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Introduction

Magnitude is an invariant of enriched categories introduced by Leinster
([12]) as a generalization of the cardinality of sets, the rank of vector spaces,
and the Euler number of topological spaces. In this thesis, we take a look on
magnitude of metric spaces which can be seen as a [0, co)-enriched category.
The definition of magnitude for a finite metric space is given as follows.

DeriniToN . We call a metric spaces which consists of finitely many
points a finite metric space. For a finite metric space (X, d), let Ax be the
symmetric matrix whose entries are the number e for x,y € X. If Ay
is invertible, magnitude of X is defined by the summation of all entries of
Ay'. Further, for ¢ € Ry, we call magnitude of the metric space (X, td)
magnitude function of X which is a function on t.

We note that one can define magnitude for almost all finite metric spaces,
since the set of invertible matrices are dense in the space of all matrices. It
is pointed out by Leinster that magnitude measures the number of efficient
points of a metric space.

Magnitude homology, introduced by Hepworth-Willerton and Leinster-
Shulman ([10], [13]), is a bigraded Z-module MHﬁ indexed by positive real
numbers ¢ and positive integers 7, and is defined for general metric spaces.
As shown by them, for a finite metric space X, magnitude homology is a
categorification of magnitude in a sense that magnitude function of X is
equal to the “Euler charactersitic” Y,,(—1)"rank MH!(X)e™". The defini-
tion of magnitude homology is given as follows. Let (X, d) denotes a metric
space.

DEeriNtTON . Magnitude chain complex
(Mcfoo,a* = ) (18,
i=1

is a graded free Z-module generated by tuples (xo, ..., x,) € X"*! satisfying
;’:_01 d(x;, x;y1) = €, with a differential defined by

(X05 -+ s Kooy X)) d(xiy, Xxp) + d(xi, Xig1) = d(Xi21, Xis1)
0 otherwise.

GZ(xo,...,x,,) = {

The homology group of magnitude chain complex is called magnitude ho-
mology group of X, and is denoted by MH!(X).

2



INTRODUCTION 3

Magnitude homology is defined as a homology of a pointed simplicial
set, however, sometimes it behaves like usual homology theory and it looks
something more than just a homology of a chain complex. For example,
Hepworth-Willerton [10] shows a kind of Kiinneth theorem and Mayer-
Vietoris theorem for magnitude homology by restricting it on graphs. Gu
[7] computes magnitude homology for several classes of graphs by using
an algebraic Morse method. Kaneta-Yoshinaga [11] describes magnitude
chain complex from a view point of ordered complex of posets, and the
author [1] computed magnitude homology of CAT(«) spaces by using their
frameworks. Gomi [5][6] constructed a spectral sequence for magnitude
homology by using a filtration on numbers of “smooth points”, and com-
pletely computed magnitude homology for a wide class of geodesic metric
spaces. Their computations show that magnitude homology has some in-
formation about uniqueness of geodesics for a wide class of metric spaces
including Riemannian manifolds. Further, Otter [16] studies “blurred” ver-
sion of magnitude homology, and relates it to singular homology theory.
She and Cho [3] studies magnitude homology from a view point of per-
sistent theory which plays a central role in the area of Topological Data
Analysis.

On the other hand, we can consider a simplicial complex which is as-
sociated to metric spaces called Vietoris-Rips complex. It was first intro-
duced by Vietoris ([18]) as one of the first homology theory for compact
metric spaces. Later Rips used this simplicial complex to construct a con-
tractible space with hyperbolic group action([4]). The n-simplex of this
complex consists of (n + 1)-points subsets {xo,...,x,} whose diameter is
not greater than £. Another chain complex whose n-simplex consists of
(n + 1)-points subsets {xo, ..., x,} with the diameter strictly smaller than &
is often referred to by the same name. We discuss both of the complexes
in this thesis. The associated chain complex VC=? or VC:? of the above
complex is called Vietoris-Rips chain complex, and its homology VH=? or
VH:? is called Vietoris-Rips homology.

The idea and the definition of magnitude homology and Vietoris-Rips
homology is quite similar, however, there are few studies comparing them
each other. Further, the author considers that these ideas have been get-
ting more and more important from a view point of algebraic topology for
metric spaces which is effectively applicable to data science, in particular
to Topological Data Analysis. For example, magnitude homology is a can-
didate for another criterion of approximative size of data sets instead of
Vietoris-Rips homology which is now majorly used. Hence to reveal the
relationship between each other is a pivotal problem. Further, the author
has an eye on constructing a parametrized view point of geometry which
connects discrete and continuous studies of geometry so far, and studying
the above two homology theories are our first step to realize it.
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In this thesis, we reveal some properties of magnitude homology and
Vietoris-Rips homology restricted to the category of geodesic metric spaces.
This thesis consists of four chapters, and the first one is devoted to some
preliminaries on fundamental elements of topology and geometry. In the
remained three chapters, we prove our main theorems. The following is a
summary of this thesis.

In chapter 2, we prove an analogy to the fundamental fact that * the
ordinary homology of a contractible space is trivial” for blurred magnitude
homology. Blurred magnitude homology is a variant of magnitude homol-
ogy coined by Otter ([16]), and it is defined as follows. Let (X,d) be a
metric space.

DEeriniToN . Let € € Ryo. Let us consider a simplicial set whose n-
simplices consist of tuples (xo, ..., x,) satisfying

n—1

d(x;, xip1) < L.
i=0

We denote its associated chain complex by (MC={(X), %), and we denote
its homology group by MH={(X). We call MH=!(X) blurred magnitude
homology of X. Similarly, we define a chain complex (MCZ{(X), 65°) to be
a chain complex which consists of tuples (xo, ..., x,) satisfying

n—

1
d(x;, xip1) < L.
i=0

We denote its homology by MH=‘(X). We also refer to it as blurred magni-
tude homology.

As remarked in the above, the definition of magnitude homology and
blurred magnitude homology is quite simple, however, little property of
them has been revealed so far. For example, the invariance of magnitude
homology is one of the tantalizing problems. In this chapter, we discuss
magnitude homology of crushable spaces.

DEeriniTOoN . A metric space is called crushable if there exists a map
F : X x[0,1] — X satisfying the following conditions.

(1) F(x,1) =xforall x € X,

(2) F(x,0) =aforall x € X,

(3) F(a,t) =aforallt € [0,1],

4) d(F(x,s),F(y,s)) < d(F(x,1),F(y,t)) forall x,y e Xand s <t €
[0, 1].

To study magnitude homology, the notion of blurred magnitude homol-
ogy seems to make it easy to deal with algebraically. Our main result is the
following which appears as Proposition 2.5.
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TheoreM . If (X, d) is crushable, then
MHI(X)=0
forall £ € R,y and n € Z.,.

We use some techniques from singular homology theory for the proof.
As a corollary of these theorems, we can compute blurred magnitude ho-
mology of Euclidean spaces (Corollary 2.6).

In chapter 3, we study magnitude homology of geodesic metric spaces
of curvature < «, especially CAT(«) spaces. We will show that magnitude
homology M H(X) of such a metric space X vanishes for small £ and all n >
0. Consequently, we can compute a total Z-degree magnitude homology for
small ¢ for the spheres S”, the Euclid spaces E", the hyperbolic spaces H",
and real projective spaces RP" with the standard metric. We also show
that an existence of closed geodesic in a metric space guarantees the non-
triviality of magnitude homology.

Some computations of magnitude homology is studied for graphs by
Hepworth-Willerton([10]), for convex subsets in R" by Leinster-Shulman
([13]), for the geodesic circle by Kaneta-Yoshinaga ([11]), and for geodesic
spheres by Gomi ([4]).

Since the motivation and the formulation of magnitude homology are
algebraic, several authors study it from a view point of algebra and cate-
gory theory. On the other hand, its geometric meaning is gradually getting
clarified in the study of Leinster-Shulman, Kaneta-Yoshinaga, and Gomi
([13], [11], [4D.

In this chapter, we study magnitude homology from a view point of met-
ric geometry, and clarify that the curvature of metric spaces effects heavily
on the triviality of magnitude homology. We also investigate its connection
with closed geodesics.

Let (X, d) be a metric space. A quadruple (xo, X1, X2, x3) € X* is called
4-cut if (1) x; # xi4q for 0 < i < 2, (2) d(xi, Xi42) = 2’; d(x;, xj.1) for
0<i<1,and (3) d(xg, x3) < Z?:o d(xj, xj;1) are satisfied. Let my be the
infimum of the length Z?:o d(xj, xj+1) of 4-cuts (xo, x1, X2, x3) in X. This
invariant is first introduced in ([11]) and is very important for the study of
magnitude homology. We clarify its metric geometrical interpretation by
the following theorem stated as Theorem 3.5 in this artcle. The invariant
lx measures the infimum length of locally geodesic path which is not a
geodesic. See Definition 3.3 for the detail. Let D, be 7/ vk for k > 0 or +o0
for k <0. The main result of this chapter is the following.

THeEOREM . For a geodesic CAT (k) space (X, d), we have
DK <myx < lx.

The following is stated as Corollary 3.6.
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CororLary . Let (X, d) be a geodesic CAT(x) space. Then for any n > 0
and 0 < ¢ < D,, magnitude homology MH'(X) vanishes.

The following is stated as Theorem 4.3. See Definition 4.1 for the defi-
nition of closed geodesics.

THEOREM . Let X be a metric space. If there exists a closed geodesic of
radius r in X, then we have MH7"(X) # 0.

Most part of our results in this chapter overlaps with Gomi’s works ([5],
[6]). He computes magnitude homology for a wide class of geodesic spaces
by using spectral sequence. Only he requires on a metric space is a non-
branching condition on geodesics, hence every complete Riemannian man-
ifold and every CAT (k) space with non-positive xk can be dealt with in his
frame work. However, the approach of ours is quite different from his, and
the author does not know whether CAT(k) spaces with positive k can be
covered by his work.

In chapter 4, we study Vietoris-Rips homology of geodesic spaces for
small parameters &, and see that it is similar to magnitude homology case.
Vietoris-Rips homology theory is an origin of modern homology theory,
and getting more and more interested in recent growth of Topological Data
Analysis. From a view point of Topological Data Analysis, it is impor-
tant to know about Vietoris-Rips homology of Riemannian manifolds as an
“ideal” state of datasets. In this thesis, we discuss Vietoris-Rips homology
with small and large parameters for Riemannian manifolds with some cur-
vature requirements. We prove that Vietoris-Rips homology is isomorphic
to singular homology when the parameter is small, and not isomorphic in
large case. The techniques we use are analogy from the singular homol-
ogy theory, and they are applicable to two slightly different definitions of
Vietoris-Rips homology. We also consider a relationship with magnitude
homology.

Although its origin is natural and fundamental, the Vietoris-Rips ho-
mology is not widely studied compared to other homology theories. In this
chapter, we study the theory for geodesic metric spaces with some curvature
requirements. Hausmann ([9]) proves the following in this context.

THeoreM (Hausmann, Proposition 3.4[9]). The Vietoris-Rips homol-
ogy with sufficiently small ¢ is isomorphic to the singular homology for
Riemannian manifolds with some curvature requirement.

His proof depends on the strictness of the inequality in the definition
of complex. We give another proof to the above statement, which can be
applied to the both definition of Vietoris-Rips complex and is slightly a
refinement of Hausmann’s. Let r(X) be the supremum of non-negative real
numbers r satisfying the following:

(1) There uniquely exists a geodesic between every pair of points x, y
with d(x,y) <r,
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(2) For any three points x,y,z with diam {x,y,z} < r, and for every
point w on the geodesic between y, z, they satisty

d(x,w) < max{d(x, y), d(x, z)}.

It is well known that Riemannian manifolds X with strictly positive injectiv-
ity radius satisfies (1) above. It is also easy to see such an X with an upper
bound on its sectional curvature satisfies (2), hence we have r(X) > 0. In
particular, we have r(X) > 0 for compact Riemannian manifolds. Haus-
mann considers similar number as the threshold but not greater than ours,
hence our result is a refinement of the above theorem. The following is our
main theorem, which appears as Theorem 2.3 in this chapter.

THEOREM . For any 0 < &’ < € < r(X), the following inclusion of chain
complexes is a chain homotopy equivalence :

VC (X) — VCE(X).

As a corollary of this theorem, we obtain the following, which appears
as Corollary 2.23.

CoroLLARY . For Riemannian manifolds X with »(X) > 0, we have
VH:*(X) = H.(X;2),
for sufficiently small 0 < &.

Vietoris-Rips complex also plays a pivotal role in recent and fast growth
of Topological Data Analysis, and is receiving more and more attention.
One of the novel and remarkable viewpoints on it is coined by Otter ([16])
via magnitude homology. Cho ([3]) also relates them from a view point of
quantales.

This thesis is organized as follows. In Chapter 1, we review some fun-
damental elements on metric geometry and algebraic topology which are
used in the following chapters. In Chapter 2, we study blurred magnitude
homology of crushable spaces. First we review on blurred magnitude ho-
mology defined by Otter [16] and make another description for magnitude
homology from this view point by using general theory of simplicial abelian
groups in section 1. In section 2, we prove the main theorem by formulat-
ing “prism operator” for blurred magnitude homology analogous to singular
homology theory. We also indicate a computation of blurred magnitude ho-
mology of Euclidean space, hyperbolic space, and the semi-sphere.

In Chapter 3, we study magnitude homology of CAT (k) spaces. In sec-
tion 1, we briefly recall some notation and fundamental facts on metric ge-
ometry. In section 2, we briefly recall the definition of magnitude homology
and some facts on them studied in ([11]). In section 3, we study magnitude
homology of CAT (k) spaces through the invariants my and Ix. We also com-
pute magnitude homology of some simply connected complete Riemannian
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manifolds as examples. In section 4, we study how closed geodesic in a met-
ric space effects on magnitude homology. This is motivated by the fact that
magnitude homology is defined as a generalization of Hochschild homology
in ([13]). In section 5, we study magnitude homology of non-CAT (k) met-
ric spaces whose curvature is bounded from above through the invariants
ty and Sys(X). We also compute magnitude homology of real projective
spaces RP" with standard metric as an example.

In Chapter 4, we study the Vietoris-Rips homology of Riemannian man-
ifolds for small parameters. We briefly review the construction of Vietoris-
Rips homology in section 1. We also construct chain complexes used in
this thesis which are not isomorphic to the associated chain complex of the
Vietoris-Rips complex but are chain homotopy equivalent to it. We prove
the main theorem in section 2. For that purpose, we discuss some analogies
from singular homology theory.
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CHAPTER 1

Preliminary

In this chapter, we briefly review some fundamental elements which
appear in this thesis.

1. Metric space and metric geometry

DeriniTION 1.1. A set X equipped withamap d : X X X — R is called
a metric space if they satisfies the following:

d(x,y) = 01if and only if x =y,
d(x,y) =d(y,x) for any x,y € X,
d(x,z) <d(x,y) +d(y,z) for any x,y,z € X.
DeriniTioN 1.2. Let (X, d) be a metric space, and ¢ be a positive number.
A pathy: [0,c] — X is a linearly reparametrized geodesic connecting y(0)

and y(1) if it satisfies d(y(t), y(s)) = At — s| forany 0 < s < ¢ < 1 and for
some A > 0. When A = 1 we call such a path a geodesic.

DerintTioN 1.3. A metric space X is geodesic if for each pair of points
a,b € X, there exists a geodesic connecting them. Furthermore, if such a
geodesic 1s unique, then X is called uniquely geodesic.

We sometimes denote a geodesic from some interval connecting a and
b in a metric space X, by [a, b].

DeriniTiON 1.4. Let a, b, ¢ be points in a metric space X. The union of
these geodesic images Ay := [a,b] U [b,c] U [c,a] is called a geodesic
triangle.

Let S, be a simply connected surface of constant sectional curvature
k for k € R. Note that for every geodesic triangle A, in a metric space
X, there exists a geodesic triangle Awe in S, whose sides have the length
precisely equal to the length of corresponding sides of A,,.. We also note
that if the inequality

d(a,b)+d(b,c) +d(c,a) < 2D,

1s satisfied for

DK::{R/\/E k>0

+00 k<0’
then such a triangle is uniquely determined up to congruence.
10
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DerintTioN 1.5. A geodesic triangle A, in a metric space X is k-small
if the inequality d(a, b) + d(b,c) + d(c,a) < 2D, is satisfied. For a k-small
geodesic triangle Ay, the corresponding triangle Awpe in S is called the
comparison triangle in S .

DEeriNtTION 1.6. Let A = [a, b]U[b, c] U [c, a] be a geodesic triangle in
a metric space (X, d), and let Awe = [a,b] U [b,E] U [¢,a] be its comparison
trinangle in S,. A point § € [a, b] is the comparison point of s € Ay if s €
[a,b] and d(a, §) = d(a, s) is satisfied. We similarly define the comparison
points for points on [b, &) and [, a].

The following notion of CAT(x) space plays a fundamental role in this
thesis.

DeriniTiON 1.7. A metric space (X, d) is CAT (k) if for every k-small ge-
odesic triangle A, in X and for every pair of points s, € A, the CAT(x)
inequality

d(s,t) < ds (5,1)

holds for the comparison points § and 7.

ExampLE 1.8. Apparently, the 2-sphere S, of constant sectional curva-
ture «, the Euclid plane S, and the hyperbolic plane S _, of sectional curva-
ture —« < 0 are CAT (), CAT(0), and CAT(—«) respectively.

More generally, the following is well known.

Fact 1.9. A complete simply connected Riemannian manifold with sec-
tional curvature < « is CAT(«x).

We have the following examples of CAT (k) spaces. Let S7 = {(xo, ..., X,) €
R™! | Yo x? = 1/k} be the n-sphere of radius 1/ vk equipped with the ge-
odesic metric.

ExampLe 1.10. Let n > 2. The n-sphere S” of radius 1/ vk, the n-

dimensional Euclid space E”, and the n-dimensional hyperbolic space H"
of sectional curvature —x < 0 are CAT(x), CAT(0), and CAT(—«) respec-
tively.

We denote the circle {(xo, x;) € R* | x5 + x7 = r?} of radius r equipped
with the geodesic metric by C,.

ExampLE 1.11. The circle Cy; ; is CAT(x).

Proor. Because the perimeter of the circle Cy, ¢ is 2D, every k-small
triangle in this space lies in a semi-circle, which implies the triangle is de-
generated. Hence the CAT (k) inequality holds. m|

A connected undirected metric graph with no cycles is called a tree.
ExampLE 1.12. Every tree is CAT(0).

Proor. Because there is no cycles in a tree, every triangle in a tree is
degenerated. Hence the CAT(0) inequality holds. O



12 1. PRELIMINARY

We introduce the following notion of the angle.

DeriniTioN 1.13. Let ¢; and ¢, be geodesics in X with the same start
point C. We define the angle between ¢, and ¢, at C by

/C = limsupgeqozcl(E)Ccz(e/)’

where Zc;(€)Ccy(€') is the angle of the comparison triangle A, (¢ ceye at C
in the Euclid plane S .

2. Simplicial sets

The notion of simplicial sets is sometimes very useful, and it appears in
this thesis. We briefly review its definition.

DeriniTioN 2.1. The simplex category A is a category whose objects are
ordered sets
[n] :={0<---<n}
for n € NN, and morphisms are order preserving maps between them.

RemMARK 2.2. Every morphism in A is generated by the following mor-
phisms:

J j<i

d,-:[n]—>[n+1];]|—>{j+1 jzi’

. .
s,-:[n+1]—>[n];jH{’. It
j—1 j>i

forO<i<mnandalln e N.

DeriniTION 2.3, A simplicial object in a category C is a functor
A*? — C.

A simplicial object in the category of sets Set is called a simplicial set, and
a simplicial object in the category of abelian groups Ab is called a simplicial
abelian group.

DerintTion 2.4. Let S be a simplicial abelian group. We define the as-
sociated chain complex C.S of S by

C,S :=S|[n],

Oy = ) (=1)d;: C,S — C,iS.
i=0
DeriniTION 2.5. Let S be a simplicial abelian group. The images of
degeneracy maps of S are called degenerated simplices. We denote the set
of degenerated n-simplices by N,(S).

The following are fundamental facts on simplicial abelian group theory.

Fact 2.6. The family of set N = {N.(S)} is a sub-simplicial abelian
group of S.
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Fact 2.7. The quotient map S — S/N induces chain homotopy equiv-
alence
c.S —CS/N

3. Magnitude homology

One of the main subjects of this thesis is the notion of magnitude homol-
ogy. Through this section, (X, d) denotes a metric space unless otherwise
mentioned.

DEriNITION 3.1. An (1 + 1)-tuple (xo, ..., x,) € X"*! is called an n-chain
of X. An n-chain is proper if x; # x;; for all 0 < i < n. The length |x| of
n-chain x is defined by

n—1
¥l = ) d(xi, xiv).
i=0

We denote the set of all proper n-chains of length ¢ by P:(X), and P,(X)
denotes the union of them running through all £ > 0. Let MC!(X) be the
abelian group freely generated by P/(X).

DerintTion 3.2, Let a and b be points in X. A point ¢ € X is smooth
between a and b if the equality d(a, b) = d(a, c) + d(c, b) holds. We denote
a < ¢ < b if ¢ is a smooth point between a and b with a # c and b # c.

DEriNiTION 3.3. Magnitude chain complex
(MC!(X), 8. := D (=1)'d))
i=1

is defined by

(xo,---,)%i,---,xn) (ifxi—l <xi<xi+1)

0 (otherwise).

8;()60, ceyXp) = {

The homology group of magnitude chain complex is called the magnitude
homology group of X, and is denoted by MH!(X).

Remark 3.4. It is easily seen that the first magnitude homology mea-
sures Menger convexity, where a metric space is Menger convex if for all
X,y € X there exists z # x,y € X such that d(x, z) + d(z,y) = d(x,y).
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Magnitude homology of crushable space is trivial

1. Blurred magnitude homology
Let (X, d) be a metric space.

DeriniTion 1.1. Let £ € Ry. Let us consider a simplicial set whose
n-cells consist of tuples x = (xo, ..., x,) satisfying

n—1
= ) dlxxia) < €.
i=0

We denote its associated chain complex by (MC=/(X), 6=%), and we denote
its homology group by MH=(X). We call MH=(X) blurred magnitude
homology of X. Similarly, we define chain complex (MCZ{(X), 65°) to be a
chain complex which consists of tuples x = (x, ..., x,) satisfying

n—1
= ) dOxxin) < €.
i=0

We denote its homology by MHZ‘(X). We also refer to it as blurred magni-
tude homology.

DerINiTION 1.2. Let £ < £, We denote by ng either the chain maps

MCE(X) — MC=Y(X)

or
MC(X) — MCH(X)

both induced from the natural inclusion. The homomorphism induced on

the homology is denoted by (/=¢

DErINITION 1.3. Magnitude chain complex MCY(X) is the quotient com-

plex of MC={(X) by a subcomplex MC:‘(X). Its homology denoted by
MHY(X) is called magnitude homology of X.

RemMArk 1.4. Although this definition of magnitude chain complex is
different from the original definition due to Hepworth-Willerton [10] and
Leinster- Shulman [13], we can easily see that its homology is isomorphic
to the original magnitude homology by the standard argument of simplicial
abelian group as follows. This is also remarked in [10] Remark 45.

DeriniTiON 1.5. Let S be a simplicial abelian group. The image of de-
generacy maps of S are called degenerated simplices. We denote the set of
degenerated n-simplices by N,(S).

14
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Lemma 1.6 ([15]). The family of set N = {N.(S)} is a sub-simplicial
abelian group of S.

We denote the associated chain complex of S by C..S.

Tueorem 1.7 ([15] Corollary 22.3). The quotient map S — S/N in-
duces chain homotopy equivalence

c.S — C.S/N.
If we take C.S as our definition of magnitude homology, C.S/N is the
original definition.

The following is clear from the standard argument of homological alge-
bra.

ProposiTion 1.8. There is a long exact sequence
- — MH (X)) — MH(X) — MHZ(X) — MH{(X) — ....

Proor. It is a fundamental fact of homological algebra that if we have a
short exact sequence of chain complexes 0 — A — B — C — 0, then
we can derive a long exact sequence

= Hyy(C) — Hy(A) — Hy(B) — H,(C) — ...

We substitute MH=(X), MH=/(X) and MH’(X) for A, B and C respectively,
and this completes a proof. O
2. Results

Let (X, d) be a metric space, and a € X.

DerintTioN 2.1. (X, d) is crushable if there exists amap F : XX[0,1] —
X satisfying the following conditions.

(1) F(x,1) = xforall x € X,

(2) F(x,0) =aforall x € X,

(3) F(a,t) =aforallt e [0,1],

4) d(F(x,s),F(y,s)) < dF(x,t),F(y,t)) forall x,y e Xand s <t €
[0, 1].

RemMark 2.2. This definition of crushable space is coined by Hausmann
[9] in his study of Vietoris-Rips complex of metric space.

DeriniTioN 2.3. For a chain x € MC ;K(X) expressed as
k
X = Z a;x' with a; € Z,
i=0

we set L(x) := max; |x/| and 6(x) := € — L(x).
Lemma 2.4. Let f, g : X — X be maps satisfying
d(g(a), g(b)) < d(f(a), f(D)) forall a,b € X.
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Let x = (xo, . . ., X,) be a chain in MC{(X). We denote
fx=(f(x0), ..., f(x), gx = (g(x0), ..., 8(xn)),
and assume that they are in MC‘(X). Suppose that they satisfy
d(f(x), g(xi)) < 6(fx)

forall 0 <i < n. Then an n + 1-chain
Prox = Z(—l)i(f(xO), e f(x), 8(x0), -, 8(x0)) € MCEE(X)
i=0

can be defined, and it satisfies
OPryx + P 0%'x = gx — fx.
Proor. The former part is clear. The latter part can be checked by calcu-

lating <Py x + P;,0~‘x as follows. We calculate <P, x first by setting
x = (xg,...,x,) as follows.

0 Prgx = 0% Y (=1 (f(x0), ..., f(x), 8(xD), .. . (X))
i=0
= > DDV E0), o G, o FD, 805, - (%)
i=0 j=0

£ I F ) FO, 800, - 8C) g(50)))

=i

= > DS fE, s ), 8O, -, 8

0<j<i<n

= > EDTF), s f0), 8, 8K ()

0<i<j<n

The i = j part in the above is further calculated as follows.

n

DU (FC0. - fi). g, g(x)

i=0

= S ((FGod s D, 81 85)
i=0

= (8(x0), - .-, 8(xn)) = (f(x0), . - ., f(xn))

On the other hand, we can see that the i # j part is equal to —P;,0~‘x. This
completes a proof. O

ProrosiTion 2.5. If (X, d) is crushable, then
MH(X) = 0,

forall £ € R,y and n € Z.,.
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Proor. Assume that there exists a non-zero homology class
[x] € MH,(X),
for some £ > 0 and n > 0. We fix such a chain x = S o aixt with x' =
(xgs - - -»x,). Take a sequence 7o = 0 < #; <--- <1y = | satisfying
A(F (3, 1), F(xh, 101)) < 60),
foral0<i<k,0<j<nand0<m<N-1. We set
F(x,tn) = ) aiF (', ) € MC;(X).

By Lemma 2.4, we know inductively that two chains F(x, t,,) and F(x, t,,+1)
are homologous in MC ;Z(X). Hence two chains x and

F(x, o) = Z ala, ..., a)

are homologous, where the latter is null-homologous. Therefore we obtain
[x] = 0, which is a contradiction. O

CoROLLARY 2.6. Blurred magnitude homology of Euclidean space RY
and hyperbolic spaces H" are trivial, namely

MHI®RY) = MH'(HY) = 0,
for any £ > 0 and any n > 0.

Proor. We have a distance decreasing contraction x — tx for x € R
and 0 < ¢ < 1. For hyperbolic spaces, we can apply the same contraction
for the ball model. O

ExampLE 2.7. Let X be the semi-sphere of the standard sphere SV with
the geodesic metric. This space is crushable, hence we have MH=(X) = 0.
On the other hand, by Gomi’s work [6] and the authors work in chapter 2,
we know that magnitude homology of X is non-trivial, because there are
infinitely many shortest geodesics connecting two distinct points. There-
fore, by considering the long exact sequence for magnitude homologies, we
obtain that blurred magnitude homology MH=‘(X) is non-trivial.



CHAPTER 3

Magnitude homology of CAT (k) spaces

1. Preliminary on metric geometry

In this section, we briefly recall some notations on metric geometry
from ([2]).

DeriniTioN 1.1. Let (X, d) be a metric space, and ¢ be a positive number.
A pathy: [0,c] — X is a linearly reparametrized geodesic connecting y(0)
and y(1) if it satisfies d(y(t), y(s)) = At — s| forany 0 < s < ¢t < 1 and for
some A > 0. When A = 1 we call such a path geodesic.

DEeriniTION 1.2, A metric space X is geodesic if for each pair of points
a,b € X, there exists a geodesic connecting them. Furthermore, if such a
geodesic is unique, then X is called uniquely geodesic.

We sometimes denote a geodesic from some interval connecting a and
b in a metric space X, by [a, b].

DerintTion 1.3. Let a, b, ¢ be points in a metric space X. The union of
these geodesic images Ay := [a,b] U [b,c] U [c,a] is called a geodesic
triangle.

Let S, be a simply connected surface of constant sectional curvature
k for k € R. Note that for every geodesic triangle A, in a metric space
X, there exists a geodesic triangle A in S, whose sides have the length
precisely equal to the length of corresponding sides of A,,.. We also note
that if the inequality

d(a,b) +d(b,c) +d(c,a) < 2D,

is satisfied for

+o0 k<0’

DK::{JT/\/I_( k>0

then such a triangle is uniquely determined up to congruence. The follow-
ing is a fundamental fact on elementary geometry known as Alexandrov’s
lemma.

ProposiTioNn 1.4 ([2] Lemma 1.2.16). Let A, B, B’, C be distinct points in
S.. If k >0, we assume that d(A, B) + d(B,C) + d(C,B") + d(B’,A) < 2D,
and d(B,C)+d(C, B") < D,. We suppose that B and B’ lie on opposite sides
of the line through A and C. Let a, B, y(respectively ', ', y") be the angles
of a triangle A(resp. A”) with vertices A, B, C(resp. A, B’,C). We assume

18
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tha_t Y+ v > . Let_ZEe a triangle on S, ‘Xitﬂ vertices Z, B, B’ such that
d(A,B) = d(A,B),d(A,B’) = d(A, B’) and d(B, B') = d(B,C) +d(C, B'). Let
a, 3, be the angles of A at A, B, B’. Then we have
B=B. B 2B
DeriniTION 1.5. A geodesic triangle A, in a metric space X is k-small
if the inequality d(a, b) + d(b,c) + d(c,a) < 2D, is satisfied. For a k-small

geodesic triangle A, the corresponding triangle Awe in S is called the
comparison triangle in S ,.

DEerintTION 1.6. Let A = [a, b]U[b, c] U [c, a] be a geodesic triangle in
a metric space (X, d), and let Auwe = [@, b U [b, ] U [E,a] be its comparison
trinangle in §,. A point § € [a, b] is the comparison point of s € Ay if s €
[a,b] and d(a, §) = d(a, s) is satisfied. We similarly define the comparison
points for points on [b, &) and [, a].

The following notion of CAT(«) space plays a fundamental role in this
thesis.

DerintTioN 1.7. A metric space (X, d) is CAT (k) if for every k-small ge-
odesic triangle A, in X and for every pair of points s, ¢ € A, the CAT(x)
inequality

d(s,1) < ds (5,1)

holds for the comparison points § and 7.

ExampLE 1.8. Apparently, the 2-sphere S, of constant sectional curva-
ture «, the Euclid plane S, and the hyperbolic plane S _, of sectional curva-
ture —« < 0 are CAT (), CAT(0), and CAT(—«) respectively.

More generally, we have the following.

ProposiTioN 1.9. A complete simply connected Riemannian manifold
with sectional curvature < « is CAT (k).

We have the following examples of CAT (k) spaces. Let
S = (G ) € R Y 2 = 1)
i=0

be the n-sphere of radius 1/ vk equipped with the geodesic metric.

ExampLe 1.10. Let n > 2. The n-sphere S” of radius 1/ vk, the n-
dimensional Euclid space E", and the n-dimensional hyperbolic space H"
of sectional curvature —x < 0 are CAT(x), CAT(0), and CAT(—«) respec-
tively.

We denote the circle {(xg, x;) € R* | x5 + x7 = r?} of radius r equipped
with the geodesic metric by C,. The following is immediate.

ExampLe 1.11. The circle Cy; z is CAT(x).
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Proor. Because the perimeter of the circle Cy,  is 2D,, every k-small
triangle in this space lies in a semi-circle, which implies the triangle is de-
generated. Hence the CAT(k) inequality holds. O

A connected undirected metric graph with no cycles is called a tree.
ExampLE 1.12. Every tree is CAT(0).

Proor. Because there is no cycles in a tree, every triangle in a tree is
degenerated. Hence the CAT(0) inequality holds. O

We introduce the following notion of the angle.

DeriniTioN 1.13. Let ¢; and ¢, be geodesics in X with the same start
point C. We define the angle between ¢, and ¢, at C by

¢C :=limsup, . _,Zc1(€)Cey(€),

where Zc;(€)Ccy(€') is the angle of the comparison triangle A, ¢ ceye at C
in the Euclid plane S .

The following are fundamental. See for example [2] for the proof.

ProposiTion 1.14 ([2] Proposition 1.1.14). Let X be a metric space and
let ¢, ¢’ and ¢” be geodesics in X starting from the same point p. Then we
have

/(c’, ") < (e, )+ L(e, ).

Proposition 1.15 ([2] Proposition II.1.7). Let k € R. For a geodesic
metric space (X, d), the following are equivalent.
(1) (X,d) is CAT(x).
(i1) For every k-small geodesic triangle A, the angles at a,b and ¢
are not greater than the corresponding angles of the comparison
triangle Awpe in S,

The following proposition is technical but significant in this chapter.

ProrosiTioN 1.16 ([2] Lemma I1.4.11). Let « be a real number, and
X be a metric space of curvature < k. Let g: [0,1] — X be a linearly
reparametrized geodesic connecting two distinct points g(0) and g(1), and
let p be a point in X which is not on the image of g. Assume that for each
s € [0, 1], there is a linearly reparametrized geodesic c,: [0, 1] — X con-
necting p and ¢(s), varying continuously with s. We further assume that the
geodesic triangle Ay )pq1) 1S k-small. Then the angles of A,y at g(0), p
and ¢(1) are not greater than the corresponding angles of any comparison
triangle Aq(O)pq(l) in SK.

We study not only CAT (k) spaces, but also locally CAT(«x) spaces. We
recall some fundamental notions on them.

DeriniTioN 1.17. A metric space X is of curvature < «k if for each point
x € X there exists r, > 0 such that the ball B(x, r,) with the induced metric
is CAT (k).
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The following well-known fact due to Alexandrov supports the signifi-
cance for studying metric spaces of curvature < «.

ProrosiTioN 1.18 ([2] Theorem 1.1A.6). A smooth Riemannian mani-
fold is of curvature < « if and only if its sectional curvature is < «.

ExampLE 1.19. The standard projective space RP" for n > 2 is of cur-
vature > 1. Furthermore, it is not CAT(1) since a closed geodesic which
lifts to the geodesic semi-circle on S" does not satisfy the CAT(1) angle
condition.

DeriniTioN 1.20. For a metric space X, the injectivity radius tx is the
supremum of r > 0 such that any two point of distance < r is connected
by the unique geodesic. The systole Sys(X) is the infimum of the length of
closed geodesic in X if there exists some, or O otherwise.

The following proposition shows the significance of the notions of the
injectivity radius and the systole. See for example [2] for the proof. A
metric space X is called cocompact if there exists a compact subset K C X
such that X = | esom(x) S K holds.

ProrposrTion 1.21 ([2] Proposition I1.4.16). Let X be a cocompact proper
geodesic metric space of curvature < k. Then X fails to be CAT(«) if and
only if there exists a closed geodesic of length < 2D,. Moreover, if there
exists such a closed geodesic, then there exists a closed geodesic of length
Sys(X) = 2ux.

2. Preliminary on magnitude homology

In this section, we briefly recall some notations on magnitude homol-
ogy from [11]. Through this section, (X, d) denotes a metric space unless
otherwise mentioned.

DErINITION 2.1. An (n + 1)-tuple (xo, ..., x,) € X"*! is called an n-chain
of X. An n-chain is proper if x; # x;;; for all 0 < i < n. The length |x| of
n-chain x is defined by

n—1
xl = )" d(xi, xiv).
i=0

We denote the set of all proper n-chains of length £ by P!(X), and P,(X)
denotes the union of them running through all £ > 0. Let MC!(X) be the
abelian group freely generated by P/(X).

DeriniTION 2.2. Let a and b be points in X. A point ¢ € X is smooth
between a and b if the equality d(a, b) = d(a, c) + d(c, b) holds. We denote
a < ¢ < b if ¢ is a smooth point between a and b with a # c and b # c.

DerintTion 2.3. The magnitude chain complex

(MCL(X),d. := ) (~1)'d})
i=1
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is defined by

i (XO’---,)/Eiw--,xn) (ifxi—l <xi<xi+l)
8n(x0’ cte xn) =

0 (otherwise).

The homology group of magnitude chain complex is called the magnitude
homology group of X, and denoted by MH!(X).

DerintTion 2.4. If the point x; of x = (xo, . .., X,) € P,(X) is not a smooth
point between x;_; and x;,, then we call it a singular point of x. We set the
endpoints x, and x, singular points. Let ¢(x) = (x5, = Xo, Xg5..., X5, =
x,) € Pr(X) be the tuple of all singular points of x. We call ¢(x) the frame
of x. A chain x € Pfl(X) is geodesically simple if |p(x)| = |x| holds.

Let PF(X) be the set of all geodesically simple n-chains whose frame is
F e PQ(X) = Uren PlkFl(X ). We denote the abelian group freely generated
by PE(X) by MCE(X). We set

MC™(x) = P MCLX).
FeP! (X)

Note that both MCF(X) and MCS™“(X) are subcomplexes of MC;(X), and
we denote their homology by MH? (X) and MH™(X) respectively.

DErINITION 2.5. A proper 3-chain x = (xo, X1, X2, X3) 1s a 4-cut if ¢(x) =
(x0, x3) and d(xg, x3) < |x| holds.

DeriniTion 2.6. We define my to be the infimum of the length of 4-cuts
in X.
The following theorem is shown in [11].
TueoreMm 2.7 ([11] Theorem 3.12, Theorem 5.11). (D)
MHE™(X) = @ MHF (X).
FepPt,
(2) Forn>0and 0 < £ < my,
MH™ " (X) = MH'(X).
(3) For a proper 1-chain F = (xo, x;), the natural map
MHF(X) - MH\(X)
is injective.

DeriniTION 2.8. Let a and b be points in X. The interval poset I(a,b)

is a poset which consists of smooth points between a and b, and the partial
order < among them is defined by

X<y a<x=y
Note that this definition is equivalent to

x<yox<y<b.
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We recall the definition of the order complex and its reduced chain com-
plex of a poset.

DeriniTION 2.9. Let P be a poset. The order complex of P denoted by
A(P) is the abstract simplicial complex whose n-simplices are the subsets
{xo,...,x,} of Psuchthat xq < --- < x,. Its reduced chain complex denoted
by (C.(A(P)), d.) is defined by

Eon<---<xn Z()C(), Tt Xn> n2z O,
Co(A(P) =1 Z n=—1,
0 n<-1,

and 8, = YL (—1)'0! with

(X0y ey Xiy.o oy Xyy n =0,

8 (X0, ... X)) = {o n<o0

The following theorem is also shown in [?].

TueorEM 2.10 ([11] Corollary 4.5). For a proper chain F = (xy, ..., X;),
we have

MH;f(X) = Hn—Zm(C*(AO,l) ® C*(AI,Z) - ® C*(Am—l,m))a

where C.(A;;+1) is the reduced chain complex of the complex A(Z(x;, X;41)).

3. Magnitude homology of CAT(x) spaces

In this section, we study magnitude homology of a CAT(«) space X.
We will show that magnitude homology M H'(X) vanishes for 0 < £ < D,
and n > 0. Consequently, we can compute a total Z-degree magnitude
homology for some length ¢ for the spaces in Examples 1.10, 1.11, and
1.12. For the purpose, we introduce a quantity /x for a metric space X.

DeriniTioN 3.1. Let X be a metric space. A continuous map y: [0, c] —
X is locally geodesic if for every t € [0, c], there exists a neighborhood U
of ¢ such that y|y is a geodesic.

DerintTion 3.2. Let (X, d) be a metric space, and let y: [0,c] — X be a
continuous map. We define the length of y by

n

W= sup > dy(t),y(t)),

0=to<n <-<t,=c ‘55
where the supremum is taken over all partitions of [0, c].

DerintTion 3.3. For a metric space X, we define Iy to be the infimum of
length of locally geodesic paths which is not geodesics.

Lemma 3.4. For a geodesic CAT (k) space (X, d), we have
D, <lIx.
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y(@) y(b)

v(c)
v(0)

FiGure 1

Proor. Assume Iy < D,. Then there exists a map y: [0,c] — X which
is locally geodesic but not a geodesic, satisfying Iy < |y| < D,. Leta
be the supremum of the numbers 0 < ¢ < ¢ such that |, 1s a geo-
desic. Then vy|j, 1s a geodesic by the continuity of d. Note that a is
positive since 7y is locally geodesic. Let b be the supremum of numbers
a < t < c such that y|,, 1s a geodesic. Then 7|,z is also a geodesic,
and b is positive. Let 6 be a geodesic between y(0) and y(b). See Figure
1. By the assumption |y| < D,, the geodesic triangle A )y, Satisfies
d(y(0),¥(@) + d(y(@), y(b)) + d(y(b),¥(0)) < 2D,. Hence Ao, is
k-small. We note that its angle at y(a) is m because 7 is locally geodesic.
Therefore by the CAT (k) condition for angles in Proposition 1.15, the angles
of the comparison triangle of A, y) ) at ¥(0) and ¥(b) are both 0. By the
CAT(x) condition for length, there is a 1-1 correspondence between /o
and ¢, which implies y|j . 1s a geodesic. This contradicts the definition of
a. O

We recall that the quantity my is the infimum of the length of 4-cuts in
X. (Definition 2.6.)

Tueorem 3.5. For a geodesic CAT (k) space (X, d), we have
DK <myx < lx.

Proor. We first show the former inequality. Assume my < D,. Then
there exists a 4-cut x = (xp, X1, X2, x3) in X with my < |x| < D,. Let
{vij: [0,d(xi,x)] — X |0 <i < j<3,3G)) # (0,3)) be a family of
geodesics between these points, and Ay, , and A, ,,,, be its geodesic tri-
angles. See Figure 2. Because |x| is smaller than D,, the geodesic trian-
gles Ay \,x, and Ay, ,,, are both x-small. Note that the comparison triangles
Asoxix, and A, .., are both degenerated because they are on some semi-
spheres of S,. Hence by the CAT(x) inequality, the unions of geodesics
Yo1 U ¥12 and 1, U y,3 coincide with y(, and 3 respectively. Therefore
the map g, U 23 can be defined and is locally geodesic, which is actually
a geodesic because of the inequality |x| < D, < Iy as shown in Lemma 3.4.
Then we have d(xo, x3) = d(xo, x1) + d(x1, x2) + d(x,, x3), which contradicts
that the chain x is a 4-cut. Thus we obtain my > D,.
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X1 Yi2 X2

FiGURE 2
Y(a) Y1) y(b)
.yw—@
y(t1) (©)
¥(0)
FiGure 3

Next we show the latter inequality. Assume [y < my. Then there exists a
locally geodesic map y: [0, c] — X which is not a geodesic and is satisfying
Ix < |yl < my. Take a > 0 as the supremum of the number ¢ such that y|y
is a geodesic. Let € be a sufficiently small positive number. Let b > a be
the supremum of the number 7 such that y|,_. 1s a geodesic. See Figure 3.
If |y|[0,b]| is smaller than Iy, then y|o;) 1S a geodesic, which contradicts the

assumption a < c¢. Hence we have |)/|[0,b]| > Ix. Note that the proper chain
(y(0),y(a — €),y(a), y(b)) has no singular points other than end points, but
is not a 4-cut because we have |y|[0,;,]| < |yl < my. Similarly, neither is
(y(t1),y(a — €),y(a),y(t;)) for 0 <ty <a—€anda < t, < b. Hence
we have d(y(n),y(h) = (a—-€e—-n)+(a@a—-(a-€)+(h—a) =h -1,
which implies that y|jo;) is a geodesic. Thus we obtain a contradiction and
conclude Iy > my. O

CororLary 3.6. Let (X, d) be a geodesic CAT(«) space. Then for any
n>0and0 < ¢ < D,, magnitude homology MH!(X) vanishes.

Proor. By Theorem 2.7 (3) and Theorem 3.5, we have
MH(X) = @ MHE(X)
|Fl=¢
for 0 < ¢ < D,. We show that every interval poset /(x, y) is totally ordered
for d(x,y) < D,, which implies that MHnF (X) = 0 for |F| < D, by Theo-
rem 2.10. Let a be a smooth point between x and y. Let Xy, xa and ay be
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geodesics connecting each pair of points. Then the geodesic triangle A,y is
k-small since d(x,y) < D,, hence the point a is on xy. Thus we conclude
that xy is the unique geodesic connecting x and y, and the interval poset
I(x,y) is precisely equal to xy which is totally ordered. O

ExampLE 3.7. For the circle Cy, ; of radius 1/ vk and the n-sphere S"of
radius 1/ vk, we have
MH;(Cy, ) = MH(S") =0,
forO < ¢ <n/+kandn > 0.
ExampLE 3.8. For the Euclidean space E", the hyperbolic space H", and

every tree T, magnitude homology MH!(E"), MH!(H"), and MH!(T) van-
ishes for all £ > 0 and nn > O.

4. Closed geodesics represent non-trivial Magnitude homology classes

In this section, we show that an existence of closed geodesic in a metric
space X guarantees the non-triviality of the second magnitude homology
MH;(X). As a corollary, we give a criterion of being CAT (k) for a cocom-
pact proper geodesic metric space X of curvature < k from a viewpoint of
the second magnitude homology. We begin by clarifying the definition of a
closed geodesic.

DeriniTion 4.1. Let X be a metric space, and let C, be the circle of radius
r. An isometry p: C, — X is called a closed geodesic of radius r (or of
length 2nr ) in X.

ProposiTioN 4.2. Let (X, d) be a metric space, and let p: C, — X be
a closed geodesic. Let 0,1 € C, be a pair of antipodal points. Then the
interval poset 1(p(0), p(1)) has at least two connected components.

Proor. Let U, V be semicirclesin C, withC, = UUV and UNV = {0, 1}.
Take points x € U — {0, 1} and y € V — {0, 1}, and assume p(x) < p(y) in the
poset 1(p(0), o(1)). Namely, we have

d(p(0), p(y)) = d(p(0), p(x)) + d(p(x), p())-

Since we have p(0) < p(x) < p(1) and p(0) < p(y) < p(1), we obtain

d(p(x), p(1)) = d(p(0), p(1)) = d(p(0), p(x))
= d(p(0), p(1)) = d(p(0), p(y)) + d(p(x), p())
= d(p(y), p(1)) + d(p(x), p())

We also have either

d(p(x), p(y)) = d(p(x), p(1)) + d(p(1), p())
or

d(p(x), p(y)) = d(p(x), p(0)) + d(p(0), p(y)).
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Hence we obtain
d(p(y), p(1)) =0,
or
d(p(x), p(1)) — d(p(x), p(0)) = 7r,
respectively. Each case implies y = 1 or x = 0, which is a contradiction.
Hence any pair of points in p(U—{0, 1}) and p(V—{0, 1}) are not comparable,
which implies the order complex A(I(p(0), p(1))) is not connected. O

THeOREM 4.3. Let X be a metric space. If there exists a closed geodesic
of radius r in X, then we have MH}"(X) # 0.

Proor. Let p be a closed geodesic of radius r, and let p(0) and p(1) be
antipodal points of it. Then for the proper 1-chain F' = (p(0), p(1)), there
exists an injection MH} (X) - M H'ZF 'X) by Theorem 2.7 (3). Furthermore,
we have MHZF (X) = Hy(C.(A(I(p(0), p(1))))) by Theorem 2.10, and Propo-
sition 4.2 implies this is non-zero. Hence the statement follows. O

CoroLLARrY 4.4. Let X be a cocompact proper geodesic metric space of
curvature < «. Then the following are equivalent.
(i) X fails to be CAT (k).
(i1) there exists a closed geodesic of length < 2D,.
(iii) MH;"*(X) # 0.
Proor. By Proposition 1.21, (i) implies (ii). By Theorem 4.3, (ii) im-
plies (iii). By Corollary 3.6, (iii) implies (i). O
In particular, the equivalence of (i) and (iii) in Corollary 4.4 gives a
criterion of being CAT(x) for a cocompact proper geodesic metric space

( especially for compact or homogeneous Riemannian manifold ) whose
curvature is bounded from above.

5. Magnitude homology of non-CAT(«x) metric spaces of curvature < «

In this section, we study magnitude homology of proper geodesic met-
ric spaces by using the injectivity radi and the systoles. As a corollary, we
obtain a vanishing theorem for magnitude homology of cocompact proper
geodesic metric spaces, and give a partial computation of magnitude ho-
mology of the projective spaces RP" with the standard metric.

ProposiTion 5.1. For a metric space X, we have
2ix < Sys(X),

and
2lx < Sys(X).

Proor. The former inequality is immediate. For the latter, suppose
Sys(X) < 2lx.

Then there exists a closed geodesic c¢: C, — X of length 27 < 2[x — 26 for
small 6 > 0. Then the restriction of ¢ on the interval [0, 77 + 6] is locally
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geodesic but not a geodesic, with length nr + 6 < ly. Hence we obtain a
contradiction. O

ProposiTion 5.2. Let (X, d) be a proper geodesic metric space of curva-
ture < «. If the injectivity radius ¢y is not greater than D,, then we have

ty < lx.

For the proof of Proposition 5.2, we use the Arzela-Ascoli theorem of
the following form. Recall that a sequence of maps {f,: ¥ — X} between
metric spaces is called equicontinuous if for any positive number € there
exists a positive number ¢ such that d(f,(a), f,(b)) < € holds for any n and
a,b € Y with d(a, b) < 6.

Lemma 5.3. Let X be a compact metric space, and {y,: [0,1] — X} be
an equicontinuous sequence of maps. Then there exists a subsequence {y,, }
which uniformly converges to a continuous map y: [0, 1] — X.

Proor. See for example [2] Chapter I Lemma 3.10. m|

ProoF of ProposITiON 5.2. Suppose [y < tx. Then there exists a locally
geodesic path y: [0, L] — X which is not a geodesic, satisfying Iy < |y| <
tx. Let 0 < a < 1 be the supremum of the number 0 < ¢ < 1 such that
Yljo. 1s a geodesic. Then |, 1s a geodesic by the continuity of d. Let «
be a positive number such that y|j,4+q) 1S @ geodesic. We have a > 0 by the
assumption. We linearly reparametrize |4 and y|s4+e; SO that the domain
of each map is [0,1]. Let ¢6: [0,1] — X be the linearly reparametrized
geodesic connecting y(0) and y(a + @). Let y,: [0, 1] — X be the linearly
reparametrized geodesic connecting y(a) and 6(s) for 0 < s < 1. Note that
Ylo.a1 = Yo and ¥Y|jzq+e] = ¥1- We show that the maps {y,} vary continuously
with s. Let {s,} be a sequence of points of the interval [0, 1] converging to a
point s” € [0, 1]. If y,, does not converge, there exists a number ¢, € [0, 1], a
number 6 > 0 and a subsequence {s,,} such that d(y;, (t), v+ (1)) > 6. Then
by Lemma 5.3, there exists a geodesic connecting y(a) and y(s") which is
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different from yy. It contradicts the uniqueness of geodesic. Therefore the
sequence {y,, } uniformly converges to y,, which implies that geodesics vary
continuously. Then by Proposition 1.16, the angles of A,)y()y(+ae) are not
greater than the corresponding angles of comparison triangle in S,. Since
v is locally geodesic, the angle at y(a) is m, hence the comparison triangle
is degenerated. Thus the angles at y(0) and y(a + @) are both 0. Let p be a
point on ¢ apart from y(a+a) by @. Then by Proposition 1.4 and Proposition
1.16, the angle at y(a + @) of the comparison triangle Ay(a)py(am) in S, is 0.
Hence Ay(a)py(am) is degenerated, and we obtain y(a) = p. Then we have
Ylo.a+a] = 0 by Y| < tx, which contradicts to the definition of a. Therefore
we obtain Iy > ty. O

ProposiTion 5.4. Let (X, d) be a proper geodesic metric space of curva-
ture < k. If the injectivity radius ¢y is not greater than D,, then we have

ty < my.

Proor. Suppose my < tx. Then there exists a 4-cut x = (xp, X1, X2, X3)
with my < [x] < tx. Let yo1, 12 and yg, be the linearly reparametrized
geodesics connecting each pair of points xy, x; and x,. By a similar argu-
ment as in the proof of Proposition 5.2, the geodesics connecting x; and
points on 7y, varies continuously. Then by Proposition 1.16, the angles of
Ay,xx, are not greater than the corresponding angles of comparison triangle
in S . Note that the comparison triangle A, ,, is degenerated because it is
k-small and x; is smooth between x, and x,, hence x; is on the image of y(,
by the similar argument in the proof of Proposition 5.2. Similarly, we obtain
a geodesic y;3 connecting x; and x3, and going through x,. Then geodesics
Y02 and ;3 coincide between x; and x, by the assumption my < tx, hence
we obtain a locally geodesic path by glueing them. The obtained path turns
out to be a geodesic since we have |x| < ty < Ix by Proposition 5.2, which
contradicts that d(xo, x3) < |x]. O

CoroLLARY 5.5. Let X be a cocompact proper geodesic metric space of
curvature < « which is not CAT(«), or the standard sphere. Then for any
n > 0andany 0 < ¢ < tx = Sys(X)/2, magnitude homology MH!(X)
vanishes.

Proor. For the standard sphere, it follows from Corollary 3.6. For X
being a proper geodesic metric space of curvature < x which is not CAT(x),
we have tx = Sys(X)/2 < D, by Proposition 1.21. Furthermore, we have
tx < my by Proposition 5.4. Hence the statement follows from the similar
argument in the proof of Corollary 3.6 and Proposition 5.4. O

ExampLE 5.6. As mentioned in Example 1.19, the standard projective
space RP" for n > 2 is of curvature > 1 and is not CAT(1). Furthermore,
we can immediately check that Sys(RP") = n. Hence by Corollary 5.5, we
obtain

MH‘RP") =0,
forO <€ <m/2and * > 0.



CHAPTER 4

Vietoris-Rips and singular homology of Riemannian
manifolds

1. Vietoris-Rips homology

Let (X, d) be a metric space. Let € be a positive number or co. In this
chapter, we consider two kinds of simplicial complexes which are both re-
ferred to as Vietoris-Rips complex.

Derinttion 1.1. The Vietoris-Rips complex with parameter € is a simpli-
cial complex whose n-simplices are (n+ 1) points subsets o = {xy, ..., x,} C
X with diam o < &.

RemARK 1.2. Consider a simplicial set whose n-simplices consist of (n+
1)-tuples (xo, . .. x,) with diam o < ¢ equipped with the standard face and
degeneracy maps. It is well known that the associated chain complex is
naturally homotopy equivalent to that of Vietoris-Rips complex. See [14]
Theorem 13.6 for example. We consider this chain complex in this chapter.

DeriNiTioN 1.3. We denote VC=4(X) the chain complex associated to
the simplicial set constructed in Remark 1.2, and we call it Vietoris-Rips
chain complex. We denote its homology by VH=?(X), and call it Vietoris-
Rips homology. We also define another chain complex VC:°(X) and its
homology VH:*(X) by considering strict inequality instead. We also refer
to them as Vietoris-Rips chain complex and homology.

RemMark 1.4. Although we only discuss chain complex with < in this
chapter, the same argument is applicable for strict inequality case.

2. Results
Let (X, d) be a metric space.

DeriniTiON 2.1. Let r(X) be the supremum of non-negative real numbers
r satisfying the following:

(1) There uniquely exists a geodesic between every pair of points x, y
with d(x,y) < r,

(2) For any three points x,y,z with diam {x,y,z} < r, and for every
point w on the geodesic between y, z, they satisfy

d(x,w) < max{d(x,y),d(x,2)}.
30
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Remark 2.2. It is well known that #(X) > O for Riemannian manifolds X
with strictly positive injectivity radius and an upper bound on its sectional
curvature. In particular, #(X) > 0 for compact Riemannian manifolds.

The purpose of this section is to prove the following.

Tueorem 2.3. The following inclusions of chain complexes are chain
homotopy equivalences :

VG (X) — VCA(X),

VCF (X) — VC(X),

VCF (X) — VCE(X),
forany 0 < & < & < r(X), and

VCE (X) — VCE(X),
forany 0 < & < ¢ < r(X).

To prove Theorem 2.3, we transfer some standard arguments in singu-
lar homology theory to Vietoris-Rips homology theory. For a reference for
original singular homology theory, see [8] section 2.1 for example. Af-
ter preparing a series of definitions and propositions, we prove Proposition
2.22, which completes a proof of Theorem 2.3.

DEriNiTION 2.4. Let b be a point on X. We define a homomorphism
b, : VC;*(X) — VC:(X)
by

b(x0s ..., x,) = (b, X0, ..., Xpn).
PropositioN 2.5. If Imb, C VC=#(X), then b, satisfies
by-10, + Opi1b, = id,.
Proor. It is immediate from the following calculation:

On1bn(X0, ., Xp) = Onr1 (b, X0, - . ., Xp)

= (ose oo X))+ ) (=D B, X0y Fov )
i=0

= (%0, - - > Xn) = Dp104(X0, - . ., Xp).

DerintTioN 2.6. Let (X, d) be a metric space. Suppose that
o= (Xg,...,%,) € X"

satisfies diam {xo, ..., x,} < r(X). We define the barycenter b, € X of o
inductively on n as follows:

en=0:by=x
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en = k: Leto; = (x0,...,%;). by, is defined to be the point
on the geodesic between b, , and x; satisfying 2*d(by,, b, ) =
d(xe, b, )

ProposiTioN 2.7. Let o = (xo, . .., X,) be a tuple with
diam {xo, ..., x,} < r(X).
Then it satisfies 1
dbs, x;) < (1 - E)diam o,
forevery 0 <i < n.
Proor. We prove by the induction on 7n:

e n=0: Itis trivial.
e n = k : By definition, we have

1 I ..
d(bg,xk) = (1 - ?)d(xk,bak_l) < (1 - ?)dlam g.

For the other x;’s, we have
d(b(r, X,’) < d(b(r, bcrk,l) + d(ba'k,l ) xi)

1 1
< ?d(xk, bo_)+ (- F)dlam o

1
<({- i)diam o.

ProposiTion 2.8. Let o = (x, . .., X,) be a tuple with
diam {xo, ..., x,} < r(X).
Let A be a subtuple of 0. Then it satisfies
d(b,,b,) < diam o

Proor. We prove inductively on the size of 4. We denote |1| = m if 4
consists of m coordinates.
e |1] = 0 : It reduces to Proposition 2.7.
e |1] = k < n: By definition of r(X), we have
d(o, 1) < max{d(bs, by),d(bs, x)},
where A’ is the subtuple of A obtained by eliminating the last coor-

dinate, and b, locates between b, and x;. Then it reduces to lower
size case.

O
DerintTION 2.9. We inductively define a homomorphism
S, VCF(X) — VC32(X),
for any n > 0 and € < r(X) by
Sn0 = b (S 4-10,0),
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for any (n + 1)-tuples o € VC9(X).
ProposiTioN 2.10. The image of S, is contained in VC:(X) for every n.

Proor. It follows from Proposition 2.8 and by induction on n. The n = 0
case is clear. Assume that the statement is true for n < k. Then the chain
S «+10 consists of simplices of the form b, %, whose diameter is less than & <
r(X) by the assumption and Proposition 2.8. This completes a proof. O

ProposiTiON 2.11. The family of homomorphisms S . is a chain map.

Proor. We extend the grading of the chain complex from Z;, to Z by
putting 0-modules on the negative part. We prove the statement by the
induction on n:

° S_160 = 8050 : It is trivial.

® S10ki1 = Oks1S k41 ¢ It follows from the following calculation:
Oks1S k110 = Ok1b (S (Ops10)

(=bs0y + id)(S 1 Oy+10)

= —bsO0kS Oks10 + SkOk10

= ~byS -1010ks10 + S (01

S kOk+10,

where the second equality is by Proposition 2.5 and the 4th equal-

ity is by the assumption.

]
DerintTion 2.12. We inductively define a homomorphism
T, : VC*(X) — VC3(X),
for any n > 0 and € < r(X) by
T,0 = by(0 = T)10,0),

for any (n + 1)-tuples o € VC;°(X).

Proposition 2.13. The image of S, is contained in VC3*(X) for every n.

Proor. It follows from Proposition 2.8 and by induction on n. Then = 0
case is clear. Assume that the statement is true for n < k. Then the chain
Ti+10 consists of simplices of the form b, *, whose diameter is less than
& < r(X) by the assumption and Proposition 2.8. This completes a proof.

O

ProposiTioN 2.14. The family of homomorphisms 7, is a chain homo-
topy between id, and S ., namely,

an+lTn + Tn—lan = ldn - Sm

for every n.
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Proor. We prove inductively on n. It is trivial for n = 0. For the general
case, it follows from the following calculation:

Ok Tho = Ops1bo (0 — Ty_1040)
= (=bs0k + idi) (o — T_10k0)
= —-b, 0,0 + b0, T)_10k0 + 0 — Ty_10,0
= —b, 010 + by (—T204_1 + idj_1 — S_1)0k0 + 0 — T 1010
=-b,S; 100+ 0 — Ty 10,0
=-S0+0—-Ti 10,0,

where the second equality is by Proposition 2.5 and the 4th equality is by
the assumption. O

DerintTION 2.15. We define a homomorphism
D! : VC(X) — VC*(X)

D) = 2 TS,

by

for any m and n.

ProrposiTioN 2.16. For any m and n, we have
6n+1DZ1 + DZ’l_lan = idn - S:’:.

Proor. It follows from the following calculation:
m—1
Onr D+ D18y = > By TSk + T, 1Sk,
i=0
m—1

= Z an+lTnSi, + Tn—lanS;;

i=0
m—1

= (id, - $,)S}
i=0

= id, - S™.
O

DEerINtTION 2.17. Let o0 € X! and € > 0. We define m?(0) to be the
minimum number m satisfying S"o € VC:°(X).

DEriniTioN 2.18. Let 0 < & < &. We define a homomorphism
D? 1 VC(X) — VC=2 (X)

n+1
by
Di'o:=D" g,
for every n. We further define a homomorphism

05 VCE(X) — VCE(X)
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by
0 = id, = 01 DS — DE 0,
for every n.
ProposITION 2.19. The family of homomorphisms p? is a chain map.
Proor. It follows from the following calculation:
anpfl, = an(ldn - an+lDi, - Dz/_1an) = an - anDzl_lan
pi,_lan = (idy-1 - 8nDz/_1 - Di,_zan—l)an =0, — anDi,_lan
O

Proposition 2.20. The image of p® is contained in the chain complex
Ve (X).
Proor. Let o € X"*!. By Proposition 2.16, we have
pi/a =0 - Di/_lana - 8n+1D‘2’0'
= o =D 8,0 — (idy = S3" = D" V8,)or

=Sy Do - Df 8,0 + DI V8,0

Here, S o € VC¥(X) by definition. For each component ¢ of 8,0, it
is clear that m® (0”) < m® (o), and we have

) m® (o)-1
() (o) _ '
DO D= Y TS,
l':l71£,(0")
whose image is contained in VC =¢(X). Hence the statement follows. O

ReMARK 2.21. By Proposition 2.20, the chain map p® : VC=(X) —
VC=¢(X) factors through VC=¢(X). We also denote the obtained chain map
VCE(X) — VCE(X) by pf .

ProposiTION 2.22. The chain map p? : VC=#(X) — VC=¥(X) is the
chain homotopy inverse to the inclusion (2= : VC=¥'(X) — VC=2(X).

Proor. The composition p?¢'= is an indentity on VC=¥(X) by defini-
tion of m?". On the other hand, by definition of p¢’, we have

&’ & . &
an+an - Dn_1an - ldn — Py

for every n. It implies p° is chain homotopic to id,. This completes a
proof. O

Proor oF THEOREM 2.3. We can also consider a chain map
P VCEX) — VCZ(X),
and we can similarly show that the other inclusions for example

VCE (X) — VCE(X)
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are chain homotopy equivalences. This completes a proof of Theorem 2.3.
O

CoroLLARY 2.23. For a Riemannian manifold X with »(X) > 0, we have
VH(X) = H.(X; Z),

and
VH*(X) = H.(X; Z),
for sufficiently small 0 < &.

Proor. It follows from Theorem 2.3 and Hasumann’s Proposition 3.4

([9D. O
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