SEQUENCES OF OPEN RIEMANNIAN MANIFOLDS
WITH BOUNDARY

RAQUEL PERALES AND CHRISTINA SORMANI

Volume 270 No. 2 August 2014



PACIFIC JOURNAL OF MATHEMATICS
Vol. 270, No. 2, 2014

dx.doi.org/10.2140/pjm.2014.270.423

SEQUENCES OF OPEN RIEMANNIAN MANIFOLDS
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We consider sequences of open Riemannian manifolds with boundary that
have no regularity conditions on the boundary. To define a reasonable
notion of a limit of such a sequence, we examine §-inner regions, that avoid
the boundary by a distance §. We prove Gromov-Hausdorff compactness
theorems for sequences of these §-inner regions. We then build “glued limit
spaces” out of the Gromov-Hausdorff limits of §-inner regions and study
the properties of these glued limit spaces. Our main applications assume the
sequence is noncollapsing and has nonnegative Ricci curvature. We include
open questions.

1. Introduction

Recall that Gromov’s Ricci compactness theorem states that a sequence of compact
Riemannian manifolds with nonnegative Ricci curvature and a uniform upper bound
on diameter has a subsequence that converges in the Gromov—Hausdorff sense to
a metric space [8]. When the sequence of manifolds is noncollapsing, Gromov—
Hausdorff limit spaces have a variety of properties, particularly restrictions on their
metrics, their Hausdorff measures, and their topologies. These properties were
proven by Cheeger, Colding, Naber, Wei and the second author [3; 4; 13; 5].

Here we consider an open Riemannian manifold (M™, g) endowed with the
length metric dpy, as in (3). We define the boundary to be

(1) oM = M\ M,

where M is the metric completion of M. For example, (M™, g) may be a smooth
manifold with boundary. However, we do not require any smoothness conditions
on this boundary.

First observe that Gromov’s Ricci compactness theorem does not hold for precom-
pact open manifolds with boundary that have a uniform upper bound on diameter,
even if they are flat and two-dimensional:
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Figure 1. Models of Example 1.1: M>, M3, M4, ....

Example 1.1. The j-fold covering spaces M; of the annuli Anng(1/j, 1) C E2,
depicted in Figure 1, are flat surfaces such that

) Diam(M;) <2+ and Vol(M;) = j(m —n(1/j)?).

See Remark 5.5 for the proof that there is no subsequence of these spaces with a
Gromov—Hausdorff limit.

Assuming both a uniform upper bound on volume and diameter, we still do not
have Gromov—Hausdorff compactness:

Example 1.2. The smooth regions M; C E? with many spikes, depicted in Figure 2,
have no subsequence with a Gromov—Hausdorff limit. See Example 2.13 for details.

Compactness theorems for sequences of Riemannian manifolds with boundary,
assuming curvature controls on the boundary, have been proven by Kodani [11],
Anderson, Katsuda, Kurylev, Lassas, and Taylor [1], Wong [14] and Knox [10].
A survey of these results has been written by the first author [12]. Since we do
not wish to assume the boundary is smooth, we prove compactness theorems for
regions which avoid the boundary (Theorem 1.4). We then glue together the limits
of these regions (Theorem 6.3) and prove that these glued limit spaces have nice
properties (Theorem 8.8).

Figure 2. Models of Example 1.2: My, Mg, Mg, M1>, . ...
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Definition 1.3. Given an open Riemannian manifold (M, g,,) and § > 0, we define
the §-inner region as

={x e M :dpy(x,dM) > 6},
where 0M is defined as in (1),

3) dy(x,y):=inf{Lg(C) : C:[0,1] = M, C(0) =x, C(1) = y},

and

1
Ly(©)= [ z(c’w.c’wnan

There are two metrics on the §-inner region M 8. the restricted metric dys and
the induced length metric

4)  dys(x,y) :=inf{Lg(C) : C:[0.1] - M?, C(0) =x, C(1) = y}.

Note that d;s is only defined between points in the same connected component of
M3 The intrinsic diameter

Diam(M?, dyrs) = sup{dys(x,y) 1 x,y € M
will be infinite if M? is not connected by rectifiable paths.

Theorem 1.4. Givenm €N, § >0, D >0, V > 0,and 0 > 0, let M3">PV pe
the class of open m-dimensional Riemannian manifolds M with boundary with
nonnegative Ricci curvature, Vol(M) <V, and

(5) Diam(M®, dyy5) < D
that are noncollapsing at a point, in the sense that

(6) Vol(B,(8)) = 08™  for some q € M®.

If(Mj,gj) C Jl/tm 5DV there is a subsequence (M ]‘-i ,d M.ik) such that the metric

completions wzth the restricted metric dy; converge in the Gromov-Hausdorff
sense to a metric space (Y%, d).

Example 1.2 satisfies the conditions of this theorem, demonstrating why we
can only obtain Gromov—Hausdorff convergence of the M 5 instead of the M; [
themselves. The M; § of Example 1.1 do not have Gromov—Hausdorff convergent
subsequences (see Remark 5.5), demonstrating the necessity of the hypothesis
requiring an upper bound on the volume. In Theorem 5.2, we remove the intrinsic
diameter condition (5) and the noncollapsing condition (6), and assume conditions
on closed geodesics and constant sectional curvature instead.
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Theorem 1.4 and Theorem 5.2 are proved in Section 5. We start by reviewing
Gromov—Hausdorff convergence in Section 2. In Sections 3 and 4 we study the
limits of inner regions in sequences of manifolds that have Gromov—Hausdorff
limits. See in particular Theorem 4.1. These sections contain many examples.

In Section 6 we define glued limit spaces for any sequence of open Riemannian
manifolds (M}, g;), assuming that for all § > 0, the (M dj) converge in the
Gromov-Hausdorff sense to a metric space (¥ 8 ds). We bu11d a “glued limit space”
(Y, dy) from these Y% in Theorem 6.1 and Theorem 6.3. The metric completion of
a glued limit space is called a “completed glued limit space.”

Note that this glued limit space may exist even when (M}, d;) has no Gromov—
Hausdorff limit, as in Example 2.13 (see Remark 6.10). The glued limit may not
be precompact even when one has a sequence of flat Riemannian manifolds with
boundary (Examples 6.11 and 6.12).

In general the completed glued limit space of a sequence of M; need not be
unique (Example 6.16). However, if the (M;, dps;) have a Gromov-Hausdorff
limit (X, dx), then the completed glued limit space is unique and is embedded
isometrically into X (Theorem 6.6). The completed glued limit space need not be
isometric to the Gromov—-Hausdorff limit (Example 4.10) even when the (M, g;)
are regions in the Euclidean plane satisfying all the hypothesis of Theorem 1.4
(Remark 6.7). Intuitively, regions which collapse relative to the boundary disappear,
while regions which collapse that lie far from the boundary need not disappear.

In Section 7 we apply Theorems 5.2 and 1.4 to construct glued limit spaces
for sequences of manifolds with curvature bounds (Theorems 7.1 and 7.4). In
Section 8 we explore the properties of these glued limit spaces. First we present
an example where the curvature bounds in the sequence of manifolds is lost in
the Gromov—Hausdorff limit (Example 8.1). Then we prove Proposition 8.4 con-
cerning glued limits of manifolds with constant sectional curvature. We close
with Theorem 8.8, proving that glued limits constructed under the conditions of
Theorem 1.4 have Hausdorff dimension m, Hausdorff measure at most V', and
positive density everywhere. This final theorem is proved using Theorem 8.3,
which proves certain balls in glued limit spaces are the Gromov—Hausdorff limits
of nice balls in the open manifolds, combined with the Bishop—Gromov vol-
ume comparison theorem [8] and Colding’s volume convergence theorem [4].

Throughout the paper we state open questions at 6.14, 8.6, 8.7, 8.10, and 8.9. The
first author is in the process of proving Open question 8.10 as part of her doctoral
dissertation. Please contact us if you would like to work on one of the other open
questions or if you are interested in extending our theorems to the setting where
the sequence has a negative uniform lower Ricci curvature bound or is allowed to
collapse.
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2. Background

Here we review Gromov—Hausdorff convergence and Gromov’s compactness theo-
rem [8]. A good resource for this material is [2].

2A. Hausdorff convergence. In [8], Gromov defined the Gromov—Hausdorff dis-
tance between pairs of compact metric spaces. We review this definition here.

Definition 2.1 (Hausdorff). The Hausdorff distance between two compact subsets
Aq, Ay of a metric space Z with metric dz is defined as

dE(Ay, A2) = inf{r : A1 C T(Az), A2 C Ty (A1)},
where the tubular neighborhood 75 (A) is the set T, (A) ={x € Z : dz(x, A) <r}.

Observe that if one has a sequence of compact subsets A; C Z such that
dr (Aj, Aso) — 0, then for all a € A there exists a; € Aj suchthatlim; .o a; =a.

Lemma 2.2. Suppose A; C Z are compact, dg(Aj,Aoo) =h; - 0,a; € 4
and doo € Aoo such that dz(aj,asc) = 8; — 0. Then for all r > 0 there exist
rj =1 +38; +h; — r such that the closed balls converge:

df (Ba, (rj)) N Aj, Bao (r) N Aos) — 0.
Here we are not assuming that Ao, or A; are length spaces. For completeness
of exposition we include the proof of this well-known lemma:

Proof. Suppose x € B, (r) N Aoo; then dz(x,do0) <7 and x € Ago C Ty; (4)).
So there exists y; € A such that dz(x, y;) < hj. By the triangle inequality,

d(yj,a;j) <d(yj,x)+d(x,ax) +d(aco.a;) <hj +r+68 =r1;.
Thus
Bu (r)N A C Thj(Baj (rj)NA;j).

Now we need only show that for all ¢ > 0 the following inclusion holds for all
sufficiently large j:

Ba; (rj)NAj CTe(Bay,(r) N Aco).
Suppose not. Then there exist &g > 0, a subsequence j — oo and elements
(7 Xj G(Eaj("j)ﬂAj)\Tao(ano(r)ono)-

Since Z is compact and T, (B4, (r) N Axo) is open, a subsequence of the Xj
converges to some

Xoo & Tso(ano (r)NAx).

Since d(xj,a;) <r;, wehave d(xo0,d00) <. Since x; € A;, there exists y; € Ao
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such that d(x;, y;) < h;. By the triangle inequality,
Vj € Bao o (r +hj)N Axo.
Observe that, for our subsequence, y; — Xoo; thus
Xoo € Bao (1) N Aoo C Tey(Bag, () N Aoo),
which is a contradiction. O

2B. Gromov-Hausdorff convergence.

Definition 2.3. An isometric embedding ¢ : (X, dx) — (Z, dz) between metric
spaces is a mapping which preserves distances:

dz(p(x1), p(x2)) = dx (x1, X2).
Definition 2.4 (Gromov). The Gromov—Hausdorff distance between a pair of com-
pact metric spaces, (X1, dx,) and (X2, dx,), is defined as
(®)  dou((X1,dx,). (X2,dx,)) = inf{dz (¢1(X1). ¢2(X2)) : @i : X; > Z}

where the infimum is taken over all isometric embeddings ¢; : X; — Z and all
metric spaces Z.

Gromov proved that the Gromov—Hausdorff distance is a distance on the space of
compact metric spaces. When studying metric spaces X; which are only precompact,
one takes the metric completions X; before comparing such spaces using the
Gromov-Hausdorff distance:

Definition 2.5. Given a precompact metric space (X, dy ), the metric completion
(X, dx) consists of equivalence classes of Cauchy sequences {x1, X3, X3,...} in
X, where

dx ({x},4yi}) =jlirgo dx (xj,yj),

and two Cauchy sequences are equivalent if the distance between them is 0. There
is an isometric embedding

¢: X - X givenby o(x)={x,xx, ...}
In this paper we define the boundary of an open metric space to be
X =X\ X.

When M is a smooth Riemannian manifold with boundary, then this notion of
boundary agrees with the standard notion of boundary. However, if M is a smooth
Riemannian manifold with a singular point removed, then the boundary in our
setting is just the missing singular point.
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2C. Lattices and Gromov-Hausdorff convergence. One technique that can be
applied to produce amazingly complicated Gromov—Hausdorff limits from surfaces
is the construction of lattices. The basic, well-known lemma is as follows:

Lemma 2.6. Let X = [ay,b1] X--- X [ag, bi]| with the taxi product metric

k
dx (X1, ox0), (12 0)) = D 1xi = il.
i=1
Then for any € > 0 there exists a 2-dimensional manifold M, such that
dGH(Mg, X) <é&.
The classic application of this lemma is to construct a Gromov—Hausdorff limit

of Riemannian surfaces which is infinite-dimensional:

Example 2.7. Let X; = [0,1]x [0, 1] x--- x]0, (%)J] with the taxi metric, and let

X =[0,1]x [0, 4] x---x[0, (3)7]x---

be the infinite-dimensional space also with the taxi metric

o0

dy ((r1.x2...). (1. y2...)) = Y |[xi = il

i=1

Then
) don(Xe. X) < Y. (3 = (D) o
j=k+1

Thus, by Lemma 2.6, we have a sequence of surfaces M} converging to X as well.

Since we are interested in manifolds with boundary, we will prove a stronger
version of Lemma 2.6 that can be applied to produce examples later in the paper.

Proposition 2.8. Suppose that X = [ay,b1] X --- X [ag, bi] with the taxi product
metric, and let A C 0X (possibly empty). Then for any € > 0, there exists an open
Riemannian surface M with boundary oM (possibly empty) such that

dGH(M,X)<8 and dGH(aM,A)<8.

Suppose we have a collection of Xy, and Ay C 0X} as above, with subsets By C X},
and isometric embeddings y : Bxy1 — By, and we glue X = X1 U X U---U X
via these isometric embeddings, and set A = | JAr C X. Then for any ¢ > 0 we
have an open Riemannian surface M with boundary 0M (possible empty) such that

dGH(M, X) <& and dGH(BM, A) <eé.
In fact, for any § > 0, using the restricted distances, we have

deu((M \ T5(0M), dpr). (X \ T5(A), dx)) < e.
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Proof. For the first part, we take a lattice Y, C Yz C X such that X C T,/,(Ye).
Here we use Y/ to denote the points and Y, to include 1-dimensional edges between
the points in the lattice. Observe that dy, (y1, y2) = dx (1, y2) because we are
using the taxi norm. Let A; C Y, be chosen such that Ag C T;/2(A), so

(10) dGH(Yg,X)<% and dGH(Ag,A)<§.

Note that we may now view Y, as a graph. For example, if X = [0, 5] x [0, 6],
A =[0,5] x {6}, and ¢ = 1, then the left side of Figure 3 is the graph Y., with A,
depicted in red.

Next we construct a smooth surface M by replacing the lattice points in A, C ¥/
by small hemispheres of diameter < ¢ and lattice points in Y/ \ A, by small spheres
of diameter < . We replace the line segments in Y, by arbitrarily thin cylinders of
the same length, small enough that we can glue them to their corresponding spheres,
smoothly replacing disjoint balls in those spheres or hemispheres. This creates a
smooth manifold M such that dM is a union of the boundaries of the hemispheres,
and such that

don(Ye, M) < % and  dgu(Ag, M) < %

See the right side of Figure 3, where M? is depicted in gray and dM? is in red.
This completes the first claim in the proposition.

To complete the rest, we take M} consisting of tubes joined at spheres and
hemispheres close to Xy, as above, such that

dou(Xg, My) < % and  dgn(Ag, 0My) < %

Note that in the construction above we could have created B;{ C Y,é corresponding
to Bj.. We have ¢/(2k) almost distance-preserving maps 1/f,’€ : B,’C = B;c. So now

we glue together the M to form M as follows. If b € B; maps to ¥, (b) € By,

0
|

i
|
|

0
|

C—C—CiC-C-(
===

C—C—C—&-‘-‘—(

Figure 3. A, C Y, and dM C M as in the proof of Proposition 2.8.
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we connect the sphere or hemisphere corresponding to b in M}, to a sphere or
hemisphere corresponding to ¥ (b) in My by a very short, very thin tube. [

2D. Review of Gromov’s compactness theorem. In [8], Gromov proved a com-
pactness theorem for sequences of compact metric spaces. We review this theorem
and related propositions here.

Theorem 2.9 (Gromov). Given D > 0 and a function N : (0, D] — N, we define
the collection MP-N of compact metric spaces (X, dx ) with diameter < D that can
be covered by N(¢€) balls of radius € > 0:

N(e)

(11 X c | By

i=1
This collection MP-N is compact with respect to the Gromov—Hausdorff distance.

It is standard to determine whether a metric space lies in such a compact collection
by examining maximal collections of disjoint balls:

Proposition 2.10. Given a metric space (X, dx), let N be the maximum number of
pairwise disjoint balls of radius € /2 that can lie in X. Then the minimum number
of balls of radius € required to cover X is at most N.

Proof. Let {Bx;(¢/2) :i =1,..., N} be a maximal collection of pairwise disjoint
balls of radius €/2. Let x € X. Then By, (¢/2) N Bx(€/2) is nonempty for some
ie{l,...,N}. Thus dyx(x,x;) <e, and

N
X c | Bx (o). O

i=1

In a Riemannian manifold or metric measure space, the volumes of balls may
thus be applied to determine the function N.

Proposition 2.11. If there exists ® > 0 such that
Vol(By(€))/ Vol(M) > ©,
then the maximum number of disjoint balls of radius € is at most 1/ 0.

Proof. We have

N N
Vol(M) =Y " Vol(By, (€)) = Y _ © Vol(M) = N© Vol(M). O

i=1 i=1
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Gromov applies his compactness theorem in conjunction with these propositions
to study the compactness of sequences of compact Riemannian manifolds for which
one is able to control the volumes of balls. We will apply the same idea to study
sequences of metric completions of open manifolds.

One of the beauties of Gromov’s compactness theorem is that the converse holds
as well:

Theorem 2.12 (Gromov). Suppose (X, d;) are compact metric spaces. Suppose
that there exists €9 > 0 such that X; contains at least j disjoint balls of radius €.
Then no subsequence of the X; has a Gromov—Hausdorff limit.

In particular, if (X;, dx;) SH (X, dy), then they have a uniform upper bound
on diameter. Nor can they have many spikes, as in the following example:

Example 2.13. Let
M; ={(0,r):0 €S, re(l,3+cos(jh))}

with metric g; = dr? + r2d6?. Then Vol(M;) < w4?, Diam(M,) <3 + 7 + 3,
and M; has 0 sectional curvature.

Observe that in M; the balls of radius 1 about (27k /j, 3) are disjoint because
paths between these points in M; must reach within r < 2 between the spikes
and so have length at least 2(3 —2). Thus, there are j disjoint balls of radius 1
in M;, and no subsequence of the metric completions of the M; converges in the
Gromov—Hausdorff sense.

Example 2.14. Let
(12)  X; = ([0, 1]x [0, 1) u ([0, 1] x [0, ) u---u ([0, 1] x [0, (3)”])

be a disjoint union of spaces with taxicab metrics glued via the map (0, y) = (0, y).
Then X; has no Gromov—Hausdorff convergent subsequence, because it has j
disjoint balls of radius 1 about the points (1,0). If we take the surfaces M; as
constructed in Proposition 2.8, such that

deu(M;, X;) — 0,
they also have no Gromov—Hausdorff convergent subsequence.

In a later paper, Gromov proved the following useful theorem [7, page 65] by
defining an appropriate compact metric space and applying Theorem 2.16.

Theorem 2.15 (Gromov). If one has a sequence of compact metric spaces (X;, dx;)
such that (X;,dx;) SH (X oo, dx_.), then there exists a common compact met-
ric space Z and isometric embeddings ¢; : (Xj,dx;) — (Z,dz) such that
du (9 (X)), Poo(Xoo)) — 0.
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Theorem 2.16 (Blaschke). If Z is a compact metric space then every sequence of
closed subsets of Z has a subsequence that converges in the Hausdorf{f sense to a
closed subset.

Theorem 2.15 implies the Gromov—Hausdorff Arzela—Ascoli theorem:

Theorem 2.17 (Gromov). Assume X; GH X.,Y; GH Y,andlet fj : X; — Y} be
an equicontinuous sequence; i.e., for all € > 0 there exists ¢ > 0 such that

dx;(p.q) <8 = dy,(fi(p). fj(q)) <e.

Then there is a subsequence with a continuous limit function f : X — Y. If the f;
are isometric embeddings, then so is f.

In particular, if the X; are geodesic spaces, then so is the limit space [8].

2E. Gromov’s Ricci compactness theorem. In this section we review Gromov’s
Ricci compactness theorem, which is based on the Bishop—Gromov volume com-
parison theorem [8]:

Theorem 2.18 (Bishop—Gromov). If M is an m-dimensional Riemannian manifold
with boundary having nonnegative Ricci curvature, and B,(R) C M™ does not
reach the boundary, then for all r € (0, R) we have

(13) Vol(Bp(r) (%)m

Vol(B, (R)) ~
Gromov’s Ricci compactness theorem was originally stated for compact mani-
folds without boundary:

Theorem 2.19 (Gromov). Let m € N, D > 0 and let M"™ P be the class of com-
pact m-dimensional Riemannian manifolds M with nonnegative Ricci curvature
and Diam(M) < D. Here the manifolds do not have boundary. Then M™P is
precompact with respect to the Gromov—Hausdorff distance.

In fact, Gromov’s compactness theorem has a commonly used version applied to
balls, which we state as follows:

Theorem 2.20 (Gromov). Let m € N, D > 0 and let M be the class of compact
m-dimensional Riemannian manifolds M with nonnegative Ricci curvature. If
M; € U™ and pj € M; such that d(p;,0M;) > D, there exists a subsequence such
that (Bp;(D/3),dp;) converges in the Gromov—Hausdorff distance.

For completeness of exposition we show how Gromov’s original proof implies
Theorem 2.20.
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Proof. Let g € By, (D/3). Then By, (D/3) C B4(2D/3) C Bp; (D) does not reach
the boundary of M;, so we may apply the Bishop—Gromov volume comparison
theorem to see that

Vol(By(r)) - r™  Vol(B4(2D/3))
Vol(By;(D/3)) = (2D/3)™ Vol(By;(D/3))
r™  Vol(Bp, (D/3)) (Brym
(2D/3)m Vol(By, (D/3))  (D)ym’

So now we may apply Proposition 2.11 to complete the proof. O

2F. Volume convergence theorems. In [4], Colding proved the following volume
convergence theorem:

Theorem 2.21 (Colding). Let M ;" be complete Riemannian manifolds with non-
negative Ricci curvature and p; € M; such that

By, (1) %% Bo(1) C E™,
where E™ is Euclidean space of dimension m. Then

1im Vol(By, (1)) = Vol(Bo(1)).
j—00 :

Remark 2.22. The proof of this theorem does not require global nonnegative Ricci
curvature on a complete manifold. In fact, M; " could be an open manifold as long
as Bp;(2) C M " does not hit the boundary. One may not even need a radius of 2.

Colding applied this theorem to prove a number of theorems, including one in
which the Gromov—Hausdorff limit is an arbitrary compact Riemannian manifold
of the same dimension (also [4]):

Theorem 2.23 (Colding). Let M }" and M} be compact Riemannian manifolds
with nonnegative Ricci curvature for j =1,2,3, ... such that

G
M SE M
Then for all r > 0 and for all p; € M; such that p; — peo, we have

(14) lim Vol(Bp; (r)) = Vol(Bp, (r)).
j—o00 ’

Remark 2.24. Again, Colding’s proof does not really require M; to be complete.
These M; could be open Riemannian manifolds as long as By, (r) C M; does not
hit the boundary. Here we do not need to worry about twice the radius because the
proof involves estimating countable collections of small balls By, ; (€ ;) in By, (r)
and applying Theorem 2.21 to those small balls, and one can always ensure the
By, ;(2¢;,;) avoid the boundary as in Remark 2.22.
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Cheeger and Colding then conducted a study of the properties of Gromov—
Hausdorff limits of manifolds of nonnegative Ricci curvature in [3]. They improve
upon Theorem 2.23, allowing M, to be an arbitrary limit space as long as the
sequence is noncollapsing:

Theorem 2.25 (Cheeger and Colding). Let Vo > 0 and let M ;" be compact Rie-
mannian manifolds with nonnegative Ricci curvature for j = 1,2,3, ..., such that

M SBEMZ and  Nol(M]") = V.
Then for all r > 0 and for all p; € M; such that p; — peo € Mo, we have

(15) lim Vol(Bp, (r)) = #™ (Bp,, (1)),
Jj—=oo

where K™ is the Hausdorff measure of dimension m.

Remark 2.26. Again this theorem is proved locally, so as in Remark 2.24 this
theorem holds when M ;" are open Riemannian manifolds as long as By, (r) C 1\7]”
do not touch the boundary.

Of course, Cheeger and Colding studied more than just manifolds with nonnega-
tive Ricci curvature and more than just noncollapsing sequences in their work, but
these theorems are the only ones needed in this paper. See also work of the second
author with Wei for an adaption of their volume convergence theorem which deals
with Hausdorff measures defined using restricted versus intrinsic distances [13].

3. Properties of inner regions

We defined in Definition 1.3 the inner regions M 8 of an open Riemannian manifold
M . These spaces are open Riemannian manifolds; however, we will study them
using the restricted distance d s rather than the intrinsic length metric d,s defined in
(4). There are natural isometric embeddings of (M § d M) and its metric completion
(MY, dyy) into (M, dyr). Thus the metric completion is, in fact, compact when M
is precompact. This occurs, for example, when M has finite diameter.

Example 3.1. In Figure 4, we depict a single flat manifold M2, which is a flat disk
with a spike attached. For a sequence §; < 8 < 83 < &4, the gray inner regions
depict M 5 For & sufficiently large, M 8 is an empty set.

-0-0 ¢ (o

Figure 4. Example 3.1: Single M, varying §.
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Lemma 3.2. For any sequence §; — 0, we have
(16) M= G M%  andinfact M=) M°.
i=1 §>0
Proof. Let x € M. Since M is open, &€ = dpr(x,dM) > 0. Then x € M*/2, d
Lemma 3.3. Let§ > 68 > 0. If y € MY, then for any ¢ < § —§' we have
B(y,e)={xeM :dy(x,y)<e}C m?

Proof. Let x € B(y,€), so dyr(x,y) <8—38'. Since y € M?, for all z € IM we
have dps(y, z) > 6. By the triangle inequality,

dy(x,2) 2 dy(y,2) —dp (x,y) >§—(§-8) = ¢ O
Inner regions M 8 with restricted metrics dj are not necessarily length spaces:
Example 3.4. In the flat open manifold
M ={(x,y): x>+ y% e (1,25} C E2,
the distance between (3, 1) and (=3, 1) is
du((3.1),(=3,1)) =6

because they are joined by curves of length arbitrarily close to 6. However, for
8 =1 we have
M% ={(x,y): x>+ y? € (4,16)} C E2.

The length of any curve in M between (3, 1) and (=3, 1) must go around (0, 2)
and thus has length at least 24/9+1 > 6.
In fact, inner regions of path connected manifolds need not be connected:

Example 3.5. Let M be the connected union of balls in the Euclidean plane:

M = B(4,0)(5) U B(_4.0)(5) C E*.

Then
oM =A;L UA_,
where
Ay = 0B4,0)(5) N {(x.y) 1 x > 0},
A— = 0B(_4,0)(5) N{(x,y):—x >0}.
Note that

(0,3), (0, —3) € IM.

Thus, for § > 3,
M%N{0,y):yeR = 2.
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However, for § < 5, we have
(4,0), (—4,0) € M?®.

Thus M9 is not connected for § € (3, 5).

4. Manifolds with Gromov—-Hausdorff limits have converging inner regions

In this section we will prove:

Theorem 4.1. Let M; be precompact open metric spaces, (X,dx) a compact
metric space, and assume (M; i dm; ) S (X, dx). For each § > 0, there exists a
sequence of indices {ji} — oo and a compact metric space Y{ iy C X such that
the subsequence of §-inner regions M _converges 1o Y{; 1:

(17) (M}, . du,, )i (Y- ds).
If (17) holds for § = 61 and § = 85, with 0 < 5 < 81, then

) §
Yoo € Y-
Given a sequence of decreasing positive numbers §; — 0, one can choose the
sequence { ji } — oo so that (17) holds for all § = §;; moreover, the union

3
Uit = J Y
i

is an open subset of X .
Given two sequences {0; }, { i } such that (17) holds for all § € {8; } U{B;}, then

(18) Ugsininy = Uiyt

Note that M ng can be an empty space; see Example 4.8. Consider the Gromov—
Hausdorff limit of an empty metric space to be an empty metric space.

Remark 4.2. In Example 4.9 we will see that a subsequence j; may be necessary
to obtain GH convergence of the §-inner regions, and that Ugs,, ¢, depends on
the choice of the subsequence. Even the closure of Uys,y ¢,y may depend on the
choice of subsequence ji; see Example 4.11. The Uy, ¢,y may be disjoint and
not isometric; see Example 4.12.

4A. Hausdorff convergence of §-inner regions. We begin with a basic theorem:

Theorem 4.3. Let (Z,dz) be a compact metric space. Suppose M; C Z are open
metric spaces with the induced metric and X C Z is closed and such that M; 1> X
Then, for each § > 0, there exist a sequence of indices { ji } — oo and a compact
set W{"’;-k} C X such that

a8 _H 8
(19) M Hwd
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If (19) holds for § = 61, 82, with 0 < 85 < 81, then
8 8
Wiy © Wi

Given a sequence of positive numbers §; — 0, there exists a sequence of indices
{jr} — 00 such that (19) holds for all § = 8;; moreover the union

/ _ S;
Utsin.iins = U Wil
1

is an open subset of X.
Given two sequences {6; }, {Bi} such that (19) holds for all § € {6;} U {B;}, we
have

(20) Ulsintioy = Uty

Again here, M ;S‘ can be an empty space. We consider the Hausdorff limit of an
empty metric space to be an empty metric space.
Before we prove this theorem, we provide an example demonstrating that even if

81 _H, /8 7
My Wiy and M2 Wi,

for some 8; > &, > 0, there may be § € (82, 1) for which M ]fi does not converge:

Example 4.4. Fix ¢ < % In 2-dimensional Euclidean space E2, consider the
sequence M;, where M>; is a ball of radius 1 with a spike of width 4¢ attached
to it, as depicted in Figure 4, and M>; 11 is a ball of radius 1 with a spike whose
width decreases from 6¢ to 4e as j — oco. Then M & converges to ball of radius
1 — ¢ with a spike of width 2¢, and M M 3¢ converges to a ball of radius 1 — 3¢ with
no spike attached. But M converges to a ball of radius 1 — 2¢, while M %5 11
converges to a ball of radlus 1 —2¢ with a line segment attached to it. Thus M 28

does not converge in the Hausdorff sense.
In the proof of Theorem 4.3 we will apply the following fact:
Remark 4.5. Recall that if {4, } is a sequence of closed subsets of a metric space A

such that A; 1> A, then

Aso = {a € A:forall j €N, there exist a; € A; such that lim a; —a}
j—o0o

Any subsequence {4, } of {4} also converges in the Hausdorff sense to As,. Then

Ago = {a € A:forall k € N, there exist a;, € Aj, such thatklim aj, = a}.

Proof of Theorem 4.3. Apply Theorem 2.16 to the sequence {M; 8}°° to get a
subsequence {M M8 }k and a compact set W{ ik } such that (19) is satlsﬁed Since
M‘S C M]k, we have W{] y C X. Similarly, W, } c W, {] } when (19) holds for
0 < 82 ) 1-
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Given §; — 0, start with §;. By Theorem 2.16 there exists a sequence of integers
{tx (61)} — oo and a compact set W{‘f}(((;l)} such that
Aré H 8
Micey) = Wiy

For n > 1, there exists a subsequence {tx(6,)}% of {tx(8,—1)}% and a compact set
W{L (8, such that

n H Sn
M 2 W

Define ji = tx(8). Then {jx}72, is a subsequence of {1z (8n)}7=,, and thus (19)
holds for all n.

Let y be an element of U, {8 WAL There exists N € N such that y € W{ I
fori > N Suppose that x € X and dz(x,y) < n/6. Since y € W{] y» choose
Vjx € M such that y =1lim; 0 yj, and dz(y, y;,) < dn /6. Analogously, take
xj € M; such that x = lim; 0 x; and dz(x,x;) <8y /6. Then

Sn
dz (xj.yj) <dz(xj.x)+dz(x,y) +dz(y.yj) < DR

This implies that dz(x;, ,d(M;,)) > 65 /2. Then x € W{‘gjfk} c U/ for some

{8: 3,1k}
i>N.

Given another sequence 8; — 0 such that (19) holds for all § = §;, select for
each i some /(i) such that §;;) < B;. Then

Wiy C Wiig,
/ /
and o Uyg y ;3 CUfs, v Gy C Vs iy Comversely, Ugsy oy CURgy gy O
Definition 4.6. With the hypotheses of Theorem 4.3, define
_ S
21 U{,jk} - U I/V{jk}’

where the union is taken over all § for which M i is a sequence that converges in
the Hausdorff sense to a metric space W{ x> and define

(22) v=_J wi,

§>0
where W9 is the Hausdorff limit space of some convergent subsequence of ]\7]8.
4B. Finding limits of inner regions in the Gromov-Hausdorff limits.

Proof of Theorem 4.1. By Theorem 2.15 there exists a common metric space Z and
isometric embeddings ¢; : (]\7,-, dm;) —>(Z,dz), ¢ (X,dx) — (Z,dz) such that

d#(9j (M)), p(X)) — 0.
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Now we can apply Theorem 4.3. For each § > 0, there exist a subsequence ¢, (]iji )
and a compact set W{Sjk} C ¢(X) such that

178 )
i (M) - Wiy
Let Y7 , = ¢~ '(WJ, ). Clearly, (17) holds and Y , C Y2, when (17) holds

for 0 < 8, < §;1. Given a sequence of positive numbers §; — 0, there exists a
subsequence { i} C N such that

170 8
Pk (Mjk) — Wiy

for all i. Then (17) holds for all i, and U,y (3 = (p_l(U{’S‘} {jk}) is an open
subset of X that does not depend on the sequence ;. O

4C. Unions of limits of inner regions in Gromov—-Hausdorf{f limits. The follow-
ing notion of an “inner union” has some interesting properties.

Definition 4.7. In the situation of Theorem 4.1, let Dy, y denote the set of §>0
such that (17) holds for a given sequence {j;}. We put

)
(23) Uy =U Y
SGD{jk‘r
and call this set an inner union of limits for the sequence {M;}. Observe that,
by (18), we have

24) Uticy = Usi3. 4}
for any sequence {§;} — 0 of elements of Dy, ;.

In Theorem 6.6 we will prove that Uy, 1 is a special case of the glued limits we
will construct in Theorem 6.3. Since it is easy to understand the properties of these
Uy 1, we present a few examples of them here so that we may refer to them later
as examples of glued limit spaces.

Example 4.8. Let M; be a Euclidean disk of radius 1/j. Then M; S X, where X
is a single point. For any é > 0, taking j > 1/6, we have Mf = . Thus the inner
union of limits is empty for any choice of subsequence.

In the following example we see that Uy ;, y depends on the subsequence { ji },
and in the next we see that X is not necessarily contained in the closure of Uy, 1,
even if the closure is nonempty.

Example 4.9. Let M, be the Euclidean disk of radius 1 and M3 11 the Euclidean
disk with the center point removed. Then M; is a closed Euclidean disk as is the
limit space X. Given § € (0, 1), Mg ; is the Euclidean disk of radius 1 —§. Their
metric completions converge to the closed disk of radius 1 —§. Uy, y is the open
Euclidean disk of radius 1. However, M28 i1 is a Euclidean annulus Anng(§, 1 —46),
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and the metric completions converge to the closure of this annulus. Uy 41y is the
open Euclidean disk of radius 1 with the center point removed. In this example
Example 4.10. In 2-dimensional Euclidean space, consider the sequence of balls
with attached spikes depicted in Figure 4. The Gromov—Hausdorff limit of the

sequence is a ball with an interval attached, while the closure of U is just the
closed ball.

In Example 4.9, we saw that Uy, ;) # Uz 413, yet their closures are the same.
This is not always the case; Uy, 1 could even be an empty set.

Example 4.11. For j € N, let M5; be a flat torus (so it has no boundary), and
let the M>; 11 be flat tori with increasingly dense small holes cut out, the holes
getting smaller and smaller so the M2 j+1 still converge to the flat torus X'. Then
Ugzjy = X, but for any § > 0, M. 2 41 becomes an empty set. So Uy 413 is the
empty set.

Example 4.12. For j € N, let M>; be a flat torus S 1 S, with increasingly many
dense small holes in W x S!, where W = (0, 7/4) C S!, and let M; 11 be a flat
torus S! x S, with increasingly many dense small holes in (S \ W) x S!. Then

(25) Upjy = (S"\W)xS' and Uyt =W xS!

with the restricted distance from S! x S, which are disjoint and not isometric to
each other.

Example 4.13. It is possible for a sequence of open Riemannian manifolds M;
to have §-inner regions M; § which converge in the Gromov—Hausdorff sense to
some Y? for all § > 0, and yet the limit has two distinct inner unions Uy, ;) #
Uiz +1y- This can be seen, for example, with the following F-shaped regions:

M;j=(0,1/j)x(=1,0] U (0.1)x(0.3) U [1,3)x(0,1) U [1,3)x(2,3)\ 4;

in the Euclidean plane, where A»; is an increasingly dense collection of increas-
ingly tiny balls in (1, 3) x (0, 1), and A5 41 is an increasingly dense collection of
increasingly tiny balls in (1, 3) x (2, 3). Then

M; S5 x = (0,1)x(0,3) U [1,3)x(0,1) U [1,3)x(2,3).
For § > 0 fixed, taking j large enough that 1/j < 2§, we see that

ME Gy = (8,1-6) x (8.3—8) U [1-8,3-6) x (2+8,3-9),
which is isometric to

MS Y8 = (5.1-8)x(8,3-8) U [1-6,3-6) x (8. 1-5).
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Thus, the M ;S' have a GH limit without taking a subsequence. On the other hand,
the inner unions of limits are not equal, only isometric:

Upjy = (0,1)x(0,3) U [1,3)x(2,3) C X,
Upj+1y=(0,1)x(0,3) U [1,3)x(0,1) C X.

We will prove in Theorem 6.6 that when M jfs have GH limits for all 4, all closures
of inner unions of limits are isometric.

5. Converging inner regions of sequences with curvature bounds

In this section, we prove that §-inner regions converge under certain geometric
hypotheses on the manifolds even when the manifolds themselves have no Gromov—
Hausdorff limits.

5A. Constant sectional curvature. Here we prove that the inner regions of a se-
quence of manifolds in the following class have a subsequence which converges in
the Gromov—Hausdorff sense.

Definition 5.1. Givenm e N, H e R, V > 0, and [ > 0, we define A/LZ’V’I to be
the class of connected open Riemannian manifolds M of dimension at most m with
constant sectional curvature Sectyy = H, Vol(M) <V, and

Lyin(M) =inf{Lg(C) : C is a closed geodesic in M } > [,
where a closed geodesic is any geodesic which starts and ends at the same point.

Recall that complete simply connected manifolds with constant sectional curva-
ture H < 0 have no closed geodesics, by Hadamard’s theorem, while those with
H > 0have L(M) = 2n/~/H. (See [6].) Here we are requiring that the closed
geodesic lies in an open manifold M, and we do not have completeness.

Theorem 5.2. Givenany § > 0, if (M, g;) C Jl/tm Vil , then there is a subsequence
(M; ,dpm; ) such that the metric completion wzth the restrlcted metric converges in
the Gromov—Hausdorﬁ’ sense to a metric space (Y8 d). In particular, the extrinsic
diameters measured using the restricted metric are bounded uniformly:

V V
D § dy. ) <eo———, Diam(Y%, d) < ,
iam(M;, M) EOVm(G()) iam( )_GOVIQ"(EO)
where
min{d, 5, 2=} ifH >0,
26) o= |2 mnt0 s Td
5 m1n{8, 5} otherwise,

and Vi (eo) is the volume of a ball of radius €¢ in the complete simply connected
space with constant sectional curvature H.
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Remark 5.3. There are no closed geodesics in the M; of Examples 1.1 and 1.2,
so L(Mj) = oo. These examples have H = 0 and m = 2. Since Example 1.2
also has a uniform upper bound on volume, it demonstrates why we can only
obtain Gromov—Hausdorff convergence of the M § instead of the M; themselves.
The M § of Example 1.1 do not have GH- convergent subsequences (see Remark 5.5),
demonstratlng the necessity of an upper bound on volume.

Proof of Theorem 5.2. Let M € A/LZ’V’I and pe M 8 In view of (26), we see that
if 0 < € < €, then By (€) does not reach the boundary of M and does not contain
any conjugate point to p, since one does not reach a conjugate point before one
would in the comparison space.

We claim that there are also no cut points to p in Bp(¢€). If there was a cut
point g, then proceeding in a similar way to Klingenberg [9], we see that there exists
a closed geodesic starting at p of length at most 2d(p, q) < 2¢¢. By hypothesis,
the length of this closed geodesic is greater than /, which is a contradiction.

Thus there is a Riemannian isometric diffeomorphism

27) ¥ : Bp(eo) — Bx(e0) C My,

where M7 is the simply connected space of constant sectional curvature H. In
particular, Vol(B,(¢€)) is greater than or equal to the volume of a ball of the same
radius in a simply connected space form of constant curvature H. By combining
Proposition 2.11 with Proposition 2.10 and then Gromov’s compactness theorem,
there is a subsequence (M § d M; ) such that the metric completion with the re-
stricted metric converges in the Gromov—Hausdorff sense to a metric space (Y8 d).
Notice that by Proposition 2.11, the maximum number of disjoint balls of radius €¢ /2
that lie in M is at most (V// V7' )(€0/2). Thus, by Proposition 2.10, the minimum
number of balls of radius €y needed to cover M is at most (V/V7')(eo/2). From
this it follows that

v
D ,d _
M ) = opmie )
Since
Diam( jk,dM )—>Dlam(Y8 d),
we conclude that
|4
Diam(Y‘S, d)<epg————. d

Vi (€0/2)

Remark 5.4. If the injectivity radius for each p € M; § is bounded above by a
positive constant, then the condition on the length of closed geodesics in Theorem 5.2
is satisfied.
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5B. Examples with constant sectional curvature. The volume condition in Theo-
rem 5.2 may not be replaced by a condition on diameter:

Remark 5.5. Let (M, g;) be the j-th covering space of Anng g)(1//,1) C E2.
Since every point in M; has distance less than 1 from the inner boundary, and
the inner boundary has length j2m(1/j) = 27, we know

(28) Diam(M;, dy;) < 27 + 2.

Yet the number of disjoint balls of radius § < % centered on the cover of 9B g o) (%)
is greater than 2j. So there is no subsequence of M j8 which converges in the
Gromov—Hausdorff sense.

This sequence fails to satisfy the volume condition of Theorem 5.2:

2
Vol(M;) = j@1?2—n/j?) = 7'[]]—,1.

It is worth observing that the intrinsic diameters
. s S . 1
Diam(M}, M}) > ]271(8 + 7)
also diverge to infinity.

Remark 5.6. The flat manifolds of Example 1.2, described more explicitly in
Example 2.13, satisfy the hypothesis of Theorem 5.2. See Figure 5. In fact, for
fixed 6 > 0, once (27/j)4 < &, every point with r > 2 lies within a distance § from
the boundary because the spike is less than § wide. So all the M j8 eventually lie
within » < 2, where the metric is just the standard Euclidean metric, and there is a
uniform bound on the number of disjoint balls. So the Gromov—Hausdorff limit
also lies within the Euclidean ball of radius 2. On the other hand, every point within
the ball of radius 1 +6§ <r <2—§ lies in M}, § 5o the Gromov—Hausdorff limit ¥
contains Anng g)(1+8,2—46). In fact, ¥ §is the metric completion of this annulus
with the flat Euclidean metric.

Figure 5. Models of Example 1.2: M‘s, M8 M‘g M{SZ, Mfé, ..
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5C. Manifolds with nonnegative Ricci curvature. Here we prove Theorem 1.4
by applying Gromov’s compactness theorem (Theorem 2.9) combined with the
following proposition:

Proposition 5.7. If (M, g,,) is a compact Riemannian manifold with boundary
having nonnegative Ricci curvature, then for any § > 0 and any € € (0,8/2), the
§-inner region M® contains a finite collection of points {p1, pa. ..., pN} such that

N
M%) By (),

i=1
where

2Dg/e\™
NfN(S,e,Dg,V,Q):%(z : ) ,

m = dim(M), Vol(M) <V, Diam(M?, dy,s) < Dg, and
(29) sup{Vol(B,(8)) : g € M°®} > 65™.

Remark 5.8. In this proposition we can use the volume of any ball centered in M §
to estimate 6 in (29). This allows us to study sequences like those in Example 3.1.
One does not need a Ricci curvature condition if one has a uniform lower bound on
the volumes of all balls centered in M?, as can be seen in Proposition 2.11 in the
review of Gromov—Hausdorff convergence.

Proof of Proposition 5.7. By Propositions 2.10 and 2.11 in the review of Gromov—
Hausdorff convergence, we need only to find a uniform lower bound on the volume
of an arbitrary ball B, (¢) centered at p € M 8,

Fix g as in (6). Then by the fact that B;(5) does not hit M and M has
nonnegative Ricci curvature, we may apply the Bishop—Gromov volume comparison
theorem to see that

5 Yol(By(8)) _ Vol(By(e))

om - em

(30)

because § > 6/2 > €.
LetC:[0,1] > M 8 be the shortest curve from p to g. Then

L = L(C) <Diam(M?, dys) < Ds.
Letn > L/e and x; = C(t;), where t; = jL/n, so that
Xj € M®  and dm(xj—1,x;) =L/n <e.

In particular, By;(2¢) lies within the interior of M and has nonnegative Ricci
curvature. Thus, by the Bishop—Gromov volume comparison theorem,

Vol(By; () > zim Vol(By, (2€)) > 2im Vol(By; ., (€)).
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Applying this repeatedly for j = 1,...,n, and finally applying (30), we have

m

1 1
(€)) = >mDs/e Vol(Bg(€)) = Wgé

The estimate on N (8, €, Dg, V, 8) then follows immediately from Propositions 2.10
and 2.11. 0

6. Glued limit spaces

In this section we define glued limit spaces and completed glued limit spaces and
study their properties without making any curvature assumptions. We begin by
constructing isometric embeddings

©8; 1.8 - ydit1  ydi

between the Gromov-Hausdorff limits Y% of inner regions M 5i (Theorem 6.1).
We then apply these isometric embeddings to glue together the Y‘S' and construct a
glued limit space ¥ = Y({di }, {¢s;, , 5;}) (Theorem 6.3).

We next study sequences of M; which converge in the Gromov—Hausdorff
sense. We prove that if the sequence has a completed glued limit space, then it
is unique (Theorem 6.6). However, the glued limit is not the Gromov—Hausdorff
limit (Remark 6.7), it might even be empty (Remark 6.8), and it need not exist
(Remark 6.9).

Finally, we construct some important examples of glued limit spaces for se-
quences which do not have Gromov-Hausdorff limits. In Remark 6.10 we describe
how the sequence from Example 2.13 has a bounded and precompact glued limit
space. We provide another example with a bounded glued limit space which is not
precompact (Example 6.12). We provide an example where the glued limit space
is not a length space (Example 6.13). We close this section with Example 6.16
demonstrating that these glued limit spaces and their completions depend on the
isometric embeddings used to define them and need not be unique.

6A. Gluing inner regions together. Here we prove the existence of isometric
embeddings which we will later apply as glue to connect inner regions together.

Theorem 6.1. Let §; — 0 be a decreasing sequence and M; a sequence of open
manifolds such that

(31) (M) dpgy) S (% dys;)

for all i, where possibly some of these sequences and their limits are eventually
empty sets. Then there exist subsequential limit isometric embeddings

(32) TRD S Sl
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which are just the identity when §; = §;j+1. If § € (0, 8o], there exists a compact
metric space Y% C Y3 C Y%+1 with the restricted metric dys = dysii, and a
convergent subsequence

(33) (M} dy, )G (Y8, dys),

and when § € (841, 8;), for any such Y° , the restriction map ©s.5; Y% > ¥ and
the inclusion map @5, | 5:Y § 5 ydi+1 gre isometric embeddings.

Proof. By Theorem 2.15, for each i there exists a compact metric space Z; and
isometric embeddings

@ M‘lerl —Z; and @oo: Y0t 5 Z;
such that
—5; .
i (M) A oo (Y 0it),

By Theorem 2.16, we can choose a subsequence { ji } 72 51 such that the ¢;, (M )
converge in the Hausdorff sense to a compact subspace X° C ¢oo (Y S, By (31)

Mo SH yéi,
Jk

Then, by uniqueness, up to an isometry of the Gromov—Hausdorff limit space there
exists an isometric embedding

©8;11.6: Y% — y%i+1 such that ©8; 41,8 (Y‘sl) = 0o 1(X‘gl)

By Theorem 2.12 there is a uniform upper bound D; > 0 of the diameters of
(M ,dm;) and a function N; : (0, D;] —> N such that N; (¢) is an upper bound for

the number of e-balls needed to cover M " for all € € (0, D;] and for all j € N. If
8 € (8i+1,6i), define N : (0, Dj+1/2] — N by N(¢) = N;j+1(2¢). Then

D1am(M8 dm;) <D1arn(M Sit1 »dm;) < Dit1.

Apply Theorem 2.9 to get a subsequence {/x } 22, of {j ]k } 7= such that the ¢y, (M )
converge in the Hausdorff sense to a closed subset X8 c Voo (Y Bit1),
We define

Y% = ol (X5) c Yo+,

The choice of the subsequence {I;} implies that X% < Y%, so Y% < Y. The rest
of the theorem immediately follows. O

Remark 6.2. The choice of isometric embeddings ¢s, 5, is not unique. In
Example 6.16 we provide two distinct isometric embeddings ¢s, . , s, 7 ¢§-+1 5
7 Y1
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6B. Glued limit spaces are defined. We now define a glued limit space for a
sequence of Riemannian manifolds satisfying the hypothesis of Theorem 6.1. We
prove that this glued limit space is a metric space unless it is the empty set. We prove
that it contains isometric images of all Gromov—Hausdorff limits of convergent
subsequences of inner regions (which may be empty). An example of a sequence
of open Riemannian manifolds which has an empty glued limit space will be given
in Remark 6.8. Our definitions of a glued limit space and a completed glued limit
space are stated along with their construction in the following theorem:

Theorem 6.3. Given a sequence of open Riemannian manifolds M; with a sequence
8; — 0 satisfying the hypothesis of Theorem 6.1, one can define a glued limit space
Y using the subsequential limit isometric embeddings of (32) as follows:

G4 ¥ =Y ey a ) =10 U L sy 5, (0)

with the metric

dy(x,y) =
dyso(x,y) ifx,erSO,
dys;pi(x,) if x,y € YO\ g, 5, (YD),
dysir (X, 08, .60(0) if x € Yoi+1\ s 5. (Y®) for some i €N

and y € YSO,

Aysiyjpr (6 @54 10.84, (V) X € Y b+ @54 1.8 (Y%r+7) and
y e Y St \‘P&-ﬁ-l,&(YSi)forsome ijen,

where we have set

8480 = Poitj.bivj—1° " CPEi 11,8

This glued limit is not defined using an arbitrary collection of isometric embeddings,
but rather only those achieved as in Theorem 6.1.

Furthermore, for all § € (0, §o] there exists a subsequence M; 8 \which converges
in the Gromov-Hausdorf{f sense to a compact metric space Y9, and for any such Y9
there exists an isometric embedding

Fs=Fs,: Y >Y
such that for the §; in our sequence we have
Fs,(Y%) C Fs, (Y% +1).
If B is any sequence decreasing to 0, then

Y = Fg,(¥P).

Jj=1
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We say that a sequence of open Riemannian manifolds M; has a glued limit
space Y if there exists a sequence 8; — 0 satisfying the hypothesis of this theorem.
A completed glued limit is defined to be the metric completion Y of a glued limit
space Y , and the boundary of a glued limit space is defined to be the set Y \ Y.

Remark 6.4. In Example 4.10, for sufficiently large o, each limit Y% is a ball in
Euclidean 2-dimensional space. According to Theorem 6.3, the glued limit space
of this sequence is constructed by taking the disjoint union of the ball Y% with the
concentric annulus Y %/i+1\ yo/i,

Remark 6.5. The definition of the glued limit space depends on the choice of §;
and the isometric embeddings in Theorem 6.1. Even if one fixes the sequence
6; — 0, the glued limit need not be unique; see Example 6.16.

Proof of Theorem 6.3. We first prove that dy is positive definite. For the first and
second cases of the definition of dy, we immediately see that dy (x, y) = 0 if and
only if x = y. For the third and fourth cases, notice that

D8i 4 1,841 (V) = (@8; 1 ;41,847 P81 .8i41) (V)
SO
(35) 7 TN S 6 ) KX S (Yoi+)).
Thus x # ¢s;, ;1,8 (y) and
dy (x,y) =dysiy ;010 (X054 541,84, (V) # 0.
Define Fj, : Y% — Y by

y ifi=1,

y ifi>1and yeY? \‘/’Si,Si_l(YSi_l)

(pg_[,lso(y) if i >1 and gog_[,lgo(y) eydo,

(pﬁ_i,l&(y) if 7 >1 and ‘pz’s_i,lsj(y) €Y% \gs, 5, ,(Y-1) for some j >1.

Fs.(y)=

What we are doing in the third and fourth part of the definition of Fy, is the
following. Suppose that y € Y %/7 Then either

yeY®i\gs 5, (Y1)

ory € (p5i>8i—1(Y8i_l)' In the latter case, there exists y;—1 € Y%i-1 such that
Yy =@s; 5, Vi—1). If i —1 > 1, either

yic1 € Y3i-1\gs s (Y%2) or yi_jewps_, 5 ,(Y02).
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Proceeding in the same way, if necessary, we find j such that there exists y; € Y
satisfying the condition y; ¢ @5, 5, (Y%-1)if j > 1, and also y = ®s;.6; (Vj)-
It is easy to see that

(36) Fs (Y% =y%u |_|(Y51+1\<p5,+15 (¥57)),
j=1

and for j < i,
Fs, = Fs; 0955,

For arbitrary 8, by Theorem 6.1 there exists a subsequence M; 8 which converges
in the Gromov—Hausdorff sense to a limit Y¥. Define Fs : ¥'¢ —> Y by
Fsy 09508 if 6o <6,
Fs=Feup=yp" 7 -

8i+1°¥8i 1,8 1f8i+1 §8<8i’

where ¢s, 5. ¢s; ., are given in Theorem 6.1.

Observe that in the latter case of the definition of Fs, Fs, = Fs o s 5,. This,
together with the definition of Fjy, gives

8; § §;
37 F(gi(Y )C F5(Y°) C F5i+1(Y +1).

Now that we have B; decreasing to 0, there exists N sufficiently large that
Bj <o, and for all j > N, there exists i such that 8; € [§;+1,6;). From (36) and
(37), taking § = B;, we conclude that

o o
Y=\ Fp,(vP) =) Fg, ()
j=N j=1

because FﬁO(YﬂO) C Fgy (YAN).

To prove that Fj is an isometric embedding, it is enough to prove that each Fy;
is an isometric embedding. Fg, is an isometric embedding by definition of Y.
For Fy;, , we must check three cases. Let x, y € YSi+1,

Case (i):If x, y € Y Si+1 \905,-+1,8,-(Y5i), then Fs,_ (x) =x,and Fs,  (y) =Y.
Case (ii): If x € Yo \(p5i+1,5i(Y8i) and y € ¢8i+1,8i(Y8i), then

i 00) = (p‘g_i-li-hgi-i-l—j (v) € Yoi+i= \ P51 8- (Y %i-7)
for some j, so

dY (FSH_I (X), F5i+1 (y)) = dY8i+1—j (F3i+1 (X), ‘P8i+1,8,-+1_j (F8j+1 ()’)))
= dY8i+1(xvy)~
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Case (iii): If Fy, (x) = ¢5 +1 8i 1k
take k < j. Recall that 8 4 1.8i 41k

dy (Fs; ., (x), F5, ., ()
= dY5i+lfk (F8[+1 (X), (p55+17k,8,'+1,j (F81‘+1 (y)))
= dY5i+1 (¢8i+1:8i+1—k (FS,'.H ()C)), ¢5,‘+1,5,‘+1_j (FSH_] (y)))

= dy5i+1 (x,y).
The triangle inequality follows from the above paragraphs. For x,y,z € Y,
find § such that x, y, z € Fj (Y‘g). The triangle inequality holds for the preimages
of x, y, z, and since Fy is an isometric embedding, it also holds for x, y, z. O

(x) and Fs, () = ¢51 5 (¥). then

CP8ip1—k:biv1—; = Pirr.ivi—jo . 50 we have

6C. Glued limits within Gromov-Hausdorf{f limits. Recall that in Theorem 4.3
we proved that if a sequence of open Riemannian manifolds M; has a Gromov—
Hausdorff limit X, then subsequences of the inner regions M 8 have Gromov—
Hausdorff limits. Here we assume that the M; also have a (p0551b1y empty) com-
pleted glued limit space as in Theorem 6.3. We prove that this completed glued limit
space is unique and provide a precise description as to how to find this completed
glued limit space as a subset of the Gromov—Hausdorff limit (Theorem 6.6).

Note that the completed glued limit need not agree with the Gromov—Hausdorff
limit (Remark 6.7). In fact, we provide an example where the completed glued
limit space is empty (Remark 6.8).

It should be emphasized that we must assume the M; have a completed glued limit
to obtain uniqueness. It is possible that a sequence M; has a Gromov—Hausdorff
limit and that one needs a subsequence to obtain a glued limit, and that different
subsequences provide different completed glued limits (see Remark 6.9).

Theorem 6.6. Let {M;} be a sequence of open manifolds that converges in the
Gromov—Hausdorff sense to a compact metric space (X, dx). Suppose Y is a glued
limit space of the {M } defined as in Theorem 6.3. Then the completed glued limit Y
is isometric to the closure U{jk} C X of any limit’s inner union U j, v C X defined
as in Definition 4.7 for any subsequence ji. In particular, any completed glued
limit and the closure of any of the limit’s inner regions are isometric.

We do not claim all the limit’s inner regions are the same subset of X, and in
fact this is not true, even after taking a closure. They are only isometric to one
another. See Example 4.13.

Proof. Let Y be a glued limit space deﬁned usmg Theorems 6.3 and 6.1 via a
sequence of isometric embeddings ¢; of M C M it into a sequence of compact
metric spaces Z; rather than a single compact metrlc space Z.

Since we have assumed the original sequence of Riemannian manifolds has a
glued limit space Y without requiring a subsequence, the following spaces are
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isometric:
Yis 0 = Yisoy = Yis0

for any pair of subsequences {j;} and {j ,2}.
Recall that Theorem 6.3 provides, for each § > 0, an isometric embedding
Fs5:Y% > Y, with

o0
(38) Y= Fs(¥%) and F5(Y%) cCFs, (Yo,
i=1

Since Y? is the Gromov—Hausdorff limit of the inner regions M § it is isometric
to the limit of the inner regions Y{ 7y C Ugjy € X of Theorem 4 1. Note that we
need a subsequence for each § to produce the limit of the inner regions. We can
produce a diagonal subsequence (also denoted { j; }) such that

Y, CUgjy CX s defined for all § € {§;},
so we have isometric embeddings
Vs, Fs, (Y CcY > Y0, CX.
Since F, (V%) c Fs, ., (Y %i+1), foreach i and any h we may study the restriction
Vs, Fs, (Y CY - Yi4n C Uy C X

Since Fy, (Y% ) and X are compact, we can find a subsequence Ay, depending on i
which converges to a limit isometric embedding:

wi,ooZFgl.(YS")CY—)U{jk}CX.

We may do this for each i and diagonalize the subsequences if we wish. Since ¥, ,
is a restriction of Y5, ., we see that ¥; o is a restriction of ¥/;41,00. Thus we
may define an isometric embedding

VYoo : Y — U{jk} C X.
Extending this, we have an isometric embedding
Joo . 7 — l_f {k}-
Since X is compact, U {jx} 1s compact and thus so is Y.
We need only construct an isometric embedding from U () to Y to prove that

these spaces are isometric, because they are compact metric spaces. We repeat the
same trick as above but now use the fact that we have isometries

Fi Yl > F(r%ycy
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and

o0

Y = F vy,

i=1

with
F, (Y0P ) C Fl (Y)Y,
8 Uk} Siv1 VUK

Since Y{‘gjik} C Y%i+1(ji), we may study for each i and any £ the restriction

/ . v v
Fipn Yy —>YCY.

Since we have shown Y is compact, a subsequence converges for each i (and we
can diagonalize these subsequences), so that we obtain isometric embeddings

/ . v v

Since F/  is a restriction of F/ we can define an isometric embedding

i+1,00°
(39) Flo:Ugy — Y.

This extends to an isometric embedding from U () o Y. Since we have a pair
of isometric embeddings between a pair of compact metric spaces, these metric
spaces are isometric. O

Remark 6.7. It is possible that the completed glued limit is not the same as the
Gromov-Hausdorff limit. Example 4.10 has a glued limit which is an open disk in
Euclidean space; its completed glued limit is the closed disk, while its Gromov—
Hausdorff limit is a disk with a line segment attached.

Remark 6.8. The glued limit of a sequence of open Riemannian manifolds may
exist but be the empty set. See, for example, the sequence M»; 11 in Example 4.11.
This sequence converges in the Gromov—Hausdorff sense but U is an empty set. It
only satisfies the conditions of Theorem 6.1 in a trivial way: for each § > 0 there
exists Ng € N such that M]fg = @ for all j > Njs.

Remark 6.9. A sequence of M; which converges in the Gromov—Hausdorff sense
may not have a glued limit space. In fact, one may need to take a subsequence to
obtain a glued limit, and different subsequences might produce different glued limit
spaces. In Examples 4.9—4.12, the subsequence M>; has a completed glued limit
space which is isometric to U (2j1 and the subsequence M>; 11 has a completed
glued limit space which is isometric to U (2j+1}» but the sequence M; itself does
not have a glued limit space. We thus see that the different glued limits obtained
using different subsequences are quite different. In particular, in Example 4.11
the completed glued limit of the M>; agrees with the Gromov—Hausdorff limit of
the M;, while the completed glued limit of the M>; 11 is empty.
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6D. Glued limit spaces when there are no Gromov—Hausdorff limits. In the set-
ting of Theorem 6.1, the subsequence of manifolds M; such that M f SH y3 need
not have any Gromov—Hausdorff limit. Here we discuss an old example and present
two new examples.

Remark 6.10. The manifolds M; described in Example 2.13 have increasingly
many spikes, and the sequence does not have a Gromov—Hausdorft limit. However,
the sequence M § converges to the metric completion of the annulus Anng o) (146,
2 —§) with the ﬂat metric; see Remark 5.6. Start with o < 5; then

Y% = Anng,g)(1 + 80,2 — 8o)
and
Y30l GEDN s 411,60/ (VPO T) = A1 U Ay,
where
Ay = Anngog)(1+ % - 50) and Az = Anngg ) (2— 870,2— l%)
Thus ¥ = Anng,g)(1,2) with the flat length metric. This glued limit space Y
is precompact.

A similar example, also constructed using flat manifolds M; C E? with no
Gromov—Hausdorff limit, has convergent M st and a glued limit space which is a
flat open manifold that is bounded but not precompact:

Example 6.11. We define a flat open manifold with j spikes of decreasing width:

Mj=UjUVj,
where
(40) Uj=<(rcos9 rsinf): r<4+sm 0 96(271/] 271]}
41) Vi= {(r cosf,rsinf):r<4,0c¢ (O,Zn/j]}.

As in Example 2.13, the (M, dp; ) have no Gromov—Hausdorff limit because they
have increasingly many spikes. Unlike Example 2.13, for any number N, there
exists §y sufficiently small such that M jSN has N spikes. In fact,

(M? . dy,) S8 (v9, dy).
where Y? is the §-inner region of the flat open manifold

Y= {(rcos@ rsinf) : r<4+sm 06(0 271]}

9

Taking the identity maps for the isometric embeddings, we see that Y is also a
glued limit space for the M;, even though it is bounded but not precompact.
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Recall Example 2.14 of a sequence of surfaces having no Gromov—Hausdorff
limit. We modify it to obtain a sequence of manifolds with boundary that has
no Gromov—Hausdorff limit, but whose §-inner regions have Gromov—Hausdorff
limits, and we construct the glued limit space and see that it is also bounded and
not precompact. This glued limit space is not a manifold.

Example 6.12. Let
X; = ([0, 1% [0, 1) ([0, 1] [0, ]) -+ (10, 11 x [0, (3)])

be a disjoint union of spaces with taxicab metrics, glued via the map ¥ (0, y) = (0, y).
One may think of X; as a book with j pages of decreasing height glued along a
spike on the left. Within X, choose A; to be the union of the top edges of each of
the pages. If we take surfaces M as constructed in Proposition 2.8, they now have
boundary, and

don(Mj. X;) —0 and dou(M?, X;\ T5(4;)) — 0.

As in Example 2.14, the M; have no GH-convergent subsequence because the X
have no GH-convergent subsequence.
Observe that there exists kg such that, for all j > kg,

Xj\Ts(4;) = ([0, 1]x[0,8)) U ([0, 1]x [0, 1 —8]) L --- L ([0, 1] x [0, (%)"8—8]).

Since this sequence does not depend on j, it clearly converges in the Gromov—
Hausdorff sense. Thus, the M f converge to the same Gromov—Hausdorff limit
space. In fact, they converge to Xoo \ T5(Aoo), Where

Xoo = (10, 1] %[0, 1]) U ([0, 1] x [0, 1]) L -~ 1 ([0, 1]x[0. (3) P u -,
and A is the union of the tops of all of these pages. In fact, X, is the glued

limit space.

6E. A glued limit space which is not geodesic. Here we present an example whose
glued limit space is not geodesic or even a length space (and neither is its metric
completion):

Example 6.13. In Euclidean space F2, define

(42) = (LD x (L D)\ ([=5. 3] x[0. 1= F]).

Then, for § < g, there is J = J(J) such that
=((—1+8,1—5)x(—1+8,—8)) U ((—1+48,—5 —8) x(=8,1-9))

U ((3—6.1-8)x(=8.1-9))

for j > J.
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Thus ]\7}:. is a constant sequence for j > J, and M f. SH y8 where
Y = [-14+8,1-8]x[-1+8,00 U [-1+8,~L +8]x[0,1-]
U[:-68.1-8]x[0,1-46]
The completed glued limit is not a length space:
Y =[-1,1]x[-1,0) U [-1,=1] x[0,1] U [3,1] x[0,1] C E?.

Note that M; % X =¥ U ({1} x [-1. 3]).
Open question 6.14. Is a glued limit space locally geodesic: for all y € Y, does
there exist €, > 0 such that B(y, €,) is geodesic? If there is a counterexample, what

conditions can be imposed on the space to guarantee that it is locally geodesic?

6F. Balls in glued limit spaces. Recall from Lemma 3.3 that for any p € M  if
X € By(8; —di41) C M, then x € M?i+1_ This is not true for glued limit spaces.
That is, it is possible for p € Fj, (Y% to have an x € B, (8; —8i4+1) C Y such that
x ¢ Fs ., (Y%i+1). In fact, we can take the ball of arbitrarily small radius and still
have x ¢ Fy; (Y8i+1):

Example 6.15. In Example 6.12 we constructed a sequence M; having no Gromov—
Hausdorff limit, but such that the M f converge in the Gromov—Hausdorff sense to
Y% = Xoo \ T (Aoo), where

Xoo = ([0, 11 x [0, 1]) U ([0, 1] x [0, 1]) -~ b ([0, 1x[0, (1) U -+,

where each piece is connected along (0, y) ~ (0, y) and A is the union of the
tops of all of these pages. This X is a glued limit space for this example.

Then F5(Y%) = Xoo \ T5(Aoo). Take any ball about the common point (0, 0)
in Xoo. For any radius r > 0, B(g,0)(r) contains infinitely many points

(43) yi = (5.0) e0.11x 0. (3)].
However, y; ¢ Fs(Y 8) for j sufficiently large that (%)] < 4.

6G. Nonuniqueness of the glued limit space. We now see that glued limit spaces
and completed glued limit spaces are not necessarily unique. Recall that in
Theorem 6.6 we explained that if the M; have a Gromov—Hausdorff limit, then
the completed glued limit space is unique. So we need to construct a sequence
of manifolds M; having no Gromov-Hausdorff limit. In fact, we will imitate
Example 6.12, applying Proposition 2.8 to construct the following example:

Example 6.16. There are a sequence {M; } of Riemannian surfaces with boundary,
a sequence §; — 0, and metric spaces Y% such that

den(M? . Y%) >0,
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with two different glued limit spaces

),

constructed as in Theorem 6.3 and Theorem 6.1, whose metric completions are
not isometric.

Yl = Y(82i’ (P82,-,82,-+2) and Y2 = Y(82i s ¢52is82i+2

Proof. Let

11 :
(44) P; =10, 1]x[—2—j,2—j] for j=1,2,...,
and let

X; =P u(PauPy)u---U(PjU---UP;) (27! copiesof P;,1<i <)

be a disjoint union of N; = 1 +2+ 4+ --- 42/~ spaces endowed with taxicab
metrics, glued via with the map ¥ (0, y) = (0, y). One may think of X; as a book
with N; pages of different heights glued along a spike on the left.

Let H; C P; be defined by

H; = [o. 1]><{—2ij} U {1}x[—2ij,2ij] U o, 1]x{2ij}cpj

and let A; C X; be defined by
Aj = HiU(Hy UHy)U---U(HjU---UH;) 27! copies of H;, 1 <i < j).

If we take surfaces M; as constructed in Proposition 2.8, they now have a
boundary, and we have

dGH(Mj,Xj) —0 and dGH(MJ{S, Xj \ TS(Aj)) — 0.

As in Example 2.14, the M; have no GH-convergent subsequence because the X
have no GH-convergent subsequence.
Now

Xj\Ts(Aj) = (P1\ Ts(Hy)) U (P2\ Ts(H2)) U (P2 \ T5(H>))
U (P3\ Ts(H3)) U -+~ U (P3\ Ts(H3))

L (Pj \Tg(Hj)) e (Pj \Tg(Hj)).
Observe that

| 1
P\ T5(Hj) = [0,1—8] x [—2—j+5,2—j—8].

Taking § = 62; = 1/(2i) and j > i, we have

PTy(Hy) =[0,1-5-] < 0}
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and
Pi\Ts(Hj) =@
Thus
Xi\Ts(Aj) = (P1\Ts(H1)) U (P2 \ Ts(H2)) U (P2 \ T5(H>))
U (P3\ T5(Hz)) U -+ U (P3\ Ts(H3))

U (Pi—i \Ts(Hi—1)) U -+ U (Pi—1 \ T5(Hi—1))
[01 21} X {0} U -- [01 ] (0},
endowed with taxicab metrics and glued together with the map ¥ (0, y) = (0, y).

There are 1 4244 +--- +20~D=1 rectangular pages and 2/~ pages that are just
intervals of length 1 — 1/(2i). Taking j — oo, we get

(45) den(X; \ T5(4)).Y%) >0,
where
Y92 =y V@D = x;\ Ty, (4;) forall j >i.
So
Y32 = (Py\ Tyyiy(H1)) U (P2 \ Tiyain(H2)) U (P2\ Tijiy(Ha))
U (P3\ Tyyi)(H3)) U -+ U (P3\ Ty (H3))

U (P2i—1\ T1@i)(H2i—1)) U -+ (P2i 1\ T1/@iy(H2i-1))
[01 2] O} U - [01 ] o

endowed with taxicab metrics and glued together with the map ¥ (0, y) = (0, y);
there are 1 +2 + 4 4 --- +20=D~1 rectangular pages and 2! ! pages that are just
intervals of length 1 —1/(2i).

If we define @5, 5,; ., Y%2i 5 Y %2i+2 to be the inclusion map and then construct

the glued limit space as in Theorem 6.1, we obtain

Y1 =Y (82, ¢82iy82i+2) =Y
= (P1\ H1) U (P2\ Hy) U (P2\ H>)
U (P3\ H3) U--- U (P3\ H3)

U (P;\Hj) U U (P;\ Hj)-
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endowed with taxicab metrics glued with a gluing map ¥ (0, y) = (0, y). This has
infinitely many pages, all shaped like rectangles.
Now we define (péz. Soiin - Y%2i — Y®2i+2 to be an isometric embedding which
maps a point
(x,) € Pi\ Ts,, (Hg) C Y
for k <i to
(x.7) € P\ Tsyy oy (Hp) C Y2042

via the inclusion map, and which maps

(6 3) € P\ Ty, (H) = [0,1— 5| x {0} c Y™

to

(x,y =82i +82i42) € Pig1\ Ts,, , (Hiy1) = [0, 1— ] x {0} C Y%2i+2,

1
2i4+2
This is possible because we have enough copies of Pj 1\ Ts,, ,,(Hi+1) in YS2i+2,

In particular, go(’gm §;4, APS the interval pages into interval pages. If we then
construct the glued limit space as in Theorem 6.1, we obtain

Yo=Y (.05, =Y U0, 1]x {0} U [0, 1] x {0} U [0,1] x {0} LU --- ,

,52i+2)

which has infinitely many pages that are intervals in addition to all the pages
shaped like rectangles. So we have two distinct glued limit spaces for the sequence
8>; = 1/(2i), and their metric completions are not isometric. O

7. Glued limits under curvature bounds

In this section we prove the existence of glued limits of sequences of manifolds with
certain natural geometric conditions (Theorems 7.1 and 7.4). We do not require the
sequences of manifolds themselves to have Gromov—Hausdorff limits.

7A. Constructing glued limits of manifolds with constant sectional curvature.
In this section we prove that if M; € Jl/tm Yol for all J (see Definition 5.1) then the
sequence has a glued limit space (Theorem 7.1). The sequence need not have a
Gromov—Hausdorff limit (see Remark 7.2).

Theorem 7.1. Given any g > 0, if (M;, g gj) C Jl/Lm Vil , then there is a Gromov—
Hausdorff convergent subsequence {M 0} and a glued limit space Y such that
for all § € (0, 8] there exists a further subsequence {jk} of {Jjx} for which M5
converges in the Gromov—Hausdorf{f sense to a compact metric space Y%, and for
any such Y there exists an isometric embedding

(46) Fs:Y3 5.
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Remark 7.2. The sequences of flat surfaces M; C 2 defined in Example 2.13 and
Example 6.11 have a common finite upper volume bound, but there is no common
finite upper bound for the number of disjoint balls in M of radius less than 1. Thus,
these two sequences do not have a Gromov—Hausdorff limit. Nonetheless, since

Lnin(M;) =inf{L¢(C) : C is a closed geodesic in M; } > [,
Theorem 7.1 demonstrates that we can construct glued limits for these spaces.

Remark 7.3. The choice of a further subsequence {;; } of {ji} in Theorem 7.1 is
necessary. Let (M, g;) C JVL%’V’I be the sequence defined in Example 4.4. Take
80 = 3e. Then {M jo} is a Gromov-Hausdorff convergent sequence. Choosing
2¢ € (0, 8o], we see that M %’j converges in the Gromov—Hausdorff sense but M jz_s

does not.

Proof. Consider the sequence 8¢, §; = 8o/, i € N. Start with §9. By Theorem 5.2,
there exist a sequence {1 (80)} of integers and a compact metric space Y% such
that

(47) (Mo, (50)> Abty 500) 22> (Y20, dy i)

Proceeding as before, for each n € N there is a subsequence {tx (8,) }x of {tx (8n—1)}k
and a compact metric space Y{fz (5,3 such that

7700 G Sn
(Mtk(é’n)’ thk(sn)) SRy,
Define j; = t;(6x). We have
(T3 oy, ) Y

forn=0,1,2,... since {jr}72, is a subsequence of {tx(8,)}7~ . We may now
apply Theorem 6.3 to complete the proof. O

7B. Constructing glued limits with Ricci curvature bounds. Here we prove that
glued limits exist for noncollapsing sequences of manifolds with nonnegative Ricci
curvature and bounded volume which have control on the intrinsic diameters of
their inner regions (defined in (4)):

Theorem 7.4. Given m € N, a decreasing sequence §; — 0, (i > 0), V > 0,
0 > 0,and D; >0, let (M}, g;) be a sequence of m-dimensional open Riemannian
manifolds with nonnegative Ricci curvature such that Vol(M;) <V,

sup{Diam(M". d, 5): j €N} < D; forall i €N,
J
and such that

forall j €N, there exists q; € MJ.SO such that Vol(Bg; (80)) > 057"
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Then there exists a sequence { ji.} — oo such that for all §; the sequence {M ﬁ:}
converges in the Gromov—Hausdorf{f sense to a compact metric space Y% Thus,
the M, have a glued limit space Y such that for all § € (0, §o] there is a further
subsequence {j; } of {jk } for which M 8 converges in the Gromov—Hausdorff sense
to a compact metric space y?s isometrif:ally embedded in Y :

(48) Fs:Y3 >y
Remark 7.5. If there is D > 0 such that

sup {Diam(M? ., dys)} < D,
8€(0,80] 7

then we could take D; = D for all i. But this requirement is unnecessarily strong.

Remark 7.6. The choice of a further subsequence {j ]é} of {ji} in Theorem 7.1 is
necessary. For the sequence (M, g;) defined in Example 4.4, consider a decreasing
sequence §; — 0 such that §o = 3¢ and §; = ¢. Then the hypotheses of the theorem
are satisfied. For all §;, {M f"} converges in the Gromov—Hausdorff sense. However,
for 2¢ € (0, &o], {M st } does not have a Gromov—Hausdorff limit.

Proof of Theorem 7.4. Take § € (0, §o]; by hypothesis and the Bishop—Gromov
volume comparison (Theorem 2.19),

m
Vol(By, (8)) > Vol(By, (50))(8i) > g5m.
0
This and the hypotheses of the theorem imply that, for each i,
,8i,D;,V
(M. g))} C Ay :
Start with §o. By Theorem 1.4 there exists a sequence {tx (3o)} of integers such that

(M,

tx (80)° de(So)) % (YSO, dyﬁo).

Proceeding as before, for each n € N there exists a subsequence {tx(6,)}r of
{tx (6n—1)}r and a compact metric space Y{‘EZ (5,)} such that

.
(M, 5,

Define j; = 11 (6x). We have

de(3}1)) % (YS" ’ dYSn )

(MSH dM )%(st,dYén)

Jk’ Jk

since {jx }7—,, i a subsequence of {x(8,)}72 - Finally, apply Theorem 6.3. [
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8. Properties of glued limit spaces under curvature bounds

In this final section of the paper we consider the local properties of the glued limits
of sequences of manifolds with constant sectional curvature as in Theorem 7.1 and
manifolds with nonnegative Ricci curvature as in Theorem 7.4. We begin with an
example indicating how even when the sequences of manifolds have a Gromov—
Hausdorff limit, one need not retain curvature conditions on the Gromov—Hausdorff
limit space (Example 8.1). This is in sharp contrast with the setting where the
Riemannian manifolds are compact without boundary. In this example, the glued
limit space is empty. Then we have a subsection about balls in glued limit spaces
without any assumption on curvature (Theorem 8.3). We apply this control on
the balls to prove that local curvature properties do persist on glued limit spaces.
In particular, we prove (Proposition 8.4) that the glued limits of manifolds with
constant sectional curvature bounds (and other conditions) are unions of manifolds
with constant sectional curvature. We close with Theorem 8.8, concerning the
metric measure properties of glued limits of manifolds with nonnegative Ricci
curvature.

8A. An example with no curvature control. We now construct a sequence of flat
open manifolds whose Gromov—Hausdorff limit is not flat:

Example 8.1. Let B,(1) C H? be a unit ball in hyperbolic space and By(1) C E?
be the unit ball in Euclidean space. Then exp,, : Bo(1) — Bp(1). Let

(49) Sj={(§,§):i,keZ}ﬂBo(l)C[Ez

and S ]’ = exp,(Sj). Form a graph 4; whose vertices are in S; and whose edges
form a triangulation, by connecting (i/j,k/j) to ((i+1)/j,k/j), (i/j, (k+1)/j)
and (i+1)/j, (k+1)/j). We let A’ = exp,(4;), and set the lengths of the edges
in A; to be the distances between the vertices viewed as points in H2. Then A/
converges to By (1) C H? in the Gromov-Hausdorff sense.

Now define A’ ! to be the simplicial complex formed by filling in the triangles
in A’ with flat Euchdean triangles. Observe that {A/ '} converges to B, (1) C H?
in the Gromov—Hausdorff sense as well. Finally, for each Jj we remove tiny balls
of radius <« 1/j around the vertices in A’ !, to create a flat open manifold M;.
These M; converge in the Gromov—Hausdorff sense to By (1) C H?2.

Remark 8.2. Example 8.1 has an empty glued limit space. In the next subsections
we will see that the glued limit spaces do retain some of the curvature properties
of the initial sequence of manifolds. Thus the glued limit space is a more natural
object of study than the Gromov—Hausdorff limit, even when the Gromov—Hausdorff
limit exists.
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8B. Balls to glued limit spaces. Generally when one wishes to study the properties
of a complete noncompact limit space, one studies balls in the limit space as
Gromov-Hausdorff limits of balls in the sequence. Here we cannot control balls in
the limit space, but we can control balls of radius € < §; —§; 41 centered in Fys, (Y5i)
intersected with Fy; (Y5"+1). This will suffice to study the geometric properties
of the glued limit spaces.

Theorem 8.3. Let Y be a glued limit of a sequence {M; } of Riemannian mamfolds
as in Theorem 6.3. If y € Y% and € < 8;—8; 1, then there exist a subsequence {M 3
containing points yj, and a sequence €j, — € such that

8
(50) B(yji,€j) = {tx € My, tdp(x,yj) <€y C M

and

51 don((BOr0): duy ). (B(Fy, (0,0 N Fs,,, (Y5+1).dy) ) >0,
Note that in Example 6.15 we saw that B(F; (y),€) N Fg, | (Y%+1) need not

be isometric to B(Fs,(y).€) C Y, even when € is taken arbitrarily small.

Proof. Recall that in Theorem 6.1 we found gs, ., 5, defined in the following way.
We picked isometric embeddings

@) M8’+1—>Z and (poo:Y8i+1—>Z

such that
8i 8i
df; (9 (M), goo(Y;"+1)) — 0.
Then we found a subsequence such that
8[ i
dg((pjk(Mjk)’ X9 ) -0
and chose @5, , | 5, to be an isometry such that
05,118 (V) = o3 (X%).
Then there exist
Si 8;
YVix € Mjk C Mjk+1 C M;,
such that
dZ (gajk (yjk)v QDOO (¢8i+1,8i (y)) - 0
Let €/ € (0,8; —8;+1). Then by Lemma 3.3 we have
8
B(yj,€) =1{x € My, rdm(x,yj) <€} C M

From this, and since ¢, : M jk“" — Z is an isometry into its image, we see that

A . . 5;
(B(yjk’é/)’dei’“) is isometric to (B((pjk(yjk),e’)ﬂgojk(l\/ljk+1),dz).
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By Lemma 2.2, for any € € (0,8; — §;+1), there exists €;, — € eventually in
(0,8; —8;+1), such that
5 i = .
Bl i) €ix) Ny (Mjk+l) > B((poo‘p5i+1,5i (».e)N ‘pOO(YSlH)'
Now,
(B(¢oo®s, 41,6 (7). €) Ngoo(Y 1), dz)

18 isometric to
(B((p51+1,5,‘ (y)! 6)1 dY5i+l )’

which is isometric to

(F5i+1 §(§05i+1,5,’ (y)’ 6)’ dF5i+l (Y5i+1))’

which is isometric to

(E(F8i+1 08 11,6 (¥). )N Fy Yo, dY)'

Hence
dan (B €30)-duty, ) (B (P (9,4, 00). ONFy, Y1, dy) ) 0. O

8C. Properties of glued limits of manifolds with constant sectional curvature.
Here we prove a proposition, present a key example and state two open questions
concerning the glued limits of manifolds with constant sectional curvature.
Proposition 8.4. Let Y be a glued limit space obtained as in Theorem 7.1 from a
sequence M; € A/L'I’}’ VL Then there exists a countable collection of sets W; C Y,
each of which is isometric to an m-dimensional smooth open manifold of constant
sectional curvature H , such that

(o, ¢]
(52) Y C U W;.
i=1
In fact,
Fs,(Y%) C W; C F5,, ,(YPi+1) C Y.

See Example 8.5, in which the glued limit space is a countable collection of flat
tori which are not connected to one another but have a metric restricted from a
larger compact metric space of finite volume.

Proof. Recall that any glued limit space Y defined as in Theorem 6.3 depends on
a sequence &; — 0 and gluings @s; 5, Y8i+1 5 Y via the subsequential limit
isometric embeddings of (32). There are isometric embeddings Fs, : ¥ §i 5y
such that

(53) Y c | Fs (¥%)
i=1



SEQUENCES OF OPEN RIEMANNIAN MANIFOLDS WITH BOUNDARY 465

and
(54) F5,(Y%) C Fy,,, (Y1),
Let
. [ h
€ = %mm{&- —8i41, 5 _n;/—}’
where i = H when H > 0 and & = (I /7)? otherwise.
Let

Wi = Te, (Fs,(Y®)) N Fs, (Y®+1) C Y.
First observe that by (54) we have
Fs,(Y%) C W;.

So combined with (53), we have (52). So we need only show W; is a smooth
m-dimensional open manifold of constant sectional curvature H.
For all w € W;, there exists yoo € Fp, (Y% such that w € By (ej) C Y. Since

By, (i) C Te (F5,(Y"))
we have

(55) U = By, (&) N Fs, (YO+) = B, ()N W,.

We need only show that U is isometric to a ball of radius €; in My, the m-
dimensional simply connected manifold with constant sectional curvature H .

There exists y € Y% such that Yoo = F3;(y). By Theorem 8.3, and the fact that
€; < 8; —8i+1, there exists a subsequence M jki containing points y;, and €;, — €;
such that (50) and (51) are satisfied.

Since €; < [/2, we have €;, < [/2 for k sufficiently large, and so by (50)
the M; satisfy the conditions of Theorem 5.2, and by (27) we know there is a
Riemannian isometric diffeomorphism from B(yj, €, ) to a ball in M}, the m-
dimensional simply connected manifold with constant sectional curvature H. Since
€ < VHx /2 when H > 0, we have a convex ball, so that, as metric spaces,

(B(yjk,ejk),dM) is isometric to (B(p,ejk),dM;rIz).

Taking k — oo, the closures of these latter balls converge in the Gromov—
Hausdorff sense to (B (p, €;), dMg)- Thus, by (51) and the uniqueness of GH limits,

(l_?(yoo, €)NFs | (Y‘g”r‘), dy) is isometric to (E(p, €i), dMZr')‘
Thus we have (55), and we are done. O

Example 8.5. In this example we construct a glued limit space Y for a sequence
of manifolds M j’” satisfying the conditions of Theorem 5.2. In addition, the M }"
converge in the Gromov—Hausdorff sense to a metric space X, so that the glued
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limit space is unique. The glued limit Y is a countable union of connected flat
manifolds with the restricted metric from X.

Proof. Let M be two flat square annuli connected by a slanted strip of width 1 and
length ﬁ:

=Co1UC1,1USo1 CR3,

where

Sm—{(x y.2): y)E( 3)x[=3.3] 2 =x 43}
Endowed with the length metric, this is 1sometr10 to an open manifold with constant
sectional curvature 0. Note that, for § > 4

MIS CCo1UCy 1.

Let M, be three flat square annuli of total area at most 4 4+ 4 4 4(%) connected
by two slanted strips of width %:

My = Co,z U C1,2 U C2,2 U S1,2 U S2,2 C R3,

where

\
Ciz2= (((—%’%) X (—%’%))
C22 = (LD x =L D)\ ((-
So2 ={(x,y.2): (x.y) € (—
Sip={(x.y.2): (x,y) € (—3

Endowed with the length metric, this is 1s0metrlc
sectional curvature 0. Note that, for § > ¢ 8

M{ C CopUC12UCan\ (B((0,0),8) x [0, 1]).

Let M; be (j + 1) flat square annuli of total area at most 4 + 4 le:o(%)j,
connected by j slanted strips of width (%)l :

j Jj-1
(56) M=\ JCi;ul s cR,
i=0 [ =0

where, with the notation
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2i +1—j _ 2i —J

3" =)

L= 0 L=[-(G)" ()] aa m=

we define
Co,j = (o x 1o) \ (Ij+1 x I j4+1)) x {0},
= ((Ij—i x L)\ (Ij41 % Lj 1)) x {277},
= ((Tox Io) \ (Ij 11 x I j41)) x {2777},
SO] ={x.y.2):(x,y) ey xIjp1.z=x+(3 )J-H}’

Si,j = {(x,y,z) t(x,y) el ><Ij+1, z :mj(x+ (l)j-H) +2"_j}.

Endowed with the length metric, this is isometric to an open manifold with constant
2
sectional curvature 0. Note that, for § > ( )j *

B

2
MP C CojU---UC;;\ (B((0,0).8) x [0, 1]).

The Gromov—Hausdorff limit of the M; exists and can be see to be

o0
(57) X=[JCuSycRr®,
j=0
where
CO = 10 X I() X {O},
Ci=1ixIj;x {2i_j},
So = {0} x {0} x [0, 1],

endowed with the length metric. The Gromov—Hausdorff limit ¥ § of the M ].5
exists, and

5 < X\ (B((0,0),8) x [0, 1]).
In fact, Y = X \ So. O

Open question 8.6. Are the glued limits of sequences of manifolds with constant
sectional curvature open manifolds with constant sectional curvature? We know
they need not be connected by Example 8.5.

Open question 8.7. Are the glued limits of sequences of manifolds with constant
sectional curvature unique? Perhaps an adaptation of Example 8.5 could be applied
to show that they are not.

8D. Properties of glued limits of manifolds with nonnegative Ricci curvature.
We now prove the final theorem of our paper and state the last two open questions:

Theorem 8.8. Suppose that we have a sequence of m-dimensional open Riemannian
manifolds M; with nonnegative Ricci curvature and Vol(M;) < Vy, and there
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exists a sequence §; — 0 such that the inner regions M converge in the Gromov—
Hausdorff sense as j — oo to Y% without collapsing. Suppose that Y is a glued limit
constructed as in Theorem 6.3. Then Y has Hausdorff dimension m, #™(Y) < Vy,
and its Hausdorff measure has positive lower density everywhere.

Note that this theorem may be applied to study the glued limits of sequences of
manifolds satisfying the conditions of Theorem 7.4.

To prove this theorem we will apply Cheeger and Colding’s volume conver-
gence theorem [3; 4], which was reviewed in Section 2F. See Theorem 2.25 and
Remark 2.26 for the precise statement we will use here.

Proof. First we prove that
Wi =T —s0/2(Fs, (V7)) 0 By (Vo) € Y

have Hausdorff dimension m and have doubling Hausdorff measures. For any
w e W;, let 5i_s
U = B(w, “==1) W

We can find y € Y% such that dy (y, w) < (8; —8;+1)/2. Then we have

(58)  Uw=B(w, %) N B(Fs,(y), 8 —8i+1) N Fs,,, (Yoi+1),

By Theorem 8.3, we have a sequence {jx}, points y; € M fk", and a sequence
{€j.} = € = (8; —8;4+1)/2 satisfying (50) and (51):
dGH((E(yjk,éjk), dek), (B(Fs;(y),€) N Fs,.| (Y9i+n)y, dY)) -0
Combining this with the fact that
w e B(y, %) C B(Fs,(y),e)N Fs,, (YPi+1) C Y,

there exist
— 8 _8 —
Zik € B(yjk, ’T’“) C B(yj-€j) C Mj,
such that

don((B (2. =21 ). duy ). (U d) ) — 0.

Since we assumed this is noncollapsing, then by the Cheeger—Colding volume
convergence theorem mentioned above we have

Hom(Bw (r) NUy) = khm %m(szk (r)

forall r <r; = (6; —8;i+1)/2. By (58) and Bishop’s volume comparison theorem,
we see that

Hon (B () NW;) = Hpy(By (r)NUy) < wpr™ forall r <r;
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is positive and finite for any w € W;. By the Bishop—Gromov volume compari-
son theorem,

Hom (B (r1) NW;) - ﬂ

©3) Yom (Bu (r2) N W) — 11"

forall we W;, ri <ra <r;.

Since W; is a subset of the compact Fy, (Yi+n), it is precompact. Choose a

maximal collection {w1, ..., wxy } C W; such that the B(wj;, r; /2) are disjoint. Then
N
n=1
and
N N
HWi) <D W™ (B(wn.ri) < (3)" D H"(B(wn.ri/4)).
n=1 n=1

But it is not hard to see, examining (50), that B(w,,, r; /2) are the limits of disjoint
balls in M;, so

N
Z #H" (B(wp, i /4)) < limsup %m(M].S") <.

n=1 Jj—00

So W; has Hausdorff dimension m and

Now

oo
Y =Jw.

i=1
so it has Hausdorff dimension m and

%m(Y) <.

Now to see that ¥ has positive density everywhere, we must show

Hom(B(y. 1)

r

O« (y, #™) = liminf 0.
r—0
For fixed i > I, we have

Hm(B(y,r)) = Hm(B(y,r) N W;).
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Combining this with (59), we have
Hm(B(y.r) N Wi)

rm

Hm(B(y,r;)NW;
> lim inf m(B(y n:l) i)
r—0 rl.

. Hn (B(y.ri) NWi)

m
T

O« (y, #™) = liminf
r—0

0. ([l

Open question 8.9. Are glued limit spaces of sequences as in Theorem 8.8 unique?

Open question 8.10. Are glued limit spaces of sequences as in Theorem 8.8
countably #™-rectifiable?
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