(g) 0 HI™(f) 0 1x

— ;' o H" (g o f)oux

=H(go f).

H(g)o H(f)

This shows that H is extended as a functor on the category of LLC metric spaces and
continuous maps such that H is naturally isomorphic to the functor H; ¢. Furthermore, if
h: X x [0, 1] — Y is a continuous homotopy, then we have

H(ho) = 17" o H™(ho) 0 1x = 17" 0 HY"(hy) o 1x = H ().

This implies the homotopy invariance of H. This completes the proof of Corollary 1.4. O

5 Several remarks
5.1 Relative homologies

A relative version of the singular Lipschitz homology is defined in a similar way to define
the relative singular homology. For a subset A in a metric space X, the inclusioni: A —
X induces an injective morphlsm iy#: Se p(A) Llp (X). So, we have a Cham complex

Llp(X A) as the quotient of S, lp(X) modulo S, lp(A) Its homology H, (S, p(X A)) is
called the relative singular Lipschitz homology and is denoted by H*L P(X, A).

Let (X, A) be as above. The pushforward iy : IS(A) — IS(X) is injective by Lemma 2.12.
Hence, we obtain a chain complex IS (X, A) = L (X)/i#IS (A). Its homology H,(IS(X, A))
is called the relative homology of integral currents with compact support and is denoted by
HIC(X, A).

Let (Y, B) be another pair of metric spaces. A map f from (X, A) to (Y, B) is a map
f: X — Y with f(A) C B. Wesay thatamap f: (X, A) — (Y, B) is (locally) Lipschitz,
if f: X — Y is (locally) Lipschitz. Obviously, all pairs of metric spaces and all locally
Lipschitz maps give a category. We also have

Theorem 5.1 On the category of all pairs of LLC metric spaces and all locally Lipschitz
maps, the functors H:ing, Hi“ ® and Hic are naturally isomorphic, where H:ing denotes the
usual relative singular homology.

In particular, Hi‘ P and Hic can be extended functors on the category of pairs of LLC
spaces and continuous maps.

Proof This follows from Theorem 1.3 and the five lemma. O
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5.2 Reduced homology of metric currents

Let X be a metric space. We consider a map
e LX)>THT1) el
This is an augmentation of the complex I (X). Actually, for § € I{(X), we have
edS=5(,1)=0.

So, we obtain the reduced homology of I (X) augmented by ¢, which is denoted by I:IiC (X).
As Theorem 1.3, we have

Theorem 5.2 I:IiC is actually a functor on the category of LLC metric spaces and locally
Lipschitz maps. On that category, the functors H"™8, I:Ii“ P and I:Iic are naturally isomorphic.
Here, H;"® denotes the usual reduced singular homology.

. ~Li ; .
In particular, H,"" and Hic can be extended to functors on the category of LLC metric
spaces and continuous maps.

Proof Let X be a set of a single point. Then, all the homologies A5 "(X), AL (X) and
ﬁiC (X) are represented as the kernels of 7, between correspondence non-reduced homolo-
gies induced by the canonical map 7: X — Xg. By the naturality of the non-reduced
homologies (Theorem 1.3), we obtain the conclusion of the theorem. ]

5.3 Aremark on the axiom of finite mass

Remark 5.3 Our definition (Definition 3.1) and the original definition given in [1] of currents
are slightly different. The main different point is the finite mass axiom. Furthermore, in [1],
it was supposed that all sets satisfy some set-theoretical axiom about the cardinalities.

The original metric currents were defined only on complete metric spaces assuming the
set-theoretical axiom [1]. The set-theoretical axiom implies that any finite Borel measure on
every complete metric space is automatically tight. Therefore, the original definition did not
impose that the mass measures of currents are tight. On the other hands, the LLC-condition
is an open property (Proposition 2.4). Therefore, if we employ the original definition of
metric currents, then an area which is applicable to our theory is very small. For instance, if
a metric space is complete and LLC, then its open set is LL.C, but is not complete, in general.
Furthermore, we want to ignore an additional set-theoretical axiom.

Fortunately, as mentioned in [1], if one deal with only metric currents having tight mass
measures, then such currents satisfy all the same results obtained there, further, they can be
defined on all metric spaces without the set-theoretical axiom. This is the reason why we
used currents with tight mass measures.

5.4 Alexandrov spaces revisited

As mentioned in Sect. 2.2, any finite dimensional Alexandrov space is SLLC. The proof of
it was based on the theory of gradient flows of distance functions founded by Perelman and
Petrunin [11,13]. Actually, in [8], we proved that any point x in an Alexandrov space X
has a positive number r such that the distance function d from the metric sphere S(x, 2r)
centered at x of radius 2r is regular on U (x, r)\{x} and further that the absolute gradient

|Vd| is uniformly bounded on U (x, r)\{x}. Here, |Vd|(y) = lim sup,_,,, %. Then,
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the gradient flow of d gives a strong Lipschitz contraction from U (x, r) to x. On the other
hands, extremal subsets of X, introduced by Perelman and Petrunin [12], have well-behavior
in the gradient flows of distance functions. Indeed, extremal subsets are characterized by the
property that they are preserved under the gradient flow of any distance functions (see [13]).
This fact and the proof of the main result in [8] implies

Theorem 5.4 Any extremal subset in an Alexandrov space is strongly locally Lipschitz con-
tractible. In particular, the boundary of an Alexandrov space is strongly locally Lipschitz
contractible.

Due to Theorems 5.1 and 5.4, we have

Corollary 5.5 Let X be a finite dimensional Alexandrov space and E a its subset. Suppose
that E belongs to one of three classes of sets in the following: open subsets, discrete subsets,
and extremal subsets. Then, we have natural isomorphisms H.(X, E) = H*L P(X,E) =
HIC(X, E).

5.5 An LLC space not having the homotopy type of CW-complices

This subsection is devoted to prove

Theorem 5.6 (cf.[2,15]) There is an LLC metric space such that it does not have the homotopy
type of CW-complices.

Indeed, a space satisfying the topological property written in Theorem 5.6 was constructed
by Borsuk [2]. We prove that such a space can admit an LLC metric. We also refer Chapter 6
of the book [15] for the construction and recall terminologies used there.

A metrizable space X is called an ANR (absolute neighborhood retract) if it is a neigh-
borhood retract of an arbitrary metrizable space that contains X as a closed subset. Here, a
closed subset A of a space Y is called a neighborhood retract if there exist a neighborhood
U of A and a continuous map r: U — A such that r|4 = id4. For an open covering V of a
space X, we say that two maps f, g: ¥ — X from a space Y are V-close if forany y € Y,
there is a V € V such that f(y), g(y) € V. LetU be an open covering of X such that V is a
refinement of /. We say that V' is an h-refinement of U if any two V-close continuous maps
f,g:Y — X from a metrizable space Y are /-homotopic. Here, f and g are &/-homotopic
if there is a continuous map i: X x [0, 1] — Y such that hg = f, h; = g and that for any
x € X, thereisa U € U such that h({x} x [0,1]) € U.

Lemma 5.7 Let X be a metrizable space. If the open cover {X} consisting of only X has no
h-refinement, then X does not have the homotopy type of absolute neighborhood retracts. In
particular, X does not have the homotopy type of CW-complicies.

Proof We suppose that there is an ANR Y such that X and Y are homotopic. Let¢p: X — Y
be ahomotopy equivalence. By Corollary 6.3.5 in [15], the cover {Y'} of Y has an h-refinement
U.LetussetV = {¢p~'(U) | U € U}. Then, V is an h-refinement of {X}, which contradicts
to the assumption. Indeed, we take V-close maps f, g: Z — X. Then, ¢ o f and ¢ o g are
U-close. Since U is an h-refinement of {Y}, there is a homotopy 4: Z x [0, 1] — Y such
that ho = ¢ o fand h; = ¢p o g. Let : Y — X be a homotopy inverse of ¢. By using a
homotopy ¥ o i between ¥ o ¢ o f and ¥ o ¢ o g, we obtain a homotopy between f and
g. This completes the proof of the first statement. Since every CW-complex is an ANR, the
latter statement follows. O
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For a metric space U and its subset Uy, we say that Uy is a Lipschitz deformation retract of
U if there exists a Lipschitz homotopy /: U x [0, 1] — U such that ho(x) = x, hj(x) € U;
and 1 (y) = y forevery x € U and y € Uj. Such amap £ is called a Lipschitz deformation
retraction from U to U1. A Lipschitz contraction is a special Lipschitz deformation retraction.

Lemma 5.8 Let V be a metric space and V| and Vy its subsets. Suppose that Vo C Vi C V
and that Vyy is a Lipschitz deformation retract of Vi and V1 is a Lipschitz deformation retract
of V. Then, Vy is a Lipschitz deformation retract of V.

Proof Let us take Lipschitz deformation retractions 4 from V to Vi and g from V; to Vj.
Then, we defineamap k: V x [0, 1] - V by

A, 20 ifr <1/2,
ke, 1) = {g(hl(x),2t 1) ifr>1/2.
This map is well-defined. Furthermore, it is Lipschitz. Indeed, for x, y € V and for ¢, s €
[0, 1], we have
d(k(x,1), k(y, 1)) < max{Lip(g), 1} max{Lip(h), 1}d(x, y),
d(k(x, 1), k(x,s)) < 2max{Lip(h), Lip(g)}|s — 1].

By the construction, & is a deformation retraction from V to Vj in the usual sense. Therefore,
Vo is a Lipschitz deformation retract of V. This completes the proof of the lemma. O

Proof of Theorem 5.6 Let £, denote the standard Hilbert space of countably infinite dimen-
sion. Let Q be a subset of ¢, defined by

Q= (Wi €2 ]0=<x <27

We consider the following spaces.

Xo = {(xx) € Q | xo =0},

Cr={) € Qlm+ D" <xo<n' xx=0fork >nj,

X, = 0C, (the boundary n-sphere of the (n + 1)-cube C,,),
where n > 1. Then, we prove that X = (2, X, is the desired space. By the construction,
this space is homeomorphic to the space in Theorem 6.3.8 in [15]. Therefore, the cover {X}
has no h-refinement. By Lemma 5.7, X does not have the homotopy type of CW-complices.

We prove that X is LLC. Since an open set |2, X, = X\Xo in X is a locally finite

simplicial complex, it is SLLC. Let x € Xo. We denote by p,,: X — ]‘[k’”zo[o, 27¥7 the
projection into the first (m + 1)-coordinates. For any r > 0, there exist an m > 1 and a
convex neighborhood W of (x, ..., x,) in [[{=, [0, 27K such that p,;l([O, mx W) c

U(x,r) N X, where U(x,r) is the open ball in £, centered at x of radius r. Indeed, for
y € p,;l([O,m’l] x W), we have

m
Ix =yl <m ™2+ > b —nl*+ Y475
k=1 k>m

Hence, we can have such an m and a W. Then, we define a neighborhood V of x in X by

P,;il([O, m x W x [0,27™FD)) if x,,q < 470D
T 0 m T X WX (0,270 DY) if x> 470D,
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Furthermore, we consider the following sets.

" {PmH({O} x W x {0}) if xypsg < 4~ D),
P (10} x W x (270D} if x> 404D,

Vi — { Pm+1([0, m1 x W x {0} if Xyt < 4= (m+1D)
P,;Jlrl([O, m x Wx 270D if x> 470D

Note that all the sets V, V| and Vj are contained in U(x,r) N X. As written in [15], V|
is a strong deformation retract of V by a deformation i: V x [0, 1] — V sliding along
the (m + 2)-th coordinate, and Vj is a strong deformation retract of V| by a deformation
g: Vi x [0,1] — V; sliding along the first coordinate. From the constructions, # and g
are Lipschitz homotopies. Furthermore, Vj is Lipschitz contractible in itself. Hence, V is
Lipschitz contractible in V to some point, by Lemma 5.8. Therefore, we conclude that X is
WLLC. By Lemma 2.3, X is LLC. This completes the proof of Theorem 5.6. O

5.6 Remark on the homology of normal currents

By Lemma 4.10, the functor N : O(X) — C(Ab) is known to be a flabby cosheaf on each
metric space X. Hence, we may apply Theorem 4.9 to this cosheaf NS. Now, we note that the
space NG (X) is identified with the space M (X) of all finite signed Borel measures on X with
compact support. Therefore, when X is LLC, we can guess that the homology H, (NS(X))
coincides with the homology of some chain complex C,(X) such that its 0-th group Co(X)
is M (X). Furthermore, the homology H,(C,(X)) should be a topological invariant. Such
a chain complex actually exists, called the measure chain complex, introduced by Thurston
[16]. However, there is no canonical map between C,(X) and N¢(X). We discuss such a
difficult point in another paper.

5.7 Localizations

Lemma5.9 Let A, and B, be chain complices of indexed by integers and f: Ay — Be a
chain map. Suppose that Hy, (f): Hy, (Aes) — H,, (B,) issurjective and Hy,—1(f): Hy—1(As)
— H,,—1(Be) is injective. Then, forany b € B anda € Ay—1 withdb = f(a) and da = 0,
there are a € Ay, and b € By, 41 such that ab=>b+ f(a).

Proof Letustake b € B,, and a € A,,—; with 9b = f(a) and da = 0. Since H,,—1(f) is
injective, there is a € Am such that da = a. Then, we have 9(b — f(a)) = 0. Since H,, (f)
is surjective, there exista € A,, and be By,+1 such that da=0and f(a)+ f(@) = b+ db.
This completes the proof. O

As a corollary to the proof of Theorem 4.9, we have

Corollary 5.10 Letm > 1 and € > 0. Let X be a metric space which is ﬁjl.“ip-locally trivial
forO<j<m-—1.
() IfX is Hksmg-locally trivial for 1 < k < m, then for ¢ € S, (X) with dc € SL‘P L (X0,

there exist finitely many elements cy,...,cny € Sp(X), CIL, cey ck, € S,%IP(X) and
Cly..-yCN € Sp41(X) such that

(1-a) there is n > 0 such that Zi ¢; =sd"(c) and o¢; = ¢; — ciL;
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(2-a) im(c¢;) C U(im(c), €) and diamim(c¢;) < €.

Q) If X is HgC-locally trivial for 1 < k < m, then for T € I}, (X) and for c € S,];LiEI(X)
satisfying 0T = [c]and dc = 0, there exist finitely many elements Ty, . .., Ty € I}, (X),
ko ek e SPP(X)and S, ..., Sy € IS, (X) such that

(2-a) Y., T =T and 3S; = T; — [cF1;
(2-b) there is n > 0 such that Zi ci" =sd"¢;
(2-c) spt(S;) U im(ciL) C U(spt(T) Uim(c), €) and diam spt(S;) < €.

Proof Let X be as in the assumption. Let us prove (1). We suppose that X is H,‘:i"g-locally

trivial for 1 < k < m and take ¢ € §,,(X) with dc € S;ifl (X). Let us take a finite open

covering U = {U,‘}lN:1 of im(c) such that diam(U;) < €/2. We set U = UlNzl U;. Then,
we may regard ¢ as an element in ¢ € S, (U). Furthermore, the same symbol ¢ denotes
the element in &,,(U) represented by c. Since dc € ahiP 1(U), by Lemma 4.6, there are

e
v L
elements c,fmikfl e CrU, Gmlgkfl) such that

L _ L _ a.L
ECHm—1 = dc and d>(ck’m71) = Bckfl’mfk

for 1 <k < m — 1. On the other hands, since &: éo(u, &) — 6, (U) is surjective, there
is co,m € Co(U, G,,) such that ecp ,, = c. By the choice, we have

L
8(3C0,m — Co’m_]) =0.
Therefore, we obtain ¢j ,,—1 € 6‘1 U, 6,,—1) satisfying
DPcy 1 = dco,m — c(I)"mfl.

By repeating such an argument, we have a sequence of elements ck ,—k € CrU, Spmi)
such that

kL
Dk m—k = dck—1,m—k+1 + (=D 1 i

from all 1 < k < m. Then, since &y = 616ip, the element ¢, o belongs to C‘m u, 616ip).
Furthermore, we have dc;,—1,1 € Cv‘mq u, Gglp). Since Hfmg = HlLlp, by Lemma 5.9, there
are elements c,ﬁ_m € ém_l(u, 611‘1p) andc,,,—12 € ém_l(u, S») such that

L
9Cm—1,2=Cm—1,1 = Cpy_1.1-
Hence, we obtain

1L L
A DPem—12 —cm—22) = (=1)" "}y 51 — Py

which is an element of ém_z(u, 6?[’). By Lemma 5.9, there are elements c¢,—23 €
Cn—2W,G3) and ck,_, 5 € Cu—z(U, &) such that

L
dem—23 = Pm—12 — Cm—22 = Cp_27-

By using Lemma 5.9 repeat_edly, we have sequences of elements ¢, —x k+1 € ém —xU, Sky1)
and C:ﬁfk,k IS C'nl_k u, GEIP) such that

. k+1 L
em—tk+1 = Pem—kt1h + (=D eppr — Con—k k
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for2 < k < m. Let us set
EO,m = (_l)erlq)cl,m + co,m € Cv‘O(Z/[’ Gm)
Then, we have

eCo.m = ¢,

dcome1 = (=)™ 1&,, — c&m. (5.1)
Furthermore, let us set ¢o.n = (¢));L;, (=1 eomr1 = (@)L, and (=1)"*cf,, =
(chHN.|, where ¢; € &,,(U;), i € Spp1(U;) and ¢F € SLP (1), Then, the relation (5*.1)18

translated as

N
Zc,- =c € 6,WU),

i=1

3¢ = ¢ —cF € 6, (Uy)

foreveryi € {1, ..., N}. We consider representatives of ¢; in S,, (U;), ciL in S,,];]p(Ul-) and ¢;
in Sy, 41 (U;). Taking subdivision of them sufficiently many times, we obtain the conclusions
of the statement (1).

The statement (2) can be proved by an argument similar to the proof of (1). This completes
the proof of Theorem 5.10 O

Remark that Corollary 5.10 is a generalization of statements in [14] in terms of local
triviality of homology theories.
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