Arch. Math.

© 2022 The Author(s) I . .

https://doi.org/10.1007/500013-022-01753-x Archiv der Mathematik
Check for
updates

Ball covering property and number of ends of CD spaces with
non-negative curvature outside a compact set

MAURICIO CHE® AND JESUS NUNEZ-ZIMBRON

Abstract. In this paper, we adapt work of Z.-D. Liu to prove a ball cov-
ering property for non-branching CD spaces with non-negative curvature
outside a compact set. As a consequence, we obtain uniform bounds on
the number of ends of such spaces.
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1. Introduction. In [10,11], Z.-D. Liu proved that Riemannian manifolds with
non-negative Ricci curvature outside a compact set satisfy a certain ball cov-
ering property. In the following, we denote the metric ball of radius r centered
at p € M by B,(p) and the closed metric ball with the same radius and center

by Br(p)'

Theorem A (Z.-D. Liu). Let M™ be a complete Riemannian manifold with
non-negative Ricci curvature outside a compact set B. Assume that Ricys >
(n — 1)H and that B C Bp,(po) for some po € M and Dy > 0. Then for
any p > 0, there exists C = C(n, HD2, ) > 0 such that, for any r > 0, the
following property is satisfied: If S C B,(po), there exist p1,...,px € S with
k < C such that

k
Sc | Bur)-
j=1

We state and prove this result in the more general context of non-branching
metric measure spaces satisfying the curvature-dimension condition introduced
by Lott—Sturm—Villani [12,14,15] (see the section on preliminaries below for

M. Che was partially supported by CONACYT-Doctoral scholarship no. 769708.

Published online: 08 June 2022 T Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00013-022-01753-x&domain=pdf
http://orcid.org/0000-0001-9690-0692

M. CHE AND J. NUNEZ-ZIMBRON Arch. Math.

the definitions). This class of spaces contains the class of RCD spaces, as it
was recently shown that the latter spaces are non-branching (see [6, Theorem
1.3]), so, a fortiori, it also includes Alexandrov spaces [13,17] and weighted
Riemannian manifolds. More precisely, we prove the following theorem.

Theorem B. Let (X,d, m) be a non-branching metric measure space satisfying
the CD(K, N) condition for some N > 1 and K € R. Assume that B is a
compact subset of X with B C Bp,(po) for some pg € M and Do > 0 and such
that the CDyoc(0, N) condition is satisfied on X \ B (see Definition 2.6). Then
for any u > 0, there exists C = C(N, KD3, ) > 0 such that, for any r > 0,
the following property is satisfied: If S C B,(po), there exist p1,...,px € S
with k < C and such that

.
Sc |JBurp))-

Jj=1

The proof follows the arguments of [10,11] almost verbatim, albeit with
some needed adaptations to account for the more general hypotheses. The main
tools we need are a version of the local-to-global theorem for the CD condition
(see Lemma 2.9) and a Bishop—Gromov inequality for certain star-shaped sets
(see Theorem 2.11). In general, one can prove that CD(K, N) spaces support
a Bishop—Gromov inequality for star-shaped sets following the proof of [15,
Theorem 2.3], just as is done in [5, Proposition 3.5] to get a timelike Bishop-
Gromov inequality in the context of Lorentzian synthetic spaces. However, it is
important to notice that Lemma 2.11 is not a direct consequence of this fact.
Namely, since the CD(K, N) condition implies a Bishop—Gromov inequality
with parameters K, N and we are interested in the corresponding inequality
with parameters 0, N, we need to follow the original proof of the Bishop-
Gromov inequality in [15] and make sure that all optimal transports involved
remain in the region where CDj,.(0, V) holds.

Finally, a direct consequence is that spaces satisfying the hypotheses of
Theorem B have a uniformly bounded number of ends (see Definition 3.3).

Corollary C. Let (X,d,m) be a metric measure space satisfying the CD(K, N)
condition with N > 1 and K € R. Assume that B is a compact subset of X
with B C Bp,(po) for some py € M and Do > 0 and such that the CD;oc(0, N)
condition is satisfied on X \ B. Then there exists C = C(N,KD3) > 0 such
that (X,d) has at most C' ends.

In [3], a result bounding the number of ends of manifolds with non-negative
Ricci curvature outside a compact set was obtained using different techniques.
This argument was extended in [16] to the case of smooth metric measure
spaces with non-negative Bakrnymery Ricci curvature outside of a compact
set. A related result bounding the number of ends of Alexandrov spaces with
non-negative sectional curvature outside a compact set was obtained in [9].
More recently, a result bounding the number of ends of RCD(0, N) spaces was
obtained in [8].
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2. Preliminaries. In this section, we provide a brief overview of the definitions
and results we will need to prove Theorem B. Throughout the article, we
consider complete and geodesic metric measure spaces (X,d, m) such that m is
finite on bounded sets and supp(m) = X. We begin by recalling the definition
of the Wasserstein space.

Definition 2.1. Let P(X,d) be the set of Borel probability measures on X
and Po(X,d,m) C P(X,d) the space of those probability measures that are
absolutely continuous with respect to m and have finite second moment, i.e.,
for some (and therefore for any) zo € X, the following holds:

/dz(x,xo) dm(z) < 0.

This set Py(X,d, m) is endowed with the 2-Wasserstein metric
1/2

Wo (o, p11) = inf (wo,21) dm (z0,71) ;

where the infimum is taken over all couphngs m € P(X x X) from pg to py,
i.e., probability measures on X x X having first and second marginals equal
to pop and pq respectively.

Remark 2.2. It turns out that (P2(X), W2) is also a complete separable geo-
desic space. Moreover, in this case, the distance Wa (g, 1) can be character-
ized as

1
W3 o) =i [ [ 1l dt dn(a)
0

where the minimum is taken among all 7 € P(C([0,1], X)) such that (e;)xm =
iy © = 0,1. Here e; denotes the usual evaluation map at time ¢. The set of
minimizers is denoted by OptGeo(ug, 11), and minimizers, which are always
supported in Geo(X) (the set of geodesics of (X,d)), are called optimal plans.
It is known that (j¢)¢cjo,1) is a geodesic connecting g to p; if and only if there
exists m € OptGeo(po, p1) such that p, = (e)xm (see [1]).

In order to recall the definition of the CD condition, we now recall the
volume distortion coefficients:

ﬁ sin (v/k6) if K >0,

5%(9) = 0 if k= 0,
ﬁ sinh (v=k0) if Kk <0,
+00 if K62 > Nn?,
U%)N(G): t if K02 =0or K62 <0and N =0,
s (t6) .
ov@ i K02 < Na? and K6% # 0,

Tl((t,)N(e) = tl/NU%?Nﬂ(g)l_l/M
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Definition 2.3. Given parameters K € R and N > 1, (X,d, m) satisfies the
CD(K,N) condition if for any po,p1 € P2(X,d, m), there exists an optimal
plan m € OptGeo(po, pt1) such that, for any ¢t € [0,1] and any N’ > N,

[ o7 @) dma) = [ HE50 @00 05 ()

—1/N’
+ i (d (r0, 7)) o1 N () d(y),

where p; is the density of the absolutely continuous part of (e;)x7m with respect
to m.

(2.1)

Let us also recall the definition of the reduced curvature-dimension condi-
tion CD* due to Bacher—Sturm [2].

Definition 2.4. Given parameters K € R and N > 1, (X,d, m) satisfies the
CD*(K, N) condition if for any po, 1 € P2(X,d, m), there exists an optimal
plan m € OptGeo(ug, 1) such that, for any ¢ € [0,1] and any N’ > N,

/ PN (1) dim() > / o850 (@ (o)) o5 ™ ()

+ oW (d (o, ) o1 N () d(y),

where p; is the density of the absolute continuous part of (e;)xm with respect
to m.

(2.2)

Let us point out that, by work of Cavalletti and Milman [4], an essentially
non-branching metric measure space (see the Definition on Page 50 in [4]) sat-
isfies the CD(K, N) condition if and only if it satisfies the CD* (K, N) condition
(see [4, Corollary 13.6]).

Definition 2.5. Given parameters K € R and N > 1, (X,d, m) satisfies the
CD1oc (K, N) condition if each point € X has a neighborhood M(z) such
that, for each ug, 1 € P2(X,d, m) supported in M (z), there exists an optimal
plan 7 € OptGeo(po, p1) satisfying (2.1) for all ¢ € [0,1] and N’ > N.

We will assume that Definition 2.5 holds outside a compact set B C X in
the following sense.

Definition 2.6. The CDjo.(K, N) condition holds in an open set Q C X if
each point x €  has a neighborhood M (x) C € such that, for each pg, 1 €
P2(X,d, m) supported in M (z), there exists an optimal plan m € OptGeo(pig, 1)
satisfying (2.1) for all t € [0,1] and N/ > N.

From this point on, we will also assume that (X, d, m) is non-branching in
the following sense.

Definition 2.7. A metric space (X, d) is non-branching if whenever we have a
quadruple (z,xg,x1,x2) such that z is a midpoint of xg, 1 and of xq, 3, this
implies that z1 = 5.

In [7], it was proved that non-branching CD spaces have unique optimal
plans in the following sense.
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Theorem 2.8. Let (X,d, m) be a complete, separable, non-branching CD(K, N)
space for some K € R and N > 1. Then for any po, 1 € Pa2(X,d,m), there
is a unique optimal plan m € OptGeo(uo, pt1) and this m is induced by a map,
i.e., there exists a po-measurable map F : X — Geo(X) such that m = Fypo.

In [2], it was proved that the CDjoc (K, N) condition implies the reduced
curvature-dimension condition CD* (K, N). In a similar fashion, and emulating
the arguments in [2], we prove Lemma 2.9, that allows us to obtain, in Theo-
rem 2.10, a version of the Brunn—Minkowski inequality. In turn, Theorem 2.10
implies Theorem 2.11, a Bishop—Gromov-type inequality. This result will be
instrumental in generalizing Theorem A.

Below, we let Py (X,d, m) denote the space of probability measures which
are absolutely continuous with respect to m and have bounded support. For the
next lemma, note that we cannot directly apply the local-to-global property
since we are using the restricted metric on 2 and this might not be a geodes-
ic space unless (2 is geodesically convex, for example. However, the proof of
[2, Theorem 5.1] applies verbatim as we are assuming that all the measures
involved are connected by a geodesic in Pu (X, d, m) 1.

Lemma 2.9. Let (X,d,m) be a CD(Ky, N) space and Q C X an open set such
that the CDyo.(K, N) condition holds in Q. If ug, 1 € Poo(X,d, m) are sup-
ported on Q and the optimal plan m € OptGeo(pg, p11) given by Theorem 2.8
is supported on geodesics contained in Q, then 7 satisfies the condition (2.2)
for K and for allt € [0,1] and N’ > N.

Now we can follow the arguments in [15] to prove a generalized Bishop—
Gromov result for star-shaped sets outside a compact set. To this end, we need
the following modified version of the Brunn-Minkowski inequality.

Theorem 2.10. Let (X,d,m) be a CD(Ky, N) space and Q@ C X an open set
such that the CDj,(K, N) condition holds in Q. Then for all measurable sets
Ap, A1 C Q such that m(Ag)m(A1) >0 and A, C Q for all t € [0,1],

m(A) YN > oD @) m(A0) N+ oy (@)m(A) Y (2.3)

holds for all t € [0,1] and all N' > N, where A; denotes the set of points
which divide geodesics starting in Ag and ending in Ay with ratio t : (1 —1t)
and where 0 denotes the minimal/maximal length of such geodesics, that is,

Ay i={y € X : Iwo,z1) € Ay X A1 s.t. d(y, xo) = td(xg,x1),
d(y, 1) = (1 = t)d(xo, 21)}
and
0 .— {infxoer,xleAl d(zo, 1) if K >0,
SUP, e Ay .z, e, d(@0,21)  if K <O.
In particular, if K <0, then
m(A) YN > (1 — t)m(Ag) N 4 tm(A;) Y

Mn fact, the proof of [2, Claim 5.2] simplifies in our case as by Theorem 2.8, the geodesic
joining po and w1 is unique, so there is no need to construct the sequence INON
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Proof. Assuming that 0 < m(A4g)m(A1) < oo, and thanks to Lemma 2.9, we
can apply CD* (K, N) to p; := (1/m(4;))14,mfori = 0,1 and proceed as in [15,
Proposition 2.1], just replacing the coefficients T[((t?N,(-) by U%?N,(-). Observe
that we cannot use the equivalence between the CD(K,N) and CD*(K, N)
conditions due to F. Cavalletti and E. Milman (see [4]) in order to get condition
(2.1) in Lemma 2.9, even though the space X is non-branching, since we are
assuming the CDjoc(K, N) only in an open subset of X. The general case
follows by approximation of A; by sets of finite volume. O

Recall that, given a geodesic metric space (X,d) and z € X, aset W, C X
is star-shaped at x if x € W, and for any y € W, not in the cut-locus of z, the
minimal geodesic joining = and y is contained in W,. In that case, we set

v(Wy,r) =m (B,(z) N W,) and
(W) = ansup oo (B (z) \ B () 1 W),

Theorem 2.11 (Bishop—Gromov theorem for star-shaped sets). Let (X,d, m)
be a CD(Koy, N) space and Q@ C X an open set such that the CD,.(K, N)
condition holds in Q. Let x € Q and W, C Q be a star-shaped set at x such
that, for some €y > 0, every geodesic connecting points in Be,(x) with points
m W, is contained in Q. Then

§(Wa, ) sy (r) ang  CWasr) Jo sk (@)Y dt
S(WSC?R) Z <5K/N(R)> I U(WivR) Z fOREK/N(t)N dt

for all0 < r < R <rad,(W,) :=sup{d(z,y) : y € W,}. Moreover, for K =0,
we obtain the sharp inequalities

(R w Gz

Proof. Let 0 <r < R <rad,(W,), 0 <e<¢y, and > 0 and let
Ag = Be(x)NW, and A;:= (F(H_n)R(x) \ BR(x)) N W.

In particular, the (r/R)-intermediate set A,/ between Ag and A; is contained
in 2, so we can apply Theorem 2.10 to get

1/N —r
m(Ayr)"" 2 ol (RF AR F O m(A0)
+O'g)/]\},%) (RFnRFe) m(Al)l/N .
We can take € — 0, which yields

w (B @\Br(@) 1 Wa) > o3P (1F MR m (Basnyr(@)\Br(x)) N W)
which implies
1

o (Baayr @)\ Bo(@) 1172)

> niRm (0 (Banyr(@)\ Br(2)) NW,) o (15 ) R)Y.
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In the case K = 0, we actually have Jg{]?)((l Fn)R)N = (r/R)N. The pre-
ceding inequality in turn implies

L (Brasn o)\ B1(2) 117,

) B r\N—-1
= 9R" (Basnyr(@)\ Br(z)) N W) <E> '

We thus can conclude just as in the proof of [15, Theorem 2.3]. g

3. Proofs. In this section, we prove Theorem B. The proof follows almost ver-
batim the arguments in [11]. For the convenience of the reader, we elaborate on
this argument and stress the needed changes due to the more general hypothe-
ses. We proceed with the following technical lemma assuming the hypothesis
of Theorem B.

Lemma 3.1. Assume that p € X and R > 0 are such that Bap(p) C X \
Bap(po). Then for every m > 0, there exists 6 = d(m) € (0,1) such that
whenever a subset W C Br(p) satisfies

(V) > - m (Br(p) (31)

then there exists ¢ € W such that d(q,p) < dR. In particular, Bn_syr(q) C
Br(p).

Proof. Let 6 € (0,1) and W C Bgr(p) \ Bsr(p) be such that (3.1) holds.
Since Bag(p) N Bap(po) = &, the optimal plan between any two probability
measures supported on By, r(p) for sufficiently small 7 > 0 is concentrated
in geodesics outside Bp(pg). Therefore, applying Theorem 2.11, we obtain

1. m(W) m (Br(p) \ Bsr(p)) - f;; tN=1 at
m — m(Br(p)) m(Br(p)) - foR IN—1 gy

that is, § < (1 — 1/m)"N. Thus, if we take § = (1 — 1/(2m))"/N and any W
satisfying (3.1), then W N Bsr(p) # @, i.e., there is some ¢ € W such that
d(q,p) < 0R. In particular, for such ¢ € W and any x € B(;_s)r(q), we have

d(z,p) <d(z,q) +d(g,p) < (1-)R+IR =R,
so B(1-s)r(q) C Br(p). [

Proof of Theorem B. Clearly we can assume that K < 0. Moreover, by rescal-
ing the metric in X by vV—K, we can further assume that (X,d,m) satis-
fies the CD(—1, N) condition. In particular, we get that B C Bp(po) where
D =+—KDy.

For ;i > 2, the result follows from the fact that B, (pg) C B,.-(p) for any
p € B(po), so we can set C(N, KD3, i) = 1. Therefore, we will assume from
now on that 0 < p < 2.

We now divide S into the union of S; = SN B, /2(po) and Sy = S\ S;. If
S1 # @, then S; can be covered by just one B,,.(p) with p € S;. In any case,
we only need to estimate the covering number of Sy. We will actually estimate

S :1_6N7



M. CHE AND J. NUNEZ-ZIMBRON Arch. Math.

the number of (ur/4)-balls needed to cover Ss, so for simplicity let us denote
t=p/4

Now, fix some A > 2. The case when tr < AD follows exactly as in [11,
Page 11] (where instead of A it suffices to consider 2). Therefore we assume
that tr > AD. In particular, for ¢ € S,

By(q) N Bxp(po) = 2.

Write 0Bxp(po) as the union of subsets {Uy, ..., U} such that d(x,y) <
2D for any z,y € U,. This can be done as follows. Take a maximal set of
points {q1,...,¢m} C OBap(po) such that d(qa,q») > D, a # b. Then

dBxp(po) C | Bo(po),
j=1

Bp2(qa) N Bpja(aw) = @, a#b.

Suppose Bp /2(qs) has the smallest volume among all Bp /(q;). Since U7;1
Bpy2(qj) C B(ij242x)p(qs), the Bishop-Gromov inequality corresponding to
the condition CD(—1, N) [15, Theorem 2.3] yields

N_
JOPEID G (t /(N — 1)) dt
m < =:m(N,D,\). (3.2)

P72 sinh (t /(N — 1))N_1 dt

We define U, = Bp(qa) N IBxp(po) for a =1,...,m.

Let M, be the subset of M consisting of all points on any minimal geodesic
emanating from pg that is no shorter than r. Note that M — B,.(py) C M,,
and M, is star-shaped at pg.

We now divide Myp into m cones K, by defining K, to be the subset
consisting of all points on any minimal geodesic emanating from pg that inter-
sects U,. Observe that, by the triangle inequality, if d(z;,po) > AD, x; € K,,
i = 1,2, then any minimal geodesic connecting x; and x5 will not pass
through Bjp/2(po). Indeed, let ; be a minimal geodesic from py to x; with
Yi(AD) € U,, i = 1,2. Then the broken geodesic from x; to 1 (AD) to y2(AD)
to xo has length no greater than d(x1,po) + d(z2,po) — 2AD + 2D. On the
other hand, if a minimal geodesic connecting x; and o intersects By p /Q(po),
then it would have a length greater than d(z1,po) + d(x2,po) — AD, which is
a contradiction.

Now we can estimate the covering number just as in [10,11]. For the con-
venience of the reader, we will repeat some of the constructions.

Take a maximal set of points {p1,...,pr} in Sy such that d(p;,p;) > tr,
i # j. Then

52 C U Btr(pj)7

J
By, j2(pi) N By ja(pj) = @, i # j.

We then divide the points p; into m families as follows: for each ball By, /5(p;),
look at m(By, 2(pj)NKqa), a = 1,...,m. Fix an a; such that m(By, /2(p;) N KL, )
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is maximal. Then

m(Btr/Z(pj) N Kaj) 2 m(Btr/2(pj))7 (33)

Som(Ba ) >

N, D, X)

where the first inequality follows from the fact that the intersections By, /2(p;)N
K, cover the ball By, /5(p;) and By, 2(pj) N Kq; is the intersection of maximal
measure, whereas the second inequality follows from equation (3.2). We denote

B;I;j’aj = Btr/2(pj) N Kaja

and place p; in the a;-th family, call it 7. Fix a K,. Suppose Bﬁ*“ has the
smallest volume among all B{;;a in this cone. By Lemma 3.1, we can find a
q € Bzg’a such that

B s)tr/2(q) C Birj2(p)

where § = 6(m(N, D, \)). Let W, be the star-shaped set such that y € W, if
and only if there is a point = belonging to either B(; _s)/2(g) or Bﬁj’“ for some
p; € Fq and there is a minimal geodesic v connecting ¢ and = which passes y.

Observe that, for ¢ = min{(1 — d)tr, (A — 2)D/2} > 0, z € B, (q), and
y € W,, any geodesic joining z with y is outside Byp/2(po). Indeed, if x €
Ba_syr/2(q) UU BpLj is such that y is in a geodesic v joining ¢ with z and v,
is a geodesic joining z with y and passing through Byp/2(po), then the broken
geodesic « from ¢ to z to y to x will have length greater than

d(q,po) +d(z,po) — AD.

However, a also has length no greater than
€0 + eo+d(q,y)+d(y, x) =2€0 + L(y) < 2e0 +d(q, po) + d(x, po) — 2AD + 2D

which is a contradiction.
By a simple triangle inequality, we get that d(¢,y) < (2+¢t)r for all y € W,,.

Therefore, applying Theorem 2.11 with K = 0, we get
m(Wy)

m (B(i-s)ir/2(4)) <M+ oV -0V

However,
L,a
mvy o ()
m (Baosyr2(a) ~ 5 m (Brrya(p) — m
where #F, denotes the cardinality of F,. Thus we get
#F, <22+ )N 1 -6 Nt Vm.

Adding up the contributions from the m families F, and combining with (3.2),
we get that

3

E<2V 246N —6) "Nt Nm(N, D, )2 (3.4)

The right hand side of (3.4) depends on N, D (which in turn depends on
KDZ2), p, and \. Taking A \, 2, we get the constant C = C(N,KD3, )
> 0. 0
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Remark 3.2. Note that in Theorem B, we could require the CD(K, N) condi-
tion in X and the CDjoc(0, N') condition in X \ B with N # N’ and following
the same argument, we would get a constant C' = C(N, N', K D2, 1). We stated
the result as is for the sake of simplicity.

Definition 3.3. Let & € N. A metric space (X,d) has k ends if the following
conditions hold:

1. For any K compact, X \ K has at most k& unbounded connected compo-
nents.

2. There exists K’ compact such that X \ K’ has exactly k¥ unbounded
connected components.

Proof of Corollary C. If the result is false, we take r large enough so that
X\ B.(po) has n > C(N, KD2,1/2) unbounded connected components. It is
clear that each such unbounded connected component E requires at least one
ball of radius r to cover E N 9By, (pg). This contradicts Theorem B. O
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