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A local cut point is a point that disconnects its sufficiently small neighbor-
hood. We show that there exists an upper bound for the degree of a local cut
point in a metric measure space satisfying the generalized Bishop—Gromov
inequality. As a corollary, we obtain an upper bound for the number of ends
of such a space. We also obtain some obstruction conditions for the existence
of a local cut point in a metric measure space satisfying the Bishop—Gromov
inequality or the Poincaré inequality. For example, the measured Gromov-
Hausdorff limits of Riemannian manifolds with a lower Ricci curvature
bound satisfy these two inequalities.

1. Introduction

A point x in a metric space is called a local cut point if U \ {x} is disconnected for
some connected neighborhood U of x. For n > 2, there exists no local cut point in
any n-dimensional Alexandrov space with curvature bounded from below. Every
Gromov—Hausdorff limit of a sequence of Riemannian manifolds with a uniform
lower bound on sectional curvature is such an Alexandrov space. It is therefore
natural to ask whether there exists a local cut point in the limit of manifolds with
a uniform lower bound on Ricci curvature unless the limit is one-dimensional. We
conjecture that the limit has no local cut point.

In this paper, we consider metric measure spaces with (suitably defined) Ricci
curvature bounded below. Let deg(x) denote the degree of a point x or the supre-
mum of the number of connected components of U \ {x} for all connected neigh-
borhoods U of x. We give an upper bound for the degree of a local cut point. As
a consequence, we obtain an upper bound for the number of ends (see Section 4.2
for the definition of an end). We also obtain some obstruction conditions for the
existence of a local cut point.
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Cheeger and Colding [1996; 1997; 2000a; 2000b] and Menguy [2000a; 2000b;
2001] studied the limits of manifolds with Ricci curvature bounded from below.
They constructed examples of limit spaces showing that the local structure is more
complicated than that of Alexandrov spaces. Recently, Lott and Villani [> 2007;
2007], Sturm [2006a; 2006b], and Ohta [2007] independently generalized to met-
ric measure spaces the notion of Ricci curvature bounded below, introducing the
condition that a space has N-Ricci curvature > K, the curvature-dimension con-
dition CD(K, N), and the measure contraction property MCP(K, N). For each
N-dimensional Riemannian manifold M, each of these conditions is equivalent to
the Ricci curvature of M being bounded below by K. Moreover, the conditions
are preserved under measured Gromov—Hausdorff limits.

We note that the measured Gromov—Hausdorff limits of manifolds with Ricci
curvature bounded from below satisfy the generalized Bishop—Gromov inequality
and a Poincaré inequality of type (1, 1), as explained below.

Let (X, d, ) be a complete, locally compact length space equipped with a Borel
measure. We denote by B, (x) the open ball of radius r and centered at x € X. Let
keRneN,C>1.Let0<r <Randx € X. If C =1, then (1-1) is the usual
Bishop—Gromov inequality with respect to lower bound (n — 1)k of Ricci curvature
and upper bound n of dimension:

HBRO)) _ Vi (R)

(1-1) = :
n(By(x)) Vien(r)

where Vi ,(r) is the volume of a ball of radius r in the n-dimensional, complete,
simply connected space of constant curvature k.

We consider a stronger inequality, which is the directionally restricted version of
(1-1). See [Gromov 1999, Section 5. I ] and [Cheeger and Colding 1997, Appen-
dix 2, (A.2.2.)]. We call the inequality the generalized Bishop—Gromov inequality
with constant C or, for short, BG(k, n) with C. This inequality naturally extends
to the case n € R with n > 1. See Definition 3.1 for the precise definition and
[Kuwae and Shioya 2001] for slightly different definitions. This inequality is pre-
served under the measured Gromov—Hausdorff limits; see [Gromov 1999, Section
5.14] and [Cheeger and Colding 1997, Theorem 1.6, Theorem 1.10]. The measure
contraction property MCP((n — 1)k, n) implies BG(k, n) with C = 1. For example,
these metric measure spaces satisfy MCP((n — 1)k, n):

e n-dimensional Riemannian manifolds whose Ricci curvature is bounded be-
low by (n — 1)k and that are equipped with a Riemannian measure;

e n-dimensional Alexandrov spaces whose curvature is bounded below by k and
that are equipped with the n-dimensional Hausdorff measure;
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e “nonbranching” metric measure spaces satisfying the curvature-dimension
condition CD((n — 1)k, n) (see Definition 3.3 for “nonbranching”).

The non-Euclidean, finite-dimensional, normed linear spaces equipped with the
Lebesgue measure satisfy MCP(0, n). These spaces, however, cannot arise as a
Gromov—Hausdorff limit of any Riemannian manifolds with a uniform lower bound
on Ricci curvature (see Proposition 3.2).

Applying the method of the proof of Theorem 5.1 in [Cheeger and Colding
2000a], we have

Theorem 1.1. Let (X, d, i) be a metric measure space satisfying the generalized
Bishop—Gromov inequality BG(k, n) with constant C for some k € R, n > 1, and
C > 1. Assume that there exists a local cut point x in X. Then deg(x) < C2+1.

The Cheeger—Gromoll splitting theorem [1971/72] states that if a Riemannian
manifold M of nonnegative Ricci curvature contains a straight line, then M is
isometric to R x N for some manifold N. Cheeger and Colding [1996] extended
this to limit spaces of nonnegative Ricci curvature in a generalized sense; see our
Theorem 2.1. For the limits of manifolds with Ricci curvature bounded from below
(C =1), Theorem 1.1 (deg(x) = 2) is also proved by using the Cheeger—Colding
splitting theorem; see Proposition 4.3 here.

By the splitting theorem, a space of nonnegative Ricci curvature has at most two
ends. The splitting theorem for metric measure spaces satisfying BG(0, n) with C
does not necessarily hold. As a corollary of Theorem 1.1, we have

Corollary 1.2. Let (X, d, ;1) be a metric measure space satisfying BG(0, n) with
C for some n > 1 and C > 1. Then the number of ends of X is at most C* + 1.

We investigate the geometric structure of the neighborhood of a local cut point
(Theorem 4.14). As a result, the “three-pronged” space (see Figure 4) does not
satisfy BG(k, n) with C. We also study the structure of the accumulation of local
cut points and find that the convergent sequence of certain local cut points “stands
in a line” (Corollary 4.20).

We now assume that a measure u satisfies 0 < (B, (x)) < +oo forall x € X
and all 0 <r < +o00. Let 1 < p < co. We say that a metric measure space (X, d, (1)
satisfies a Poincaré inequality of type (1, p) if, for all R > 0, there exists a constant
Cp =Cp(p, R) > 0 depending only on p and R such that

1/p
(1-2) ][ lu—up, )l du < Cp ”(][ g’ dﬂ)
B, (x) B (x)

holds for all x € X, the range 0 < r < R, all measurable functions u, and all “upper
gradients” g of u (see Section 4), where up := fpu dp = u(B)™ [u du.

It follows from Hoélder’s inequality that a metric measure space satisfying a
Poincaré inequality of type (1, p) also satisfies one of type (1, ¢) for all ¢ > p. For
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instance, there are many examples of metric measure spaces satisfying a Poincaré
inequality of type (1, 1):

e n-dimensional Riemannian manifolds with Ricci curvature bounded below by
(n — 1)k equipped with Riemannian measure [Buser 1982]. The constant Cp
in (1-2) depends on k, n, and R. If k = 0, then Cp depends only on n. See
[Saloff-Coste 2002, Theorem 5.6.5].

e The measured Gromov—Hausdorff limits of manifolds with Ricci curvature
bounded from below [Cheeger and Colding 2000b, Theorem 2.15].

e n-dimensional Alexandrov spaces equipped with the n-dimensional Hausdorff
measure. See [Kuwae et al. 2001].

e Nonbranching metric measure spaces satisfying CD(K, N). See [von Renesse
2007, Section 3.2], and combine with [Sturm 2006b, Lemma 4.1].

e Metric measure spaces with a doubling measure and the “democratic condi-
tion” DM. See [Lott and Villani 2007, Theorem 2.5].

The space {(x1, x2,...,x,) € R" |xl2 +x% + .- +x§71 < x,%} equipped with the
Euclidean distance and the n-dimensional Lebesgue measure satisfies a Poincaré
inequality of type (1, p) for all p > n [Hajtasz and Koskela 2000, Example 4.2].

We can obtain an obstruction condition for the existence of a local cut point:

Theorem 1.3. Let (X, d, ) be a metric measure space satisfying a Poincaré in-
equality of type (1, p) for some 1 < p < co. Assume that

(1-3) iming B _
r—0 rP

0

for a point x € X. Then x is not a local cut point.

Although the measured Gromov—Hausdorff limits of manifolds with Ricci cur-
vature bounded from below satisfy a Poincaré inequality of type (1, 1), they do
not necessarily satisfy the assumption (1-3) for p = 1. See [Cheeger and Cold-
ing 1997, Proposition 1.22]. Theorem 1.3 is one of the geometric consequences
of the Poincaré inequality. See [Hajtasz and Koskela 2000, Proposition 4.5] and
[Heinonen and Koskela 1998, Theorems 3.13 and 6.15] for related results.

This paper is organized as follows: In Section 2, we recall the definitions of
the Hausdorff dimension, length spaces, and the (pointed, measured) Gromov—
Hausdorff convergence. In Section 3, we precisely define BG(k, n) with C and
give its basic properties. We prove Theorem 1.1 and Corollary 1.2 in Section 4.
We also investigate the geometric structure of the neighborhood of local cut points
and also study the structure of the accumulation of local cut points. We prove
Theorem 1.3 in Section 5.
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2. Preliminaries

We first recall the definition of the Hausdorff dimension. We then define length
spaces and the (pointed, measured) Gromov—Hausdorff convergence. Let (X, d)
be a metric space.

2.1. Hausdorff dimension. We refer to [Ambrosio and Tilli 2004, Chapter 2] for
details. Let A C X. For 0 <s < oo and 0 < § < oo, we define

%3 (A) = wy iﬂZ(%) ‘ AclJui. diamU) < 3},

1

where w; :=7%/2/T'(s/2+1) and T is the gamma function I'(s) = fooo e *x*ldx.
If s is a positive integer, then w; equals the volume of a unit ball in R®. Note that
#5(A) is nonincreasing in §. We define the s-dimensional Hausdorff measure of
A by
#H'(A) = lim #5(A) = sup H5(A).
§—0 §>0
Then #° is a Borel regular measure on X. The Hausdorff dimension of A is

dimyg(A) =inf{0 < s < 00 | #°(A) =0} =sup{0 <5 < 00 | #°(A) = +00}.

2.2. Length spaces. We define the length of a continuous path y : [0, /] — X by

k
Ly)=  sup Y dyi-n, y®),

O=to<t) <--<ty=I i—1

where the supremum is taken over all partitions of [0, /]. By the triangle inequality,
we have L(y) > d(y(0), y(I)). We say that a path y : [0, ] — X is a geodesic if
it is locally minimizing and is proportional to arclength, that is, for each s € [0, /]
there exists € = €(s) > 0 such that

(2-4) diy(@),y()) =t -1

holds for all #,# € (s — €, s + €) N[0, []. Furthermore, we say that a path y :
(—00, 00) — X is a straight line if (2-4) holds for all ¢, ¢’ € (—o0, 00). In this
paper, we assume that every path is proportional to arclength.

We say that X is a length space if d(x, y) = inf,, L(y) for all x, y € X, where
the infimum is taken over all paths joining x and y. A metric space X is a length
space if and only if, for all x, y € X and all € > 0, there exists a point z € X such
that max{d(x, z),d(z, y)} <d(x,y)/2+ €. If X is a complete, locally compact
length space, then all two points in X are joined by a minimal geodesic.

For more, see [Burago et al. 2001; Gromov 1999] and their references.
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2.3. Gromov-Hausdorff convergence. Let us recall that the Hausdorff distance
between two closed bounded subsets A and B in a metric space X is defined by

du(A, B) =inf{e > 0| A C Uc(B), BC Uc(A)},

where U¢(A) is the e-neighborhood of A. Let € denote the set of isometry classes
of all compact metric spaces. For X, Y € €, the Gromov—Hausdorff distance
dga(X, Y) between X and Y is defined as the infimum of dy(f(X), g(Y)) over
all metric spaces Z and all isometric embeddings f: X — Z and g: Y — Z. Then
dgp defines a metric on 6. Let (X, dx) and (Y, dy) be metric spaces. For € > 0,
we say that a map ¢ : X — Y is an e-approximation if

(1) |dx(x,y) —dy(e(x), ¢(y))| < € holds for all x, y € X, and
(i1) the e-neighborhood of ¢(X) coincides with Y.

Let X;, X e<€fori=1,2,.... The sequence {X;} Gromov—Hausdorff converges
to X, thatis, dgu(X;, X) — 0 asi — oo, if and only if there exist ¢;-approximations
from X; to X (or from X to X;) for some ¢; — 0.

Let (X;,x;) fori =1,2,...and (X, x) be pointed metric spaces. We say that
{(X;, x;)} pointed Gromov—Hausdorff converges to (X, x) if, for each R > 0, there
exist R; \( R, €; \\ 0, and ¢;-approximations ¢; : Bg, (x;) — Bgr(x) with ¢; (x;) =x.
A pointed Gromov—Hausdorff limit of {(X, rl._ld ,Xx)} as r; — 01s called a tangent
cone at x. The Gromov—Hausdorff limit of a sequence of length spaces is also a
length space. See [Burago et al. 2001; Gromov 1999] for details.

Let (M;, p;) fori =1,2,... be n-dimensional, complete pointed Riemannian
manifolds with Ricci curvature Ricy;, > —(n—1). Gromov’s compactness theorem
states that {(M;, p;)} pointed Gromov—Hausdorff subconverges to some pointed
metric space (X, x). We then have dimy(X) < n (see Proposition 3.8). The se-
quence {M;} is said to collapse to X if dimy(X) < n. In fact, if {M;} collapses, then
dimy(X) <n —1 [Cheeger and Colding 1997, Theorem 3.1]. Fukaya conjectured
[1987, Conjecture 3.13] that the Hausdorff dimension of the limit X is an integer.
By Gromov’s compactness theorem, there exists a tangent cone at every x in the
limit X. A tangent cone at each point is not necessarily unique even in the noncol-
lapsed case [Cheeger and Colding 1997, Example 8.41]. It does not always have a
metric cone structure in the collapsed case [Cheeger and Colding 1997, Example
8.95]. The splitting theorem for the limit holds, even in the collapsed case:

Theorem 2.1 [Cheeger and Colding 1996]. Let (X, x) be a pointed Gromov—
Hausdorff limit of complete Riemannian manifolds M; with Ricy, > —8;, where
8; = 0. If X contains a straight line, then X is isometric to R X Y for some length
space Y.
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2.4. Measured Gromov-Hausdorff convergence. Fukaya [1987] introduced the
concept of the measured Gromov—Hausdorff convergence. Let €.l denote the
set of all compact metric spaces X equipped with a Borel measure @ such that
w(X) < 1. A directed system {(Xy, tto)}aes C @M is said to measured Gromov—
Hausdorff converge to (X, u) € €M if, for each a € A, there exist €, > 0 and a
Borel measurable €,-approximation ¢4 : X — X such that

() limgey €y =0;

(i1) a directed system of push-forward measures {(¢)«/to}a cOnverges vaguely
to u, that is,

aed

2-5) lim / Fogu dity = f fdu
X X

holds for all continuous functions f : X — R.

The measured Gromov—Hausdorff convergence induces a topology on 6.M. Fukaya
[1987] shows it is Hausdorff [Proposition 2.7] and the projection from €. to € is
proper [Proposition 2.10]. Gromov [1999] gives other topologies on €.L.

A directed system {(Xg, o, Xo)}aes Of (possibly noncompact) pointed met-
ric measure spaces is said to pointed measured Gromov—Hausdorff converge to a
pointed metric measure space (X, i, x) if, for any R > 0, there exist R, \ R,
€y \( 0, and Borel measurable €,-approximations ¢, : Bg,(xy) — Br(x) with
©¥q (Xo) = x such that the directed system {(@y )« /o }o cOnverges to u vaguely; that
is, (2-5) holds for all continuous functions f : X — R with compact support.

Let (M;, p;) fori =1,2,... be n-dimensional, complete, pointed Riemannian
manifolds with Ricy;, > —(n—1) and v < voly, (B1(p;)) <V forsome 0 <v < V.
Assume that {(M;, p;)} pointed Gromov—Hausdorff converges to a pointed metric
space (X, x). Then there exists a measure @ on X such that {(#;, voly,, pi)}
pointed measured Gromov—Hausdorff subconverges to (X, i, x). In the noncol-
lapsed case, p is unique and it coincides with the n-dimensional Hausdorff mea-
sure, up to constant multiple [Cheeger and Colding 1997, Theorem 5.9]; they show
in the collapsed case that w is not necessarily unique [Example 1.24, Section 8].

3. The generalized Bishop—Gromov inequality

In this section, we define the generalized Bishop—Gromov inequality BG(k, n) with
constant C and give basic properties of a metric measure space satisfying BG(k, n)
with C.

We denote by c(cy, ..., c;) a positive constant depending only on cy, ..., ¢.
Let (X, d, 1) be a complete, locally compact length space equipped with a Borel
measure.
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3.1. Definition of the generalized Bishop—Gromov inequality. Let k, n € R with
n>1. For 0 <ry < ry, we define

r
Vk,n(rlarZ):an—I/ se()" ! dt,

ri
where «,,_1 := 271"/2/ ['(n/2) = n w, and si(¢) for t > 0 is defined by

# sin(v/k £) if k >0,
sc(H) =14t ifk=0,
ﬁ sinh(v/—kt) ifk <O.

If n is a positive integer, then Vi ,(r1, r2) is equal to the volume of an annulus of
radius between 7| and r; in the n-dimensional, complete, simply connected space of
constant curvature k. We denote by B, (x) and B, (x) the balls of radius r centered
at x that are open and closed, respectively. For a point x € X, let U be a set in
Ay (x), where Ay ,,(x) =B, (x)\ l_ﬁr] (x)and Ag ,(x) = B,(x). For0 <s1 < 52
with s1 <rj and s, < rp, set

Ser, 5 (x, U)={y € Ay, 5,(x) | d(x,y) +d(y,2) =d(x, ) for some z € U},

that is, Sy, s, (x, U) is the intersection of Ay, ,(x) and all minimal geodesics be-
tween x and each point in U.

Definition 3.1. Let C > 1. We say that a metric measure space (X, d, p) satisfies
the generalized Bishop—Gromov inequality with constant C or, for short, BG(k, n)
with C, if for all points x € X and all 0 <r; <rp and 0 <1 < 55 with s; <r| and
s» < rp, the inequality

() <C Vien(ri, r2)
M(Ssl,sz(-x» v)) — Vk,n(sl’ 52)
holds for all Borel sets U in A,, ,,(x).

(3-6)

BG(k, n) with C = 1 induces the usual Bishop—Gromov inequality. Indeed, if
we choose r; =51 =0, sp =r < R=rp, and U = Bg(x), then (3-6) implies

H(BR(X)) _ Vin(0, R)
(B (x)) = Vi n(0,r)
3.2. Examples. We recall metric measure spaces satisfying BG(k, n) with C =1,

as shown in the introduction. Every n-dimensional, normed linear space equipped
with the n-dimensional Lebesgue measure satisfies BG(0, n) with C = 1.

Proposition 3.2. Let X be an n-dimensional, normed linear space. Assume that
X is a Gromov-Hausdorff limit of Riemannian manifolds M; with Ricci curvature
bounded from below. Then X is isometric to R".
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Proof. By expanding the metrics of converging manifolds, we may assume that
Ricy, > —§;, where §; — 0. Since X contains n orthogonal lines, the splitting
theorem (Theorem 2.1) completes the proof. g

Definition 3.3 [Sturm 2006a, Definition 2.8]. A metric space (X, d) is said to
be nonbranching if for all four points y, xg, x1, x» € X such that y is a midpoint
between xg and x; and, between x( and x,, we have x; = x,. A point y is called a
midpoint between xo and x; if 2 d (xg, x1) = d(x0, y).

A metric space X is nonbranching if and only if for all two minimal geodesics
v,y 10,11 — X with y(0) = y’(0), we have inf{t > 0| y(#) # y'(#)} =0 or oo,
where inf & := co. Each Alexandrov space with curvature bounded from below is
nonbranching.

Remark 3.4. For nonbranching metric measure spaces, the curvature-dimension
condition CD(K, N) implies the measure contraction property MCP(K, N); see
[Sturm 2006b, Lemma 4.1, Theorem 5.4]. Moreover, CD(K, N) is a weaker con-
dition than having N-Ricci curvature > K.

All n-dimensional Alexandrov spaces with curvature bounded below by k that
are given the n-dimensional Hausdorff measure #" satisty MCP((n — 1)k, n); see
[Ohta 2007, Proposition 2.8; Sturm 2006b, Theorem 5.7; Kuwae and Shioya 2001,
Lemma 6.1]. For Riemannian manifolds, a lower bound on the sectional curva-
ture implies the Ricci curvature is also bounded from below. However, it is an
open problem whether those Alexandrov spaces satisfy CD((n — 1)k, n) or have
n-Ricci curvature > (n—1)k. In particular, we do not know whether all Alexandrov
spaces can arise as Gromov—Hausdorff limits of Riemannian manifolds with Ricci
curvature bounded from below.

Remark 3.5. Let (X,d, u) be a measured Gromov—Hausdorff limit of those
n-dimensional compact Riemannian manifolds M; with Ricy, > (n — 1)k and
equipped with the normalized Riemannian measure. Set m = dimyg(X), which
is not necessarily an integer. Cheeger and Colding [1997, Conjecture 1.34] con-
jectured there exists a number / with m <[ < n such that (3-6) holds for u = #",
n=I[,and C = 1.

3.3. Basic properties. We begin by recalling the definition of a doubling measure.
We say that a measure w is doubling if for all R > 0O there exists a constant Cp =
Cp(R)>1suchthat (B (x)) <Cp u(B,(x)) holdsforall x e X andall0 <r <R.
If v is doubling, then X is proper (that is, all closed bounded subsets are compact).
We note that if (X, d, n) satisfies BG(k, n) with C, then u is doubling.

Although the following lemmas and proposition are somewhat standard, we
prove them for the completeness of this paper.
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Lemma 3.6. Ler (X, d, u) satisfy BG(k, n) with C = 1 for some k,n € R with
n > 1. Then we have (1 (S,(x)) =0 for all x € X and all r > 0, where S, (x) is the
sphere of radius r and centered at x. In particular, if X does not consist of a single
point, then u({x}) =0 forall x € X.

Proof. For a sufficiently small € > 0, we have

p(Sr(x)) < p(Brye(x)) — u(Br—e(x)) = M(Bre(X))(

Vin(0,r +€) |
Vin(0,r —€) ’

where we have used (3-6) for the last step. Letting € — O completes the proof. [J

U(By1e(x)) _ 1)
u(By—e(x))

< M(Br—e(X))<

Let A C X. We say that A is convex if, for all pairs x, y € A, all minimal
geodesics between x and y are contained in A.

Lemma 3.7. Let (X, d, n) satisfy BG(k, n) with C for some k € R, n > 1, and
C > 1. Then:

() Ifk' <kandn' > n, then (X, d, n) satisfies BG(k', n") with C.

(2) Ifa,b > 0, then (X, ad, bu) satisfies BG(k/az, n) with C.

3) If A is a convex subset in X, then (A, d, u) also satisfies BG(k, n) with C.
Proof. Fix 0 <r; <rpand 0 < 51 < 55 with s < r; and s, < ryp. (1) follows
because Vi ,,(r1,72)/ Vi n(s1,s2) is monotone nonincreasing in k and monotone
nondecreasing in n. We respectively denote by Aﬁ{)rz (x) and Ss(f{)sz (x, U) the sets

Ay, (x) and S, 5, (x, U) with respect to a metric d. For all sets U in Aﬁfdr)z (x),
we have

(bp)(U) _ pU)
B (SR 1) 1Sy sale V)
Vicn(n/a. rnja) _ . Vija2, n(r1,12)

Viin(s1/a,s2/a) Vi n(s1,82)"

which implies (2). Let x € A and U C A,, ,,(x). Since A is convex, S, s, (x, U)
is contained in A. We hence have (3). U
Let € > 0. A set S C X is called an e-net if we have d(x, S) < € for all x € X.

We say S is e-separated if d(x, y) > € for all pairs of distinct x, y € S. Clearly,
each maximal e-separated set is an e-net.

Proposition 3.8. Let (X, d, i) be as in Lemma 3.7. Then we have dimy(X) < n.

Proof. We will show that %”/(X ) = 0 holds for all n’ > n. We may assume that
diam(X) < oo. Let {x,-}lN: | be a maximal §-separated set in X for § > 0. Then
{xi}f\/: | 1s a 8-net. Note that there exists a constant c(k, n) > 0 depending only on
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k and n such that Vi ,(0, §) > c(k, n)é" holds for all (sufficiently small if k£ > 0)
8 > 0. Let x;, be a point at which . (Bs/2(x;,)) attains min|<;<y u(Bs/2(x;)). Note
that {Bg/z(xi)}fvzl is disjoint. Since (X, d, u) satisfies BG(k, n) with C, we have

N
w(X) =Y n(Bsa(xi))
i=1
Vi n(0,8/2)
Vi 2 (0, diam(X))

> Nu(Bsp(xiy)) > NC™! 14 (Baiam(x) (Xig))-

Hence N < c(k, n)6™", which implies

N
min{N eN ‘ X = UBg(x,-)}
i=1
< max{N eN | {x,-}f\/:1 is a maximal §-separated set}
<ck,n)s7".
Therefore

HY (X) = w, inf{i(wy/ ' X = G U, diam(U;) < 5}

i=1 i=1

< wy inf{i(dlam(lg‘s/zu’))) ' X = G 38/2(Xi)}
i=1

=

n/
< Wy (%) min{N eN ‘ X = U Ba/z(xi)}
i=1

<c(k,n,n')8"".

—_—

Letting § — 0 completes the proof. O

4. Local cut points

In this section, we first prove Theorem 1.1. In Section 4.2, we recall the definition
of an end and then prove Corollary 1.2. In addition, we investigate the geometric
structure of the neighborhood of a local cut point and also study the structure of
the accumulation of local cut points by using the idea of the proof of Theorem 1.1.
We now assume that (X, d) is a complete, locally compact length space.

4.1. Local cut points.

Definition 4.1 (local cut point [Gromov 1999, 3.32], r-cut point). We say that a
point x € X is a local cut point if U \ {x} is disconnected for some connected
neighborhood U of x. The degree of x, denoted by deg(x), is defined as the
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supremum of the number of connected components of U \ {x} for all connected
neighborhoods U of x. Let r > 0. We say that a point x € X is an r-cut point if
these three conditions hold:

(i) B,(x)\ {x} is disconnected;
(ii) the number of connected components of B, (x) \ {x} is equal to deg(x);

(iii)) O N S, (x) is nonempty for all connected components O of B (x)\ {x}.

If x is a local cut point, then U \ {x} is disconnected for every sufficiently small
neighborhood U of x. The end points in a graph (one-dimensional space) are not
local cut points. An interior point in a graph is not always a local cut point; see
Example 4.2 (3). We have deg(x) > 2 for each local cut point x. Every local cut
point with finite degree is an r-cut point for some r > 0. Let 0 < r; < r,. If a point
X is an rp-cut point, then x is an r|-cut point.

Example 4.2. (1) Consider the set [ Ji2,{r exp7in/—1)eC|0<r <27
with the induced distance [Shioya 1999, Example 9.1]. The origin is a local
cut point and its degree is infinite.

(2) Consider the set |2, {(x, y) € R? | x? 4 (y — 1/i)* = 1/i?} with the induced
distance. The origin is a local cut point and its degree is infinite.

(3) Consider the set {(x, 0) |0 <x <1}U{(0, y) |0<y < JU( U7 o{(x, —x+27) |
0<x< 2_i)}) C R? with the induced distance. The origin is not a local cut
point.

(4) Consider the interval [0, 1] C R with the Euclidean distance. The point 1/3 €
[0, 1] is not an r-cut point for any » > 1/3 because (iii) is not satisfied.

(5) Consider the set {(x, y) | x4+ y?> =1}U{(x, 0) | 1 <x} C R? with the induced
distance. The point (—1, 0) is not an r-cut point for any r > & because (ii) is
not satisfied.

Proof of Theorem 1.1. For any positive integer d with d < deg(x), take a sufficiently
small r > 0. Choose any d connected components Oy, O, ..., Oq4 of B,(x)\ {x}
such that the degree of x in B,(x)N(0,U---UO0y,) is equal to d and O; N S, (x)
is nonempty for all 1 <i < d. Let [ be a positive number with 0 <[ < r/2. For
each 1 <i <d, we choose a point x; € O; such that d(x, x;) =[. See Figure 1.

For a sufficiently small 0 < € < [, set U = B¢(x) N O1. We claim that every
minimal geodesic between any point in U and x; (2 <i < d) passes through the
local cut point x. Suppose that there exists a minimal geodesic y : [0, /] — X from
some point y in U to x; such that y does not pass through x. By the choice of r
and [, the point y (¢) is not contained in B, (x) for some ¢ € [0, []. Therefore

d(y,x)) =d(y0),y() =l=1=d(y,y(®) =d(x,y (1)) —d(x,y) >r —e.
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xd

Figure 1. Proof of Theorem 1.1.

On the other hand, we have a contradiction from
d(y,x) <d(y,x)+d(x,x;)) <e+l<e+r/2.

We first use the generalized Bishop—Gromov inequality (3-6) with the base point
xi (2 <i <d). We see that A; jyc(x;) contains U for 2 <i <d. Set S; =
Si—e.1(x;, U) for 2 <i <d. We recall that S; is the intersection of A;_¢ ;(x;) and
all minimal geodesics from x; to each pointin U, hence to x. Then §;NS; is empty
for all i # j. By applying (3-6) to s1 =1 —¢€, so =r; =1, rp =1 +¢€, the point x;,
and the set U, it follows for 2 <i < d that

Ve =€) i(Si—ei (i, U)) (S

4-7) < = :
Vien(l, 1 +€) u(U) u(U)

We now denote U’ = Ul‘.i:2 S;. Since ﬂfzz S; = &, we have Z?:z w(S;) = nU’).
Summing up (4-7) for all 2 <i < d, we obtain

Vi =) _ Y, u(S) _ p")

4-8 d—1)C~ = .
() ( ) Vienl,I+€) = u(U) n)
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Next, we use (3-6) with the base point x;. We see that A; ;¢ (x1) contains U’.
Applying (3-6)to s1 =1 —¢€, so =r1 =1, r, =1 +¢, the point x1, and the set U’,
we obtain

nl’) _ Vil It e)
w(Si—e,i(x1,UN) = Vinl—€,D)
Note that, much as before, every minimal geodesic between xy and any point in

U’ passes through x; hence U contains S;—¢ ;(x1, U’). Combining (4-8) and (4-9),
we have

(4-9)

2
d<C? Vil IH N
Vin(l —¢€,1)

Letting € — 0, we have d < C% + 1. O

For the limits of Riemannian manifolds with Ricci curvature bounded from be-
low, the Cheeger—Colding splitting Theorem (Theorem 2.1) implies that deg(x) =2
for any local cut point x; see Proposition 4.3 below. Since the splitting theorem
for metric measure spaces satisfying BG(0, n) with C do not hold in general (see
Proposition 3.2), the proof of Theorem 1.1 gives another proof that deg(x) = 2.

Proposition 4.3. Let (X, d) be a Gromov—Hausdorff limit of n-dimensional, com-
plete Riemannian manifolds (M;, d;) with Ricy, > —(n — 1), where d; is the Rie-
mannian distance on M;. If there exists a local cut point x in X, then every tangent
cone at x is isometric to R; in particular, deg(x) = 2.

Proof. Take points p; in M; such that {(M;, d;, p;)} pointed Gromov—Hausdorff
converges to (X, d, x). Let us recall that a tangent cone at x is the pointed limit
space of (X, ri_ld ,x) as r; — 0. By passing to a subsequence, the tangent cone at
x is itself the pointed limit of rescaled manifolds (M, rj’ld i» pj)- Then the Ricci
curvature of (M, r;ldj) is bounded below by —(n — l)r]z.

Because every local cut point is an interior point of some geodesic, the tangent
cone at x contains a straight line (expanded from the geodesic). Applying the
splitting theorem (Theorem 2.1), we see that the tangent cone at x is isometric to
R x Y for some length space Y. Since x is a local cut point, it follows that Y
consists of a single point. U

Remark 4.4. We recall that if (X, d, n) satisfies BG(k, n) with C, then u is dou-
bling. Although the length space in Example 4.2 (1) has the natural doubling
measure, the degree of the origin is infinite.

In the case of graphs, we obtain a better estimate of the degree.

Proposition 4.5. Ler (X, d, %1) be a graph, where d is the usual distance and
%' is the one-dimensional Hausdorff measure. Assume that (X, d, ") satisfies
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BG(k, n) with C for some k € R,n > 1, and C > 1. Then we have deg(x) < C + 1
forallx € X.

Proof. Let x be a local cut point (an interior point) in X. Take a point x; € X with
d(x,x1) < 1,andletl =d(x, x1). Let y : [0, [] = X be the minimal geodesic from
xptox. Set U = Bc(x) \ y([0,7]) for 0 < e <« 1. We then have S;_¢ ;(x1, U) =
y((I—e, 1)) because [ =d(x, x1) is sufficiently small. By using (3-6) with s; =[—¢,
so =r1 =1, rp =1+¢, the point x|, and the set U, it follows that

_ 1
4-10) (deg(x) — De _ I U) - Vi1 +€)
€ I (Si—e.1(x1, U)) Vien(l—€,1)
Taking € — 0, we obtain deg(x) < C + 1. g

Remark 4.6. In general, the converse of Proposition 4.5 does not necessarily hold.

4.2. The number of ends. We recall the definition of an end.

Definition 4.7. A path y : [0, c0) — X is called a ray if (2-4) holds for all ¢,¢" €
[0, 00). Let y1, » : [0, 00) — X be rays from the base point x. Two rays y; and
y, are said to be cofinal if y(t) and y;,(¢) lie in the same connected component of
X\ B,(x) forall ¢, r > 0 with t > r. An equivalence class of cofinal rays is called
an end of X.

Proof of Corollary 1.2. Suppose that the number of ends of X is greater than C>+-1.
Given any sequence ¢; — 0 and any point x € X, we put (X;, d;, x;) = (X, €;d, x).
Let p; be the push-forward of the measure (B, (x))~'1 by the identity map
from X to X;. From Lemma 3.7 (2) the metric measure space (X;, d;, ;) satisfies
BG(0, n) with C. Then there is a subsequence €; — 0 such that {(X;, d;, u;, x;)}
pointed measured Gromov—Hausdorff converges to some pointed metric measure
space (Xoo, doos Moos Xoo)- The limit space also satisfies BG(0, n) with C. Since
the number of ends of X is greater than two, the point x, is a local cut point. Then
the degree of x is equal to the number of ends of X. This contradicts Theorem
1.1. O

4.3. Branch points. We next give an obstruction condition for the existence of a
local cut point in a metric measure space X satisfying BG(k, n) with 1 < C < +/2.
Let us recall that the measured Gromov—Hausdorff limits of manifolds M; with
Ricy, > (n— 1)k satisfy BG(k, n) with C = 1. Itis conjectured that the limit space
has no local cut point unless the limit is one-dimensional.

Assume that X has a local cut point x. Let x be an r-cut point. Let y : [0, /] — X
be a minimal geodesic with y (/) = x. Assume that / is sufficiently small (for
example, [ <r/3). If 0 : [0, L] — X is a minimal geodesic such that o (0) = y (0)
and o (L) € Bi(y(l)) for L > [, then o (I) = y (), that is, o passes through x. We
then define two kinds of branch points of the geodesic y.
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Figure 2. Weak branch point.

Definition 4.8 (branch point). Let y be as above. We say that y (/) is a branch
point of y if for all € > 0 there exist two distinct points xy, xp € B¢(y (/) such that

d(y(0), x1) =d(y(0), x2) > I.

Note that y (/) is a branch point of y if and only if no neighborhood of y (1) is
a segment.

Definition 4.9 (weak branch point [Cheeger and Colding 2000a, Section 5]). Let
y be as in Definition 4.8. We say that y (/) is a weak branch point of y if, for
all € > 0 and all two points xy, x5 € Bc(y(l)) with d(y(0), x1), d(y(0), x2) > 1,
there exist minimal geodesics o; : [0, /;] — X fori =1, 2 from y (I) to x; such that
o1(s) = oo(s) for some s > 0. See Figure 2.

Example 4.10. (1) Let X = [a, b]. Every interior point x € (a, b) is a weak
branch point of all paths y : [0, [] — X with y (/) =x and [ < 1. The point x
is not a branch point of any y.

(2) Let X be the length space in Figure 2. The intersection x of two spheres is a
branch point of all paths y : [0, /] — X with y (I) =x and [ <« 1. However, the
point x is not a weak branch point. Although a branch point is not necessarily
a weak branch point, we use the term “weak” as in [Cheeger and Colding
2000a, Section 5].

Assume now that there exists a local cut point in a metric measure space satisfy-
ing BG(k, n) with1 <C < V2. We give an obstruction condition for the existence
of a local cut point by observing geodesics that pass through a local cut point.

Theorem 4.11 [Cheeger and Colding 2000a, Theorem 5.1]. Let (X, d, i) be a met-
ric measure space satisfying the generalized Bishop—Gromov inequality BG(k, n)
with constant C for some k e R,n>1,and 1 < C < V2. If there exists a local
cut point x in X, then it is a weak branch point of all geodesics y : [0, ] — X with
y()=xandl K 1.
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The proof is essentially the same as in [Cheeger and Colding 2000a]. We give
the proof for the completeness of the paper.

Proof. If x has a neighborhood that is a segment, then x is a weak branch point
of all paths which go to the point. Assume now that no neighborhood of x is a
segment. Let y : [0,/] — X be a geodesic that branches at y(I) = x, where [
is sufficiently small. Suppose that x is not a weak branch point: There exist two
points x1, xo € B;(y(l)) with d(y(0), x1), d(y(0), xo) > [ such that all geodesics
0; 1 [0,;]] > X fori = 1,2 from y (/) to x; have o1(s) # o(s) forall 0 < s <
min{/y, lo}. We may assume that d(y (), x;) = d(y(l), x») and denote both by /’.

Consider all minimal geodesics from x to x; for i = 1,2. By assumption, the
set of all minimal geodesics from x to x; and the set of all minimal geodesics
from x to x, have no intersection except x. We will use the generalized Bishop-
Gromov inequality (3-6) with the base point x;. Let 0 < € < [”. We denote by U
the connected component of B (x) \ {x} that contains y. We see that Ay ;¢ (x;)
contains U. Set S; = Sy_¢, y(x;, U) fori =1, 2. Let us recall that S; is the inter-
section of Ay_¢ p(x;) and all minimal geodesics from x; to each point in U. Then
S1 N S, is empty by assumption. For i = 1, 2, the generalized Bishop—Gromov
inequality (3-6) induces

Vel =€) p(Sr—er (i, U)) _ (S

Vien', 1/ +€) — n) %)

Let U’ denote the union of connected components of B¢ (x) \ {x} that contain S,
and S>. We see that A; ;4. (y (0)) contains U’. Since S; C U’ holds fori =1, 2, we
have (S1) + 1 (S2) < w(U’). By summing up (4-11) for i =1, 2, it follows that

et Vel =€) _ p(S)+ (S _ wU)

4-11) c™

(4-12) 2 - < < .
Vien', '+ €) n(U) nU)
Applying (3-6) with the base point y (0), we obtain
U’ Vienl, !
4-13) @) ¢ Vinlilte)

1W(Si—e,1(¥ (0),UN) =~ Vinl —€,1)
Since U contains S;—¢ ;(y(0), U’), it, together with (4-12) and (4-13), follows that

le,n(l/_G,l/) <C Vk,n(l’l'i'e)

2C~ < -
Vinl' I +€) = Vial—e,l)

Taking € — 0, we obtain 2 < C 2 which is a contradiction. O

Remark 4.12. Cheeger and Colding [2000a, Theorem 5.1] studied the limit space
that contains a one-dimensional piece and is not one-dimensional. It follows from
Theorem 4.11 that the length space in Figure 2 can’t satisfy BG(k, n) with 1 <C <
/2 for any k, n, and any measure. This does not follow from their [Theorem 5.1].
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Figure 3. Proof of Theorem 4.11.

As a corollary of Theorem 4.11, we obtain a particular case of Theorem 1.1.

Theorem 4.13. Let (X, d, ) satisfy BG(k, n) with C for some k € R, n> 1, and
1 < C < /2. Assume that there exists a local cut point x in X. Then deg(x) = 2.

Proof. Suppose that deg(x) > 3. For all geodesics y : [0, /] — X with y (/) =x and
[ « 1, the local cut point x = y () is not a weak branch point of y. This is because
the geodesic y is extended to two connected components of B, (x) \ {x} which do
not contain y, where r is sufficiently small. This contradicts Theorem 4.11.  [J

4.4. Local geometric structure. Recall the definition of an r-cut point (Definition
4.1). We investigate the geometric structure of the neighborhood of an r-cut point
in a metric measure space X satisfying BG(k, n) with 1 < C < +/2.

Assume X has an r-cut point x. Then diam(O N S, (x)) < diam(B, (x)) < 2r
for all connected components O of B, (x) \ {x}; see Figure 5. By improving the
method of the proof of Theorem 4.11, we obtain a more precise estimate of the
diameter:

Theorem 4.14. Forallk e R, n>1, 1 < C < /2, and all R > 0 there exists a
constant § = §(k,n, C, R) > 0 depending only on k, n, C, and R such that: Let
(X, d, 1) be a metric measure space satisfying the generalized Bishop—Gromov
inequality BG(k, n) with constant C. If X has an r-cut point x with 0 <r < R, then
diam (0 ns, (x)) < (2—8)r holds for all connected components O of B, (x)\ {x}.

Remark 4.15. The constant §(k, n, C, R) in Theorem 4.14 is independent of the
metric measure space (X, d, u). Moreover, we can calculate the precise value;
see Remark 4.19. It follows from Theorem 4.14 that for fixed k, n, and C the
metric space in Figure 4 cannot satisfy BG(k, n) with C for any measure, provided
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Figure 4. “Three-pronged” space.

a narrow part is sufficiently small. Roughly speaking, combined with Theorem
4.13, “three-pronged” spaces cannot satisfy BG(k, n) with 1 < C < /2.

Proof of Theorem 4.14. ForkeR, n>1, 1<C < ﬁ, and R>0,let (X,d, u)bea
metric measure space satisfying BG(k, n) with C and x € X be an r-cut point with
0 <r <R. Fix 0 <3 < r. Suppose that diam (O NS, (x)) > (2—8)r holds for some
connected component O of B, (x) \ {x}. We take two points x1, x, € ONS, (x) with
d(x1, x) > (2 —6)r and then choose minimal geodesics o; : [0, ] — X from x to
x; fori =1, 2. Since deg(x) =2, we denote by O’ another connected component of
B, (x) \ {x}. For 0 < € < dr, denote by U the connected component of B¢ (x) \ {x}
that does not contain oy and 0. Then A, /3 ,/31¢(0i(r/3)) contains U fori =1, 2.

Claim 4.16. Every minimal geodesic from o;(r/3) to a point in U passes through
xfori=1,2.

Proof. Suppose that there exists a minimal geodesic y : [0, /] — X from o;(r/3)
to some point y in U such that y does not pass through x. Then, y (¢) € B, (x) for
some ¢ € [0, /] since x is an r-cut point. Therefore,

d(y,0i(r/3)) zd(y,y (1) zd(y(®),x) —d(y,x) >r —e.
On the other hand, we have a contradiction from
d(y,oi(r/3)) <d(y,x)+d(x,0;(r/3)) <e+r/3. O
Setting S; = S, /3-5r—¢, r/3-sr(0;(r/3), U) fori =1, 2, we have
Claim 4.17. ;N S, = @.
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Proof. By assumption, we have
2 —=8)r <d(x1,x2) =d(x1,01(r/3)) +d(01(r/3), 02(r/3)) + d(02(r/3), x2)
=T +d@ /3, 00 /3) + 5
It follows that (2/3 — §)r < d(o1(r/3), 02(r/3)). Suppose that there exists a point
y € 81N S,. We then have

d(01(r/3), 02/3) < d(@1(1/3), ) +d (v, 020/3) =2(5 =) = (3 - 25)r.

This is a contradiction. O

The generalized Bishop—Gromov inequality (3-6) with the base point o;(r/3)
gives, fori =1, 2,
Vi ((1/3=8)r —e, (1/3=8)r) _ (8D
Vin(r/3,r/3+€) )’

We set U' = S1US;. Then S1 NS = & (Claim 4.17) gives w(S1) + 1 (S2) < u(U").
Therefore, by summing (4-14) for i =1, 2, we get

(4-14) c!

Vio((1/3 =8)r =€, (1/3=8)r) _ u(S)+u(S2) _ (U
Vion(r/3,r/3+¢€) WUy Ty’

Next, we take an arbitrary point xo in O’ N S,/3(x). Such a point exists since x
is an r-cut point.

4-15) 2c7!

Claim 4.18. Each minimal geodesic from xg to each point in U’ passes through x.

Proof. Suppose that there exists a minimal geodesic y : [0, [] — X from xq to some
point y in U’ such that y does not pass through x. Then y (¢) € B, (x) for some
t € [0, []. Therefore,

2
d(xo. y) 2 d(x0, v (10)) = d(y (1), x) = d(x, x0) = r = T = 5~
On the other hand, we have a contradiction from
d(xo, y)fd(xo,X)—i-d(x,y)g%+5r+€_ 0

Set So = S;/3—e,r/3(x0, U'). The generalized Bishop—-Gromov inequality (3-6)
with the base point xg implies

n@h _ Vi n((1/34+8)r, (1/3+8)r +¢€)

(4-16) <
u(So) Vin(r/3—¢€,r/3)
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Figure 5. Proof of Theorem 4.14.

Since U contains Sy, inequalities (4-15) and (4-16) give
5 Vin(r/3,1/3+€) Vin((r/3+8)r, (r/348)r +¢)
Vin(r/3—e,r/3) Vi o ((r/3 = 8)r —€, (r/3=8)r)

After letting € — 0, a sufficiently small § > 0 implies a contradiction. This com-
pletes the proof of Theorem 4.14. (]

(4-17) 2<C

Remark 4.19. In the case k = 0, we have
1 @2/CH/ =1 _ |
4 (2/CHV=D 17
Indeed, the right-hand side of (4-17) is equal to
, (r/34+€)' —(r/3)" [(1/3+8)r+e€]"—[(1/3+8)r]"
(r/3)" = (/3= [(1/3=8r]" = [(1/3 = 8)r —e]"’

which converges to C?[(1/348)/(1/3 —8)]""! as € — 0. Therefore, it suffices to
determine a positive number 8 such that C2[(1/3+8)/(1/3 —=8§)]""' < 2.

8(0,n,C, R)

4.5. Convergence of local cut points. Using Theorem 4.14, we observe the struc-
ture of the accumulation of local cut points in a metric measure space satisfying
BG(k,n) with 1 < C < /2.

Let (X, d, u) satisfy BG(k, n) with C for some k e R, n>1,and 1 < C <
V2. Assume that there exist three r-cut points x1, xp, x3 € X (r > 0) such that
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d(x;,x;) <rforall 1 <i,j<3. We recall that deg(x;) = 2 (Theorem 4.13).
Denote by Oy, O] the connected components of B,(x1) \ {x1}. Assume then that
O{ contains x, and x3 and without loss of generality that d(x, x2) < d(xy, x3).
For i =2, 3, denote by O; the connected component of B, (x;) \ {x;} that contains
x1 and by 0{ the connected component of B, (x;) \ {x;} that does not contain x.
By definition, O, N O3 is nonempty. We say that {x1, xp, x3} stands in a line if
0/, N O} is nonempty.
As a corollary of Theorem 4.14, we have

Corollary 4.20. Let (X, d, i) be a metric measure space satisfying BG(k, n) with
C forsomek eR, n>1,and 1 <C < V2. Let § = 8(k,n, C, R) be the constant
in Theorem 4.14 for R > 0. Assume that there exist r-cut points x1, X3, x3 € X with
0<r <R Ifd(x;,xj) <dr/6 holds forall 1 <1i, j <3, then {x1, x2, x3} stands in
a line.

Proof. Suppose that O N O} is empty; see Figure 6. Since x; is an r/3-cut point,
02N Sr/3(x2) = (01 NSy /3(x2)) U (Oé N S,/3(x2)) has at least two connected com-
ponents. Denote by O one of connected components of O N S,/3(x2) and by O’
one of connected components of Og N S,/3(x2).

Since x; is an r-cut point, all minimal geodesics from each point in O to each
point in O’ pass through x; and x3. Therefore, we have

(4-18) d(0, 0") =d(x1, 0) +d(x1, x3) +d(x3, 0").

Since d(x;, x;) < dr/6 holds by the assumption, we have

r r or S\r
(4-19) d(x1, 0) 2 L —d(x, ) > L= = (1—5)5.
Similarly, we have
, S\r
(4-20) d(x3, 0') > (1 _ 5)5.

Hence, relations (4-18), (4-19) and (4-20) imply
diam(02 N S, /3(x2)) = d(0, O') = d(x1, O) +d(x1, x3) +d(x3, O")

S\r S\r
>(1-3)5+(1-3)5
—(2-6°C.
2-8)%
This contradicts Theorem 4.14. O

Assume now that there exists a sequence {x;};°, of r-cut points in X such that
d(x;, x;) < r forall i and j. Denote by O; and O; the connected components of
B, (x;) \ {x;}. Assume that O; contains x; for all j <i. We say that {x;}2, stands
in a line if O; N O] is nonempty for all i. Corollary 4.20 implies:

1
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Figure 6. Proof of Corollary 4.20.

Corollary 4.21. Let (X, d, n) be as in Corollary 4.20. For each r > 0, the set of
all r-cut points in X is closed.

Proof. Assume that there exists a sequence {x;};2, of r-cut points in X that con-
verges to a point x in X. By Corollary 4.20, {x;}7° ,; stands in a line for a sufficiently
large N. Hence the limit x is a local cut point. Since each x; is an r-cut point, so

is x. O

Remark 4.22. Let {x;}7°, be a sequence of r;-cut points, where r; — 0. It is then
not necessarily true that a limit point of {x;} is a local cut point. Consider the
sequence {1/i}7°, C [0, 1].

In fact, Corollary 4.21 holds without the assumption BG(k, n) with 1 <C < V2.

Proposition 4.23. Let (X, d) be a complete, locally compact length space. Assume
that for r > O there exists a sequence {x;}°,
to a point x € X. Then, for some sufficiently large N, we have deg(x;) = 2 for all
i > N. Moreover, {x;};2 ) stands in a line. (Hence, the limit point x is also an

r-cut point. We do not always have deg(x) = 2.)

of r-cut points in X that converges

Proof. Suppose that for each N there exists i > N such that deg(x;) > 3. We may
assume that deg(x;) > 3 for all 7 and d(x, x;) > d(x, x;) for all i < j. For each
i, there exists a connected component O; of B, (x;) \ {x;} that does not contain
x and x;_1. Since O; N S,(x;) is nonempty, we have a contradiction to the local
compactness at x. Thus it follows that deg(x;) = 2 for all sufficiently large i.
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Next, we show that {x;}7°  stands in a line for some sufficiently large N. Sup-
pose that {x;}{° ,; does not stand in a line for any large N. By taking a subsequence,
we may assume that O; N O;,; = & fori = 1,3,5,.... Since O; N S, (x;) is

4
nonempty, we have a contradiction to the local compactness at x. g

Proposition 4.23 does not necessarily hold if X is not locally compact.
Example 4.24. Consider the set U?il {(2/i,y)]0<y<2}U{(x,0)|0<x <2} CR?
with the induced distance. Although the point (2/i, 1/i) is a 1-cut point for every
i € N, the limit point (0, 0) is not a local cut point.

5. The Poincaré inequality

In this section we prove Theorem 1.3. We begin by recalling the definition of a
Poincaré inequality of type (1, p). Let (X, d) be a metric space.

Definition 5.1 (upper gradient [Heinonen and Koskela 1998]). Let u be a function
on X. A Borel function g : X — [0, o] is called an upper gradient of u if for all
paths y : [0, /] — X (proportional to arclength), we have

[
1y () — u(y (O)] < /O (1)) d.

Every function has an upper gradient g = oo, and hence upper gradients are
never unique. For a Lipschitz function u : X — R, we define |Vu|: X — R by

[Vu|(x) = lil;n_)sllp W

if x is not isolated, and |Vu|(x) = 0 if x is isolated.
Proposition 5.2. If u is a Lipschitz function, then |Vu| is an upper gradient of u.

Proof. Let y : [0, [] — X be a path. The function u oy is Lipschitz and hence is dif-
ferentiable almost everywhere by Rademacher’s theorem. Since y is proportional
to arclength,

uly @) —ulyGNI _ .l @) —uly ()]

o y) (] = fim === < fim == T < (Vul(r ()
holds for all differentiable points ¢ € [0, []. Therefore
I l
lu(y (1)) — u(y (0))] S[O [(uoy) ()] dt Sfo [Vul(y (1)) dt. U

Assume that (X, d, i) is a complete, locally compact length space equipped
with a Borel measure such that 0 < (B, (x)) < 400 holds for all x € X and all
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0 <r < +00. For B C X, we denote

1
Uug = ud :—/ud.
s ][B P=um

Definition 5.3 (Poincaré inequality). Let 1 < p < co. We say that (X, d, u)
satisfies a Poincaré inequality of type (1, p) if, for all R > 0, there exists a constant
Cp =Cp(p, R) > 0 depending only on p and R such that

1/p
][ |M—MB,(x)|dMSCPF<][ g’ dM)
B, (x) By (x)

holds for all x € X, all 0 <r < R, all measurable functions u«, and all upper gradients
g of u.

In our setting (X is a length space), a Poincaré inequality of type (1, p) is derived
from a “weak” Poincaré inequality of type (1, p) if we assume that u is doubling;
see [Hajtasz and Koskela 2000] for details.

Remark 5.4. It follows from Holder’s inequality that every metric measure space
satisfying a Poincaré inequality of type (1, p) also satisfies one of type (1, g) for
all g > p.

Keith and Zhong [> 2007] proved the following: Let p > 1. If x is doubling
and if (X, d, ) satisfies a Poincaré inequality of type (1, p), then there is an € > 0
such that (X, d, ) satisfies a Poincaré inequality of type (1, g) forall g > p —e€.

Proof of Theorem 1.3. The proof is by contradiction; suppose that there is a local
cut point xg satisfying (1-3). Fix a sufficiently small » > 0 such that B, (xg) \ {xo}
is disconnected. We choose two connected components O1, O, of B, (xg) \ {xo0}.
For sufficiently large numbers N € N, we define functions uy : B,(x¢p) — R as
follows. We set U; = O; N (B, (x0) \ By .(0,))-1(*0)) for i = 1,2 and define

(=D)*/u0))  onU;,
uny(x) =13 (=1)"*'Nd(xg, x) on 0;\U;,
0 on B, (xo) \ (01U 02).

The function u y is Lipschitz; hence |Vuy| is an upper gradient of u y (Proposition
5.2). Since (X, u) satisfies a Poincaré inequality of type (1, p), for R > r there
exists a constant Cp = Cp(p, R) > 0 such that

1/p
(5-21) ][ luny — UN) B (x| A < Cp r(][ [Vuy|? dﬂ) .
By (x0) By (x0)
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We first estimate the left-hand side of (5-21) from below. We have

][ luy — (un) B )| At = ][ lun| dp—|(Un)B,xo)|
B (xo0) By (xo0)

= 1 M(Ul) / M(Uz) f )
w(By(x0)) ((M(Ol) Nd(xo, x) dp(x)+= 5= w(02) Nd(xp, x) du(x)
O\l 0,\U,
[5  wt—8 [wt40)
01\U, 0\U»
(e | wby )
ZM(Br(xo))(</L(01) Nd(xo, x) du()+ g | Nd(xo,x) du(x)
O\l 0,\U,
_(|rlUD _ pnls)
(‘u(oo MESIN /Nd(xw) dp(x) + /Nd(xo,x> du(x)))

01\U; 02\U>

_ 1 (u(Uo M(Uz)_‘u(Ul)_M(Uz))
1(Br(x0) \ (01 w(0z) ~ [(01) (00|}

Since N is sufficiently large, u(U;)/u(O;) is approximately equal to one (i =1, 2).
Therefore, we see that the left-hand side of (5-21) is bounded below by the positive
number (B, (xp)) "', which is independent of N.

Next, we bound the right-hand side of (5-21) from above. Note that

N on (0;\U;)U(0,\ Uy),

Vuy| =
Vin] {0 otherwise,

and (01 \ U1) U (02 \ Uz) C By, (x9) for ry := max{(Npu(01) ™!, (Nu(02)~1}.
It follows that

1/p NP
“ r(ﬁ,m) Vunl” d“) =Cr r<mu(<01 \UDU (02 Uz)))

1/p
NP
<Cp r(mM(BrN(XO))) ;

which goes to zero as N — oo, by assumption (1-3). This is a contradiction. [J

1/p

Let o > 0. Consider the metric measure space
{(r1ox2, X)) €RY | XT3+ 4 x <627

equipped with the Euclidean distance and the n-dimensional Lebesgue measure
&". The origin o = (0,0,...,0) is a local cut point. We have ¥"(B,(0)) =
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c(n) re®=D+1 Tt follows from Theorem 1.3 that, if the metric measure space
satisfies a Poincaré inequality of type (1, p), then we have

iy
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