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Abstract This paper studies the structure and stability of boundaries in non-
collapsed RCD(K, N) spaces, that is, metric-measure spaces (X, d, 52V ) with
Ricci curvature bounded below. Our main structural result is that the boundary
dX is homeomorphic to a manifold away from a set of codimension 2, and
is N — 1 rectifiable. Along the way, we show effective measure bounds on
the boundary and its tubular neighborhoods. These results are new even for
Gromov—Hausdorff limits (MZ.N ,dg;, pi) — (X, d, p) of smooth manifolds
with boundary, and require new techniques beyond those needed to prove the
analogous statements for the regular set, in particular when it comes to the
manifold structure of the boundary d X. The key local result is an e-regularity
theorem, which tells us that if a ball B>(p) C X is sufficiently close to a half
space B> (0) C Rﬁ in the Gromov-Hausdorff sense, then B (p) is biHolder to
an open set of }Rﬁ .In particular, 9 X is itself homeomorphic to B; (0N ~!) near
B1(p). Further, the boundary 0 X is N — 1 rectifiable and the boundary measure
2N~V 9X is Ahlfors regular on By (p) with volume close to the Euclidean
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volume. Our second collection of results involve the stability of the boundary
with respect to noncollapsed mGH convergence X; — X. Specifically, we
show a boundary volume convergence which tells us that the N — 1 Hausdorff
measures on the boundaries converge sV ~1_9X; — s#N~1_9X to the
limit Hausdorff measure on d X. We will see that a consequence of this is that
if the X; are boundary free then so is X.
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Boundary regularity and stability for spaces 779

1 Introduction

This paper studies structural and stability properties for noncollapsed RCD(K,
N) spaces with boundary. In particular, we give affirmative answers to some
of the recent conjectures presented in [37,59].

Most of the statements are new and of interest even for noncollapsed limits
of smooth Riemannian manifolds with convex boundary and interior lower
Ricci curvature bounds.

Our main results can be grouped into

e Structure results for boundaries and spaces with boundary;
e Stability/gap theorems about the absence/presence of boundary.

In particular, we obtain the rectifiable structure of the boundary together
with measure estimates. Moreover we prove that noncollapsed RCD spaces
are homeomorphic to topological manifolds (possibly with boundary) up to
sets of codimension two.

On the side of stability/gap results we are going to prove that the absence
of boundary is preserved under noncollapsed (pointed) Gromov—Hausdorff
convergence and that the boundary volume measures converge in full general-
ity. We also show that the presence of boundary is stable, under an additional
assumption which is satisfied for sequences of smooth manifolds with bound-
ary.

Below, after briefly introducing the relevant terminology and background,
we outline the main achievements of the paper.

The Riemannian Curvature Dimension condition RCD(K, co) was intro-
duced in [6] (see also [5]) coupling the Curvature Dimension condition
CD(K, o0), previously proposed in [85,86] and independently in [67], with
the infinitesimally Hilbertian assumption, corresponding to the Sobolev space
H"? being Hilbert.

The natural finite dimensional refinements subsequently led to the notions
of RCD(K, N) and RCD*(K, N) spaces, corresponding to CD(K, N) (resp.
CD*(K, N),see[15]) coupled with linear heat flow. The class RCD(K, N) was
proposed in [43], motivated by the validity of the sharp Laplacian comparison
and of the Cheeger—Gromoll splitting theorem, proved in [41]. The (a priori
more general) RCD*(K, N) condition was thoroughly analysed in [39] and
(subsequently and independently) in [11] (see also [24] for the equivalence
betweeen RCD* and RCD in the case of finite reference measure).

Several geometric and analytic properties have been proved for RCD(K, N)
spaces in the last years, often inspired by the theory of (weighted) Riemannian
manifolds with lower Ricci bounds and of Ricci limits. Without the aim of
being complete, let us mention the heat kernel estimates [54], the rectifiability
[69], the constancy of the dimension in the almost everywhere sense [19] (cf.
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with [33] dealing with Ricci limit spaces) and the existence of a second order
differential calculus [44].

In the theory of Ricci limit spaces, further regularity properties are satisfied
under the noncollapsing assumption. If the approximating sequence of smooth
Riemannian manifolds, besides the lower Ricci bound

Ricy, > —(N — 1), (1.1)
verifies also the lower volume bound
AN (Bi(pi)) = v >0, (1.2)

then by volume convergence [28,32] the volume measures converge to the
N -measure on the limit metric space. Noncollapsed Ricci limit spaces are
much more regular than general Ricci limits, see [28—-31].

Motivated by this refinement in the theory of Ricci limits, a notion of non-
collapsed RCD(K, N) metric measure space (X, d, m) has been proposed in
[37] by asking that m = 7V (a weaker definition had been previously sug-
gested in [64]). In the same work some properties valid for noncollapsed Ricci
limits have been generalized to the synthetic framework, such as the volume
convergence and the stratification of the singular set. More recent contribu-
tions dealt with topological regularity [59], volume bounds for the singular
strata [ 14] and differential characterizations [53].

1.1 Singular strata and boundaries

On a noncollapsed RCD(K, N) metric measure space (X, d, N any tan-
gent cone is a metric cone (see [27,28,36,37]). Moreover, there is a natural
stratification of the singular set

S'cSlc..cSV'=8:=Xx\R, (1.3)
where
Ri={x e X : Tani(X, d) = (RY, dewer)}} (1.4)
is the set of regular points of (X, d, V) and, forany 0 <k < N — 1,
Sk = {x € X : no tangent cone at x splits off ]RkH} . (1.5)
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Boundary regularity and stability for spaces 781

This stratification was first introduced in [28] for noncollapsed Ricci limits.
Therein it was proven that

SN\ SN2 =y (1.6)
and that the following Hausdorff dimension estimate holds:
dimpy S* <k, 1<k<N-2. (1.7)

A more quantitative analysis of singular strata was initiated in [30], based on
quantitative differentiation arguments and yielding to Minkowski-type esti-
mates for the quantitative singular strata

Sé", ={xeX:fornor <s < 1Bs(x)isa(k+ 1, g)-symmetric ball}
and

Sk=(") sk, (1.8)

r>0

We recall that B (x) is said to be a (k, €)-symmetric ball provided
dGu (Bs(x), Bs(2)) < se,

where z € C(Z) xRFisa tip of the metric cone C(Z) x R*. We refer to Sect. 2
for the precise introduction of metric cones and of the Gromov—Hausdorff
distance dg .

Later on, in [29] the estimates for the quantitative singular strata have been
sharpened, and the k-rectifiable structure of S has been shown for any 0 <
k<N-2.

In the framework of RCD spaces, the top dimensional singular stratum
SN=I\SN=2 s not empty in general, since Riemannian manifolds with convex
boundary and lower Ricci curvature bounds in the interior belong to this class
(here by convex boundary we intend that the second fundamental form with
respect to the interior unit normal must be non negative definite). Still, the
Hausdorff dimension estimate (1.7) holds forany 0 < £k < N — 1 (see [37]).
The same phenomenon happens in the theory of Alexandrov spaces, where the
top dimensional singular stratum is strictly linked to the boundary of the space
[22,75]. Elementary examples suggest that this is the case also for noncollapsed
RCD spaces.

In [37,59] two different notions of boundary for an RCD(K, N) space
(X, d, #N) have been proposed (see also [58] for another notion introduced
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for Alexandrov spaces). For the sake of this introduction we are going to deal
with the one introduced in [37], where the authors define

IX 1= SN-T\ SN-2, (1.9)

Above we denoted by SN—1\ SN=2 the topological closure of S¥~1\SN 2,
Let us point out that, since the density of 7" at any point in S¥~1\SN—2
equals 1/2, by lower semicontinuity of the density it holds

aX\(SN‘4\SN—2)c:SN’2, (1.10)
in particular
mmH(éX\(SN”\SN4)>§1V—2. (1.11)

A comparison with the notion of boundary introduced in [59] will be inves-
tigated subsequently in the paper (cf. Theorem 6.6 (i)).

Given the above definition of boundary it sounds natural to introduce the
following.

Definition 1.1 We say that an RCD(K, N) space (X, d, 57 N has boundary
in By (p) if

(SYNSYTH N Bi(p) £ 9,

otherwise we say that (X, d, 57 N has no boundary in B{(p).

1.2 An e-regularity theorem for top dimensional singularities

For all the subsequent developments of the paper, the building block is an
e-regularity theorem, dealing with the structure of balls sufficiently close in
the GH sense to a ball centered on the boundary of a half-space.

Let us preliminarily recall that a set £ C X is said to be (N — 1)-rectifiable
provided

ECMUUE,
ieN

where 7V~ (M) = 0 and each E; is biLipschitz to a Borel subset of RN-1
forany i € N.
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Boundary regularity and stability for spaces 783

Theorem 1.2 (e-regularity) Let 1 < N < oo be a fixed natural number and let
e > 0.If§ <8(N,e¢), then for any RCD(—8(N — 1), N) m.m.s. (X, d, M)
with p € X such that

don (Bis(p). By (0)) < 6. (1.12)

it holds that X N By(p) # (. Moreover
(1) (Ahlfors regularity) for any x € 0X N B1(p) and forany 0 <r < 1

1 —)oy_1rV 1 <N 1OX N B, (x) <A +e)oy_17rV (1.13)

(i) (Rectifiable structure) 0X N Bi(p) is (N — 1)-rectifiable;
(iii) (Topological structure) there exists a map F : Bi(p) — Rﬂ satisfying
@ (1 —e)d(x, )™ < |F(x) — F(y)| < C(N)d(x, y) for any x, y €
Bi(p);
(b) F(p) =0and dRY NB1-2(0) C F(IXNB1(p)) = IRYNF(B1(p));
(c) F is open and a homeomorphism with its image;

RN
(d) B;%.(0) C F(Bi(p)).
Remark 1.3 In view of the volume e-regularity for the boundary Theorem 8.2

the conclusions of Theorem 1.2 hold by assuming p € 9X and the volume
pinching condition

1
AN (Bx(p)) = 5aw(32>N —4 (1.14)

in place of (1.12).

The proof of Theorem 1.2 requires most of the tools developed in the paper
and will be split into several intermediate results.

One of the building blocks to prove the boundary measure estimates in
Theorem 1.2 is a weaker e-regularity theorem, Theorem 6.1. There we prove
that there exist constants ¢(N) > 1 and n(N) > 0 such that if

e (Bi(p). B, F(0)) < n(N),
then
c(N)™' < N 71BX N B (p) < c(N).

Stability is a key feature of the top dimensional singular stratum. It is well
known that codimension two singularities might appear even for limits of
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784 E. Bru¢ et al.

smooth manifolds. The easiest example of this being that of a two dimensional
singular cone, which can be obtained as a limit of smooth manifolds with
uniform lower Ricci bounds by rounding off the tip.

Among the other things, Theorem 1.2 (and even its weaker version The-
orem 6.1) implies that the top dimensional singular stratum SY~1\SN =2 is
empty for noncollapsed Ricci limits of manifolds without boundary, as known
from the seminal paper [28]. It is worth stressing that our strategy is completely
different from the original one, which is based on a topological argument and
seems not suitable to handle the general case of RCD spaces. A previous
attempt in this direction has been made in [59], where the authors extended
Cheeger—Colding’s result to the setting of noncollapsed RCD spaces verifying
an additional topological regularity assumption. In contrast, our proof is quan-
titative in nature and does not require any topological argument. Moreover,
the statement we achieve is stronger, and new even in the smooth framework.
Indeed we prove that closeness to the model boundary ball implies the presence
of a definite amount of boundary points.

The Ahlfors regularity for the boundary measure in sharp form, Theorem 1.2
(i), will be established through several steps. The key step is the improved
structure theorem for boundary balls Theorem 8.1, which when combined
with Theorem 6.1 yields to Ahlfors regularity in weaker form, with a constant
¢(N) > land 1/c(N) inplace of 14-¢ and 1—¢, respectively. The sharp version
of the bound will be obtained later in Corollary 8.7 by combining the stability
of Theorem 8.1 and the rectifiable and biHo6lder structure of Theorem 8.4 (ii),
(ii1) and (iv).

The topological regularity part of Theorem 1.2 is new and of interest even
in the case of limits of smooth Riemannian manifolds. At its heart, the proof
is based on two key points, (cf. with the proof of Theorem 8.1). The first is
the stability of Lemma 7.1 which tells us that if a ball B,(x) is Gromov—
Hausdorff close to a half space, then the boundary singularities dX N B, (x)
must be e-close to aball in R” N B, (0"~ 1). The second is a boundary volume
e-regularity Theorem 8.2, based in turn on Lemma 6.5, which roughly tells
us that if there are two balls B,(x) € Bpg(x), both close to half spaces and
centered at a boundary point, then the smaller ball B, (x) must be at least as
close to a half-space as the larger ball Bg(x). The effect of these two results
is that once boundary singularities start to appear, they cannot stop appearing
and we can eventually put them together into a topological structure.

1.3 Structure of boundaries and of spaces with boundary

The e-regularity Theorem 1.2, when combined with a covering argument,
yields a structural result for noncollapsed RCD spaces with boundary.
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Boundary regularity and stability for spaces 785

Here and throughout the paper we shall adopt the notation

By (A) = Br(@)

acA
to indicate the tubular neighbourhood of a set on a metric space.

Theorem 1.4 (Boundary Structure) Let (X, d, HNY be an RCD(—(N —
1), N) space with p € X such that 7~ (B1(p)) > v > 0. If (SN ""\S¥2)n
By(p) # U, then the following hold

(1) (Rectifiability and volume estimates) 0 X is (N — 1)-rectifiable and

ffN_l(Br(x) NaoX) <C(N, v)rN_1 forany x € 0X N Bi(p) andr € (0, 1);
(i1) (Volume estimate for the tubular neighbourhood)
2N (B (0X) N Bi(p)) < C(N,v)r foranyr € (0,1),p e X, (1.15)

(iii) (Uniqueness of tangents) for any x € SN ~\SN~2 the tangent cone at x
is unique and isomorphic to Rﬁ ;
(iv) (Topological regularity) for any 0 < a < 1 there exists a closed set
Cy C SN=2(X) such that
(@) dimp(X\Co) = N —2;
(b) X\Cy is a topological manifold with boundary and C*-charts.

The rectifiability of the top dimensional singular stratum was conjectured
both in [59, Conjecture 4.10] and in [37], together with the local finiteness of
the N ~1-measure. Moreover, with (1.15) we sharpen the volume bound for
the tubular neighbourhood of the top dimensional singular set obtained in [14,
Corollary 2.7] by adapting the techniques developed in [30] to the synthetic
framework. The topological regularity part of Theorem 1.4 improves upon [59,
Theorem 4.11], including the boundary in the statements.

The regularity results above are mostly peculiar of codimension one singu-
larities:

e Volume estimates for the tubular neighbourhood and the measure estimate
for the full singular stratum, and not only for the quantitative one, fail in
codimension higher than one. Indeed there are examples of two dimensional
Alexandrov spaces where the singular set S° has not locally finite .7#70-
measure, see for instance [29, Section 3.4].

e In [34, Theorem 1.2] a noncollapsed Ricci limit space (X, d, 2N with
a point x € SY"2\S¥3 with non unique tangent cone is constructed
(actually tangents with maximal splitting R* for any 0 < k < N — 2
appear at that point).
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786 E. Bru¢ et al.

e As pointed out in [29, Remark 1.11, Example 3.2] based on [66], there is
an example of N-dimensional Alexandrov space such that the singular set
SN2 is a Cantor set, and in particular no point has a neighbourhood in
which SV~ is topologically a manifold.

In the case of Ricci limits, Theorem 1.4 (iv) can be sharpened to a finite
N ~2_measure estimate for the topologically singular set, relying on [29]:

Theorem 1.5 Let (X, d, V) be an RCD m.m.s. arising as noncollapsed
limit of a sequence of smooth Riemannian manifolds with convex boundaries
and Ricci curvature bounded from below in the interior by —(N — 1). Then,
forany 0 < a < 1, there exist a constant C = C(N, «, N (B, (p))) and a
closed set of codimension two Cy, C S N=2(X) such that

ANTHCoy N Bi(p)) < C(N, o, N (B1(p))). forany p € X (1.16)

and X\Cy, is a topological manifold with boundary and C*-charts.

1.4 Stability and gap theorems for boundaries

The following stability theorem gives an affirmative answer to [59, Conjecture
5.11] (see Remark 6.7 for more explanations). Its proof follows directly from
(a weak form of) the e-regularity theorem for boundary balls, Theorem 1.2 (1).

Theorem 1.6 (Stability) Let N € Nt and K € R be fixed. Let (X,,, d,,, 7V,
X,) be a sequence of pointed RCD(K, N) spaces with no boundary on By (x,)
converging in the pmGH topologyto (Y, dy, N, y). Then Y has no boundary
on Bi(y).

While the above tells that spaces without boundary converge to spaces with-
out boundary under non collapsing pGH convergence, stability of boundary
points (i.e whether boundary points converge to boundary points) remains an
open question in the general case.

The analysis of the Laplacian of the distance from the boundary performed
in Sect. 7 allows us to prove the local Ahlfors regularity of the boundary volume
measure, together with stability of boundary points in the case of Ricci limits
with boundary.

Theorem 1.7 Let (X, d, N, p) be the noncollapsed pGH limit of a sequence
of smooth N-dimensional Riemannian manifolds (X, d,, pn) with convex
boundary and Ricci curvature bounded from below by K in the interior. Then:

(1) if Bi(pn)NoX, # BforeverynthendX # (. Moreover if points x, € 90X,
convergeto x € X, then x € 0X;
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Boundary regularity and stability for spaces 787

(i) for any x € 0X one has
AN "N By(x)NaX) > C(K)#N (B (x)): (1.17)

(i) SN~V 08X is locally Ahlfors regular and for any x € dX any tangent
cone at x has boundary.

We conjecture that the gap estimate (1.17) holds for general noncollapsed
RCD spaces without further assumptions, which would also prove stability of
boundary points and the equivalence between the two notions of boundary in
[37] and [59] in full generality.

Our last result is a version of Colding’s volume convergence theorem (cf.
[28,32]) for boundary measures:

Theorem 1.8 (Boundary Volume Convergence) Let 1 < N < oo be a fixed
natural number. Assume that (X,,d,, N, p,) are RCD(—(N — 1), N)
spaces converging in the pGH topology to (X, d, 7V, p). Then

AN 0X, —> AN TL9X weakly. (1.18)
In particular

lim N0 X, N B, (x,)) = V18X N B, (x))

n—oo

whenever X, 3 x, — x € X and N1 90X N B, (x)) = 0.

1.5 Comparison with the Alexandrov theory

In [78,90] it has been proved that if (X, d) is an N-dimensional Alexan-
drov space with curvature bounded from below by k, then (X, d, 57 N ) is an
RCD(k(N — 1), N) metric measure space. Below we compare the results of
the present paper with the literature about Alexandrov spaces:

(i) on Alexandrov spaces, interior regular points have neighbourhoods bi-
Lipschitz homeomorphic to Euclidean balls and regular boundary points
have open neighbourhoods bi-Lipschitz homeomorphic to boundary balls
in the Euclidean half-space. This was proved in [23], see in particular
Remark 12.9.1 for a remark dealing with boundary points and the more
recent [40, Theorem 1.1] for a detailed proof.

(i) While in the Alexandrov theory topological regularity near to regular inte-
rior and boundary points was already known, the existence of biHolder
homeomorphisms with harmonic components (apart from the last coor-
dinate in the case of boundary points) is new also in this case. Indeed it
answers to an open question in [76], cf. with Remark 9.6.
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788 E. Bru¢ et al.

(iii)) The non collapsing of boundaries under non collapsing convergence of
Alexandrov spaces is proved in [57, Theorem 9.2, Remark 9.13] where
the more general case of extremal subsets is considered. The volume con-
vergence for the boundary measure is considered in the more recent [40,
Theorem 1.3].

(iv) When N = 2,ithasbeen proved in [68] that RCD(K, 2) spaces (X, d, H?)
are Alexandrov spaces. In particular, most of the results of the present paper
follow from the Alexandrov theory if N = 2.

(v) Relying on [66, Corollary 1.4] instead of [29] it is possible to prove that
Theorem 1.5 holds also when (X, d, ") is an Alexandrov space with
curvature bounded from below.

1.6 The remainder of the paper

The rest of the paper is divided in eight sections.

The first two aim at presenting preliminary results which will be used
throughout the paper. In Sect. 2 we recall the main definitions and basic
results of the theory of RCD spaces. In Sect. 3 we prove a local version of
the almost splitting theorem, originally due to Cheeger—Colding (see [27,31]
for the present form on Ricci limit spaces) and previously proved on RCD
spaces only in a weaker form (see [17,18]). Moreover we adapt the proof of
the transformation theorem [29] (see also [31]) by Cheeger—Jiang—Naber to
the RCD framework.

In Sect. 4 we introduce and study neck regions tailored for the analysis of
boundaries on noncollapsed RCD spaces. This study is the key ingredient for
all the developments of the paper: rectifiable regularity, topological regularity
and stability.

The role of this tool has been prominent in the recent literature about spaces
with lower Ricci curvature bounds and bounded Ricci curvature, see [29,56],
and also in several other frameworks, see for instance [71,72].

The analysis of neck regions is made in two steps. After their introduction
in Definition 4.3, we first describe their structure in Theorem 4.9. In the sec-
ond step we prove existence of neck regions in Theorem 4.13 under geometric
assumptions, guaranteeing in particular the non triviality of the previous struc-
tural result.

In the analysis of the structure of neck regions there are several simplifications
with respect to the study in [29,56]. Instead non trivial new ideas are needed
to deal with the stability of codimension one singularities and the existence of
neck regions.

In Sect. 5, following closely the neck decomposition theorems in [29,56],
we prove that any noncollapsed RCD(K, N) space can be decomposed into
neck-regions, (N, €)-symmetric balls and a set of codimension at least 2, with
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Boundary regularity and stability for spaces 789

quantitative summability control over the radii of balls appearing in the cov-
ering.

In Sect. 6 we combine the previously obtained existence and structure of
neck regions with the neck decomposition theorem to prove the weak e-
regularity Theorem 6.1. In particular, we show the stability Theorem 1.6 for
spaces without boundary, and the (N — 1)-rectifiable structure of the boundary
together with local finiteness estimates for the boundary measure (cf. Theo-
rem 1.4 (i)).

We dedicate Sect. 7 to the study of the distance function from the boundary.
We show how upper bounds on the absolutely continuous part of its Laplacian
imply noncollapsing estimates on the boundary measure, see Theorem 7.4.
We present an open question concerning the case of general noncollapsed
RCD(K, N) spaces that we are able to verify for smooth manifolds with
boundary and their noncollapsed pGH limits, as well as Alexandrov spaces
with curvature bounded below. As a consequence we prove Theorem 1.7.

In Sect. 8 we improve the structure of neck regions by a bootstrap argument

based on the stability of the boundary. In Theorem 8.1 we prove that, on a ball
sufficiently close in the GH sense to the model ball of the half-space, balls
centered at boundary points are close to the model ball in the half-space and
balls centered at interior points are close to the model ball in the Euclidean
space at any sufficiently small scale.
The improved neck structure Theorem 8.1 has a number of consequences:
the topological regularity of the boundary up to sets of ambient codimension
two (see Theorem 8.4), the improved volume estimate Corollary 8.7 and the
boundary volume convergence Theorem 1.8. In Sect. 9 we deal with the topo-
logical regularity up to the boundary of noncollapsed RCD spaces proving
Theorem 1.2 (iv), Theorem 1.4 (iv) and Theorem 1.5.

2 Preliminaries

A metric measure space will be a triple (X, d, m) where (X, d) is a complete
and separable metric space and m is a locally finite Borel measure.

We will denote by B,(x) = {d(-,x) < r} and B,(x) = {d(-,x) < r} the
open and closed balls respectively. By Lip(X) (resp. Lipy (X)) we denote the
space of Lipschitz (resp. bounded) functions and for any f € Lip(X) we shall
denote its slope by

lip f(x) := lim sup @ = fFWI

y—x d(x, y) @1

We will use the standard notation L? (X, m), forthe L? spaces and .£", 7" for
the n-dimensional Lebesgue measure on R" and the n-dimensional Hausdorff
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measure on a metric space, respectively. The Hausdorff measure is always
normalised in such a way that it coincides with the Lebesgue measure on
Euclidean spaces. We shall also denote by .77} the pre-Hausdorff measure in
dimension n (obtained with no upper bounds on the radii of the covering sets).
We shall denote by w,, the Lebesgue measure of the unit ball in R”.

We will also deal with pointed metric measure spaces (X, d, m, x) in case
a reference point x € X has been fixed. We will say that a pointed metric
measure space is normalised whenever

/ (1 —d(x, y))dm(y) = 1. 2.2)
Bi(x)

We will deal with the Gromov-Hausdorff (GH), measured Gromov-—
Hausdorff (mGH) and pointed measured Gromov—Hausdorff (pmGH) con-
vergence of (pointed) metric measure spaces. We refer to [46] for the relevant
background about these notions. The associated distances will be denoted by
dGH.dnGH and dpmGH-

A basic reference about analysis on metric space is the book [22]. Given a
proper metric space (X, d) and two bounded subsets F, E C X we denote by

dy(E,F) :=inf{r >0: E C B,(F)and F C B,(E)}

their Hausdorff distance in (X, d).!

We recall a simple connection between convergence in the Hausdorff dis-
tance and behaviour of pre-Hausdorff measures J77%, for any a > 0. If
dy(A,, A) — 0and A is compact, then

SE(A) = limsup A2 (Ap). (2.3)

n—oo

When the sets are subsets of metric spaces converging in the pGH topology
we will understand the convergence as realized in a common background
proper metric space and the Hausdorff convergence of compact sets has to
be understood as Hausdorff convergence in the ambient space. All the spaces
considered in this paper are proper.

Remark 2.1 We recall that in a proper metric space (Z, dz) with a sequence
of uniformly bounded compact sets K, C Z and K C Z, the following
conditions are equivalent:

(i) K, converge to K in the Hausdorff distance;

I We remark that to obtain a distance one should restrict to bounded and closed sets, but this
will cause no troubles for our aims.
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(i) K, converge to K in the Kuratowski sense, i.e. any limit point x of a
subsequence x, € K, belongs to K and for any y € K there exists a
sequence y, € K, such that, up to subsequence, y, — y;

(iii) setting d¢ : Z — [0, 00) to be the distance function from any closed set
C C Z,itholds that dg, — dg uniformly as n — oo.

We refer to [16] for a treatment of these equivalences and we remark that they
hold also for subsets of a pGH converging sequence of metric spaces (once
the convergence is realized in a common proper metric space).

2.1 Calculus tools

The Cheeger energy Ch : L*(X,m) — [0, +o00] associated to a m.m.s.
(X, d, m) is the convex and lower semicontinuous functional defined through

Ch(f) := inf { lim inf/ [lip f,1>dm:  f, € Lipp(X) N L2(X, m), || fn — fll, — 0} 2.4)
n—oo X

and its finiteness domain will be denoted by H!?(X, d, m). Looking at the
optimal approximating sequence in (2.4), it is possible to identify a canonical
object |V f|, called minimal relaxed slope, providing the integral representa-
tion

Ch(f)=/ IVFP?dm Vfe HY2(X,d, m). (2.5)
X

Definition 2.2 Any metric measure space such that Ch is a quadratic form is
said to be infinitesimally Hilbertian.

Let us recall from [6,43] that, under the infinitesimally Hilbertian assump-
tion, the function

2 2
V-9 m tig T = VA 06

defines a symmetric bilinear form on H!2(X,d, m) x H"?(X,d, m) with
values into L!(X, m).

It is possible to define a Laplacian operator A : D(A) C L3(X, m) —
L?(X,m) in the following way. We let D(A) be the set of those f €
Hl’Z(X, d, m) such that, for some & € L2(X, m), one has

/Vf-ngm:—/ hgdm Vg e H'2(X,d, m) (2.7)
X X
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and, in that case, we put Af = h. It is easy to check that the definition is
well-posed and that the Laplacian is linear (because Ch is a quadratic form).

Definition 2.3 (Perimeter and sets of finite perimeter) Given a Borel set E C
X and an open set A C X the perimeter Per(E, A) is defined as

Per(E, A) := inf{liminf/ lip(u,) dm : u, € Lip,,.(A), u, — xg in LIIOC(A,m)}. (2.8)
n—oo A

We say that E has locally finite perimeter if Per(E, K) < oo for any compact
set K. In that case it can be proved that the set function A > Per(E, A) is the
restriction to open sets of a locally finite Borel measure Per(E, -) defined by

Per(E, B) := inf {Per(E, A) : B C A, A open}. (2.9)
The following coarea formula is taken from [70, Proposition 4.2].
Theorem 2.4 (Coarea formula) Let (X, d, m) be a locally compact metric

measure space and v € Lip(X). Then, {v > r} has locally finite perimeter for
La.e. r € Rand, for any Borel function f : X — [0, ool, it holds

/f|Vv|dm=/oo (/fdPer({v > r},-)) dr. (2.10)
X —00

2.2 RCD spaces
Letus start by recalling the so-called curvature dimension condition CD(K, N).
Its introduction dates back to the seminal and independent works [67,85,86],

while in this presentation we closely follow [15].
Below #(X) denotes the set of probability measure over X while

Geo(X) :={y : [0, 1] = X : d(y (1), ¥ (s)) = |t — s|d(y (1), ¥(0)) .1 €0, 1]}

We define the operator ¢; : Geo(X) — X as e¢;(y) := y(¢). Given g, 1 €
Z(X), an optimal geodesic plan is any IT € & (Geo(X)) such that (eg, e1):I1
is an optimal plan, i.e.

1 1
/ —d(x, y)> d(eq, e1):T1(x, y) 5/ —d(x, y)?dr(x, y), 2.11)
XxXx 2 XxXx 2

forany m € Z(X x X) suchthat w(A x X) = uo(A) and 7 (X x A) = u1(A)
for any Borel set A C X.
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Definition 2.5 (Curvature dimension bounds) Let K € Rand 1 < N < oo.
We say thatam.m.s. (X, d, m)isaCD(K, N) spaceif, forany ug, u; € £ (X)
absolutely continuous w.r.t. m with bounded support, there exists an optimal
geodesic plan IT € Z(Geo(X)) such that for any ¢+ € [0, 1] and for any
N’ > N we have

L _ L L
—/pf Vdm < —/{r;;;,><d(y<0),y<1>))p0 V() + 1y @y ). y (1)) V' <y(1))}dn<y),

where (e;):I1 = p;m, uo = pom, 1 = pym and the distortion coefficients
T 1’< ~ (+) are defined as follows. First we define the coefficients [0, 1]x [0, o0) >

(1.0) = oy (0) by

+00 if K62 > Nx2,
SINGOVK/N) 36 () < 9 < N2

(1) .__ ) sin(@/K/N)
0) = 2.12
kn@i=, if K62 =0, 12
sinh(6VKTN) i¢ gp2

sinh(0/K/N)

then we set TIg?N(Q) = tl/NGI((I,)N—l(Q)l_l/N-

Definition 2.6 We say that a metric measure space (X, d, m) satisfies the Rie-
mannian curvature-dimension condition for some K € Rand1 < N < o0
(it is an RCD(K, N) m.m.s. for short) if it is a CD(K, N) infinitesimally
hilbertian metric measure space.

Note that, if (X, d, m) is an RCD(K, N) m.m.s., then so is (suppm, d, m),
hence in the following we will always tacitly assume suppm = X.

Remark 2.7 (Compatibility with the smooth case) The RCD(K, N) notion is
compatible with the smooth case of weighted Riemannian manifolds with
(weighted-)Ricci curvature bounded from below [67,85-87]. It means that
a Riemannian manifold meets the RCD(K, N) condition if and only if it
has dimension smaller than N and the N-dimensional Bakry-Ricci tensor is
bounded below by K.

Remark 2.8 (Stability) A fundamental property of RCD(K, N) spaces, that
will be used several times in this paper, is the stability w.r.t. pmGH conver-
gence, meaning that a pmGH limit of a sequence of (pointed) RCD(K, N)
spaces is still an RCD(K, N) m.m.s.
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The basic references for the theory of convergence and stability of Sobolev
functions on converging sequences of RCD(K, N) metric measure spaces are
[46] and [7,8].

We recall that any RCD(K, N) m.m.s. (X, d, m) satisfies the Bishop-
Gromov inequality:

m(Br(x)) _ m(B,(x))
vg N(R) T vk nN(r)

(2.13)

forany 0 <r < Randforany x € X, where vk y(r):=Nwy [y (sK,N(s))N_1

ds and
Nebsin (\/55gr) if K >0,

SK.N(r) =7 if K=0, (2.14)
Nebsinh (\/57557) if K <0.

In particular (X, d, m) is locally uniformly doubling, that is to say, for any
R > 0 there exists C(K, N, R) > 0 such that

m(By,(x)) < C(K, N, Rym(By(x)) foranyx € X andforany0 <7 < R. (2.15)

Moreover, in [80,88] has been proven that RCD(K, N) spaces verify a local
Poincaré inequality, therefore they fit in the general framework of PI spaces
considered for instance in [26].

2.2.1 Structure theory
From the point of view of geometric measure theory a notion of k-regular point
for an RCD(K, N) metric measure space (X, d, m) can be introduced in the

following terms.

Definition 2.9 (Regular points) We say that x € Ry whenever

d
(X, -, L, x) — (R*, duyers a)k_lﬁgk, 0%) in the pmGH topology
r- m(By(x))

as r | 0, where wy := % (B (0)).

In[19] (see also the very recent [35]), generalizing a previous result obtained
for Ricci limits in [33], it has been proved that for any RCD(K, N) metric
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measure space (X, d, m) there exists an integer 1 < n < N, that we shall call
essential dimension of (X, d, m) from now on, such that

m(X\R,) =0. (2.16)

In this generality we also know after [69] that X is (m, n)-rectifiable as metric
space. Moreover, the representation formula m = 67", for some locally
integrable nonnegative density 6, has been obtained in the independent works
[38,47,60].

2.2.2 Calculus on RCD spaces

We refer to [6,43,44] for the basic background about first and second order
differential calculus on RCD spaces.

Here and in the following we denote by Hess u the Hessian of a function
u € H>?(X, d, m), referring to [44] for the study of its main properties in this
framework. Thanks to locality, we will be dealing also with functions that are
defined only locally. Following the notation of [44], we denote the space of
test functions as

Test(X,d, m) :={f € D(A)NL>®(X,m) : |Vf| € L(X) and
Af e H"2(X,d, m))}. (2.17)

The existence of many test functions within this framework is one of the
outcomes of [82].

We will also rely repeatedly on the following existence result for good cut-off
functions.

Lemma 2.10 (Good cut-off functions [10]) Let (X, d, m) be an RCD(K, N)
space. Let p € X be fixed. Then there exists n € Test(X, d, m) such that
0 <n < 1onX, the support of n is compactly contained in Bs(p), andn = 1
on B4(p).

In Sect. 3 we will rely on some tools from optimal transportation on
RCD(K, N) spaces. Mainly we will be concerned with first and second deriva-
tives of (sufficiently regular) potentials along Wasserstein geodesics. We will
denote by W, the Wasserstein distance induced by optimal transport with
cost equal to the distance squared on the space £?;(X) of probabilities with
finite second moment. We refer to [6,87] for the basic terminology about this
topic and to [49] for a more detailed account about optimal transportation on
RCD(K, N) spaces.

The next result follows by combining Proposition 5.15 and Corollary 5.7 in
[41].
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Proposition 2.11 Let (X, d, m) be an RCD(K, N) space for some K € R
and 1 < N < oo. Consider a W-geodesic (n5)scjo,1] € F2(X), satisfying
ns < Cm and suppns C Br(p) for any s € [0, 1], for some C > 0, R > 0
and p € X. Then, for any u € Lip(X, d), the function s — [ udn; is C' and
one has

d 1
d—/udns = —/Vu - Vs dns foreverys € (0, 1], (2.18)
s

S

where @y is any Lipschitz Kantorovich potential from ns to ng.

2.3 Continuity equation and flow maps

Let us recall that given any function # € Test(X, d, m) a solution to the conti-
nuity equation induced by Vu is any absolutely continuous curve (o;):c[0,1] C
(X)) such that the following holds: for any f € Lip.(X, d) the function
t + [ fdp; is absolutely continuous and it satisfies

d
5/fd,ot = /Vu -V fdp, forae.re]0,1]. (2.19)

We refer to [12,45] for the treatment of the continuity equation on (RCD)
metric measure spaces.
The next result is a particular case of [45, Proposition 3.11].

Lemma 2.12 Let (X, d, m) bean RCD(K, N) metric measure space for some
K eRand1 < N < oo. Letu € Test(X, d, m) and let (p)icf0,11 C P2(X)
be a solution of the continuity equation associated to Vu. If we further assume
that py < Cm foranyt € [0, T] for some C > 0, then for any v € F»(X) it
holds

d1
o 22(10“ V) = /Vu -Vo,dp; fora.e t e (0,1), (2.20)

where ¢; is any optimal Kantorovich potential for the transport problem
between p; and v.

The theorem below is taken from [50] where the second order differentiation
formula along W>-geodesics has been proved on RCD(K, N) metric measure
spaces.

Theorem 2.13 Let (X, d, m) beanRCD(K, N) m.m.s. for some 1 < N < o0.
Let (n5)scj0.1] be a Wa-geodesic connecting probability measures no and n;
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absolutely continuous w.r.t. m and with bounded densities and assume that
u € Test(X, d, m). Then, the curve

is C! on [0, 1], where @y is any function such that for some r € [0, 1] with
s # r it holds that —(r — s)qy is an optimal Kantorovich potential from ng to
ny. Moreover

d
d—/Vu -Vesdns = /Hess u(Vos, Vog)dng, foranys € [0, 1].  (2.22)
s

In the context of RCD(K, 0o) spaces a general theory of flows for Sobolev
vector fields has been developed in [12]. Here we only collect some simplified
statements relevant for our purposes.

Definition 2.14 Letu € Test(X, d, m). We say that a Borel map X : [0, co) X
X — X is a Regular Lagrangian flow (RLF for short) associated to Vu if the
following conditions hold true:

(1) X(0,x) =xand X(-,x) € C([0, 00); X) for every x € X;
(2) there exists L > 0, called compressibility constant, such that

X(t,)ym < Lm, for every t > 0; (2.23)

(3) forevery f € Test(X,d, m)themapt — f(X(z, x)) is locally absolutely
continuous in [0, co) for m-a.e. x € X and

%f(X(t, X)) =Vu-VF(X(t x) forae.te(0,00). (2.24)

In the next theorem we state some general results concerning Regular
Lagrangian flows that will be used in the sequel.

Theorem 2.15 Let (X, d, m) be an RCD(K, 00) space for some K € R. Let
us fix a function u € Test(X, d, m) with Au € L*°(X, m). Then

(i) there exists a unique regular Lagrangian flow X : R x X — X associated
to Vu? (uniqueness is understood in the following sense: if X and X are
Regular Lagrangian flows associated to Vu, then for m-a.e. x € X one
has X;(x) = X,(x) forany t € R);

2 To be more precise, there exist unique Regular Lagrangian flows X T, X~ : [0, +00) x X —
X associated to Vu and —Vu respectively and we let X; = Xf fort > Oand X; = X_, for
t <0.
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(i) X satisfies the semigroup property: for any s € R it holds that, for m-a.e.
x € X,

X, X(s,x)=X@t+s,x) VteR, (2.25)
and the following bound is verified:
e HAulipoe 1y < (X)ym < efllAullLoom; (2.26)

(iii) if Au = 0, Hessu = O and |Vu| < 1in B4(p) for some p € X then, for any
x € Bi(p) andt € (—1, 1) the map X admits a pointwise representative
satisfying

d(X;(x), X;(y)) =d(x,y) foranyx,y € Bi(p), andt € (—1,1). (2.27)

Proof We refer to [4, Theorem 1.12] for the proof of (i) and (ii), while (iii)
follows just localising the argument in [20, Theorem 2.7]. O

Remark 2.16 (Continuity equations and flow maps) Solutions to the continuity
equations and flow maps are strictly related. Indeed, given a function u €
Test(X, d, m) with Au € L°°(X, m) and X a RLF associated to Vu one has
that

pm = (X)gpom, t€[0,1],

is the unique solution to the continuity equation with initial datum py € L°°(X)
and velocity field Vu.

2.4 Noncollapsed spaces

In [37] the notion of noncollapsed RCD(K , N)) metric measure space has been
proposed motivated by the theory of noncollapsed Ricci limit spaces, studied
since [28] (see also a similar, though a priori weaker, notion suggested in [64]).
We say that (X, d, m) is a noncollapsed RCD(K, N) space if N is an integer
andm = 7N,

We point out that another relevant class to consider would be that of
RCD(K, N) metric measure spaces for which the essential dimension equals
N (called weakly noncollapsed in [37]). In the compact case it is known that
these spaces are noncollapsed in the above sense [53] and it is conjectured that
this should be true also in the general case.

On top of the usual structure of RCD(K, N) spaces, noncollapsed spaces
have additional regularity properties.
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Let us begin by pointing out the following powerful result [37, Theorem
1.2], generalizing a previous statement due to Cheeger—Colding [28] (see also

[32]).

Theorem 2.17 (Volume convergence) Let (X,,, d,,, 7, x,) be pointed non-
collapsed RCD(K, N) metric measure spaces and assume that they converge
in the pGH topology to (X, d, x). Then, if

lim sup 52N (B (x,)) > 0, (2.28)

n—oo

they also converge in the pmGH topology to (X, d, 7€V, x).

We refer to [22, Definition 3.6.16] for the definition of metric cone
(C(Y),d¢) over a metric space (Y, dy). Here we just recall that for points
(r1, x1) and (r2, xp) such that 1, r, > O and dy (x1, x2) < 7 the cone distance
is given by the law of cosines:

dZ ((r1, x1), (r2, x2)) = ri +r3 — 2riracos(dy (x1, x2)).  (2.29)

In [37], generalizing [28] and relying on [36] (which extends in turn one of
the key results in [27]) it has been proven that for a noncollapsed RCD(K, N)
metric measure space (X, d, 7") any tangent cone is a metric cone over a
noncollapsed RCD(N —2, N — 1) metric measure space (¥, dy, 77 N=1) This
amounts to say that any pGH limit of (X, ri_ld, x), for some sequence of radii
ri 4 0, 1s a metric cone in the sense above.

Given any noncollapsed RCD(K, N) metric measure space (X, d, s#V)
and any x € X let us denote by

N
Ox(x) := lim w
r—0 WNT

the density of .’V at x (when there is no risk of confusion we will drop the
dependence on the ambient space X). The existence of the limit above follows
from the Bishop-Gromov inequality. Moreover, the lower semicontinuity of
the density (cf. [37, Lemma 2.2 (i)]) together with a standard result about
differentiation of measures allow to infer that ®(x) < 1 for every x € X and
O(x) =1 for #N-ae.x € X.

By volumerigidity (see [37, Theorem 1.6] after [32]) we recognize that ® (x) =
1 if and only if the tangent cone is unique and isometric to (RN, dpyer)-
More generally, Colding’s volume convergence theorem [28,32] (see also [37,
Theorem 1.3]) yields that for any x € X any cross section (Y, dy) of a tangent
cone C(Y) at x satisfies

AN NY) = Noy©(x). (2.30)
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2.5 Cone splitting via content

Let us start by restating a quantitative version of the cone splitting lemma [30,
Lemma 4.1] tailored for RCD(K, N) spaces (see [14] for the present version).

Definition 2.18 We define the ¢ — (¢, r) conical set in B 1 (xp) as

Ci, = {x € By(x) 1 don (By (0, By ()

< e?r for some RCD(0, N) cone Z with tip z} . (23D

Theorem 2.19 Forall K € R, N € [2,00), 0 <y < 1,8 < y~ !, and
for all T,v > O there exist 0 < ¢ = e(N,K,y,8,7,%) < ¥ and 0 <
0 = 0(N,K,y,38,t, V) such that the following holds. Let (X, d, m) be an
RCD(K, N) mm.s., x € X and r < 6 be such that there exists an er-GH
equivalence

F:B,1,(0,2%) = B,-1,(x) (2.32)

for some cone R! x C(Z), with (Z,dz, mz) anRCD(N — [ —2, N —[ — 1)
m.m.s.. If there exists

x" € Bsr(x) N C; (2.33)

=N §r

with
X' ¢ By, (F (Rl x {z*} N B,-1,((0, z*)))) NB(x),  (2.34)

then for some cone R+ % C(Z), where (Z, dZ’ ms) is an RCD(N — [ —
3,N —1—2)mm.s.,

der (Br(x), B-((0,Z%))) < ¥r. (2.35)

Theorem 2.19 is a quantitative version of the following statement: if a metric
cone with vertex z is a metric cone also with respect to z’ # z, then it contains
a line.

Let us now present a quantitative version of the cone splitting theorem via
content, taken from [29, Theorem 4.9]. We begin by defining the notion of the
pinching set.

@ Springer



Boundary regularity and stability for spaces 801

Definition 2.20 Let (X, d, ") be an RCD(—&(N — 1), N) and p € X, we
set

V= inf Vei(y), (2.36)
YEBa4(p)
where V, (x) := % is the volume ratio appearing in (2.13).

We define the set with small volume pinching accordingly to be
Pre@) = {y € Buy@) : Ver () < V + £} (237)

Theorem 2.21 Let (X, d, V) be an RCD(—&(N — 1), N) space with
JN(B1(p)) > v > 0. If for some r € (0, 1) it holds that %N(Byr(Pr?g)) >
eyrN, with0 < 8, ¢ < 8(N,v), y < y(N,v,¢)and & < £, ¢,y, N, v),
then there exists q € Ba,(p) such that either

RN
dgr (Bs-1,(q), B, (M) < or, (2.38)
or
den(By1,(q), BE, (0M)) < or. (2.39)

The proof of Theorem 2.21 easily follows from Theorem 2.19, see for
instance [56, Theorem 7.6].

3 Splitting maps on RCD spaces

In the development of the structure theory of Ricci limit spaces a prominent
role has been played by the §-splitting maps [27-29,31]. After the construction
of a second order differential calculus on RCD spaces in [44] this tool, which
provides a way to turn analytic information into geometric information, has
also begun to play a role in the synthetic framework [17].

All the works mentioned above rely on the equivalence between the
existence of an R¥-valued §-splitting map and the (pointed measured)GH-
closeness to a product with factor R¥. Below we state the definition of a
3-splitting map relevant for the sake of this paper.

Definition 3.1 Let (X, d, m) be an RCD(—(N — 1), N) m.m.s., p € X and
8 > 0 be fixed. We say that u := (uy,...,ux) : B.(p) — RFisa 8-splitting
map provided it is harmonic and it satisfies:

(1) [Vugq| < C(N);
(i) r2 £,y | Hess ugl?dm < 8;
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(iii) f5, (p [Vita - Vitp — Sap| dm < 8;

foranya,b=1, ..., k.

Remark 3.2 (About the scale invariant smallness of the Hessian) If we make
the stronger assumption that the ambient space is RCD(—§(N — 1), N), then
condition (ii) is unnecessary once we strengthen the harmonicity assumption to
harmonicity on By, (p), since it follows from conditions (i) and (iii) integrating
the Bochner inequality against a good cut-off function, see for instance [18].

Remark 3.3 (Sharper gradient bounds) If we assume that (X, d, m) is an
RCD(—6(N — 1), N) metric measure space then the gradient bound in (i)
can be sharpened to the conclusion

sup |Viug| <1+ C(N)8'? foranya =1,... k. (3.1)
By 2(p)

In particular, if u : B, (x) — R¥is a §-splitting map according to Definition 3.1
and the ambient space is RCD(=8(N — 1), N), then u : B,2(x) — R¥ is a
C(N)d-splitting map and we can replace condition (i) in the definition with
the sharper gradient bound (3.1).

Moreover the following Lipschitz estimate holds

lu(x) —u(y)| < (14+C(N)8YHd(x,y) foranyx,y € Bya(p). (3.2)

The validity of (3.1) has been pointed out for the first time in the framework

of smooth Riemannian manifolds in [31, equations (3.42)—(3.46)], we report

here a slightly modified argument tailored for the RCD framework.
Letusfixa € {1, ..., k} and drop the dependence on the chosen component,

writing just u.

Observe that, by volume doubling and (iii), for any y € B, 2(p) it holds that

][ IVul> — 1| dm < C(N)8. (3.3)
By 2(y)

Now we consider a regular cut-off function ¢ : X — [0, 1] suchthatg =1
on B34, (x) and ¢ = 0 outside of B, (x), r?|A¢| < C(N)andr |Vg| < C(N)
(see Lemma 2.10) and the one parameter family

fi(y) = /(IVMI2 (2) = De@)p:(y, 2) dm(z). (3.4
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Differentiating with respect to time, taking into account the heat kernel esti-
mate

C(N)e_C(N)é __C)
mBx) — m(B k)
Vye B%r(x),z € Br(x)\B%r(x) and r € [0, r2], 3.5

pi(y,2) <

which follows from [54] and volume doubling, for any y € B,,2(x) and
t € [0, r2] we can estimate

d
paged =/(A|W|2go+szu|2 Vo +(1Vul? = DAg) @)pr(y. 2) dm(2)
C(N)

L AONERE

> 5 / Vul? () pe (3. 2) dm(z) — IHess u] (2)pr (3, 2) dm(2)

C(N
Al Vul = 1| @pi (3, 2) dm(2)
r2 BBy, @)
35 1/2
& C(N)S — C(N)S—z - C(N)%
r r
5172
>~ C(N)—-. (3.6)
r

Above the first inequality follows from the bounds for the cut-off function and
from Bochner’s inequality.
Given (3.6), observing that, for m-a.e. y € B;2(x) it holds

[ = [IVul* = 1] (y), ast |0, (3.7)

we can integrate between 0 and r to obtain

IVul? (y) — 1 <C(N)8'/? + / [IVul? (z) — 1] @(2) p: (v, 2) dm(z)
<C(N)§"? + C(N)][ |IVul> — 1] dm
Br(x)

<C(N)§'/2.
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From this we easily infer that

sup |Vu| <14 C(N)8'/2. (3.8)
Br/Z(x)

In order to show (3.2) it is enough to check that for any v € R¥ with |v| = 1
it holds

sup |V(v-u)| <1+ C(N)§'/2. (3.9)
Brja()

Indeed (3.9) yields
lv- (u(x) —u(y)| < (1+8Y%d(x,y) foranyx,y € Byja(p), (3.10)

which implies (3.2) by taking the supremum w.r.t. v € S*71.

Now the key observation to prove (3.9) is that v - u verifies (up to a constant)
the same bounds of the components of the original §-splitting map. In particular
it is harmonic and it satisfies

][ ||V(v-u)|2—1|dm§C(N)8, (3.11)
B, (p)

therefore applying the argument already described for u, we get (3.10).

The first main result of this section will be Theorem 3.8 below, where we
prove the equivalence between the existence of an R¥-valued §-splitting map
on a ball and the measured GH closeness of the ball with same center and
comparable radius to the ball of a product with R¥. This statement will be
proved arguing by compactness, starting from its rigid version Theorem 3.4.

The second key result is Proposition 3.13, a version of the transformation
theorem [29, Proposition 7.7] (see also [31] for a previous version with different
assumptions) tailored for our purposes.

3.1 Functional splitting theorem, local version

In the rest of the note we will rely on the following functional version of the
(iterated) splitting theorem in local form. With respect to the present literature
the main novelty is the locality of the statement, which requires some cut-off
arguments and the use of Theorem 2.13, which relies in turn on [50]. The proof
combines techniques from [27,41].

Theorem 3.4 Let (X, d, m) be an RCD(0, N) m.m.s. for some N > 1 and
let p € X be fixed. Assume that for some positive k € N there exists u =
(uy,...,ur) : Be(p) — Rk satisfying
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1) u(p) =0;
(i1) |Vugy| = 1 and Auy, = 0, m-a.e. in Bs(p) foranya =1, ..., k;
(iii)) Vug - Vup = 0, m-a.e. in Bs(p), for any a # b.

Then there exist a m.m.s. (Z,dz, mz) and a function f : B1(p) — Z such
that

(u, f): Bi(p) - RE x Z (3.12)

is an isomorphism of metric measure spaces with its image.

Proof Let n € Test(X, d, m) be a good cut-off function (see Lemma 2.10)
satisfying n = 1 on B4(p) and n = 0 on X\ Bs(p). Let us define the vector
fields b, := V(nu,) and denote by X¢ their Regular Lagrangian flows, for
a = 1,..., k. Notice that by the improved Bochner inequality with Hessian
term [44, Theorem 3.3.8], Hess(nu,) = 0 in Bs4(p). Therefore thanks to
Theorem 2.15 (iii) we have a pointwise defined representative of X{ (x) for
t € (—1,1) and x € Bj(p) satisfying (2.27). Building upon [48, Theorem
3.24] we conclude that Xfa o be = XZ o Xfa whenever X;;, XZ € Bi(p),
a,b=1, ..., k. Moreover, it holds

uqa (X7 (x)) —uq(x) =t forany x € By(p)andt € (—1,1). (3.13)
Letus now set Z := {u = 0}, dz(x, y) :=d(x, y) forx, y € Z, and
PR xZ—> X st @, ..., %.x) =X} 0oX; 0+ 0Xf(x). (3.14)

In order to conclude the proof it is enough to show that there exists a pointwise
representative

®:(—1/k, 1/k)* x (Bi(p) N Z) — X which is an isometry with its image.  (3.15)

Indeed, if it the case, we can conclude as follows. Observe that B/ (p) C
D((—1/k, l/k)k x (B1(p) N Z)), since for any y € B/ (p) we can set

7(y) = ®(—u1(y), ..., —ur(y),y) € ZN Bi(p),
Ig = ua()’) € (—1/k, l/k),

and check, by means of (3.13), that (¢4, ..., tx, m(y)) = y. Finally we notice
that 1 : By/i(p) — R¥ x Z is the sought map, since it is an isometry and
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can be written as ®~! = (u, f) for some f : B1,k(p) — Z, thanks to (3.13).
Moreover setting mz := #(mL By/r(p)), one can easily check that

Dy(L* x mz) =m on Bir(p).

The proof of (3.15) is divided in three steps.
Step 1. There exists a pointwise representative of ® on (—1/k, 1/k)* x
(B1(p) N Z) such that, for any x,y € Bi(p) N Z and (t,...,f) €
(—1/k, 1/k)* it holds

d(®(r1, .oy i, x), @11, oo 1, ) =d(x,y) and d(XP(x),x) =7, (3.16)

fora=1,...,k.

As we have already remarked, there exists a pointwise defined representative
of X{'(x) fort € (—1,1) and x € By(p) satistying (2.27), therefore the first
identity in (3.16) follows.

Concerning the second equality, observe that, since |V (nu,)| = 1in B4(p) we
have that d(X¢(x),x) <t fort € (—1,1) and x € By(p). Moreover (3.13)
and the fact that u, is 1-Lipschitz in By (p) give

t=lug(XH(x)) —ug(x)| <d(X¢(x),x),forx € ZN Bi(p)andt € (—1,1). (3.17)
Combining the two inequalities also the second equality in (3.16) follows.

Step 2. In this step we are going to prove that for any a € {1, ..., k}, any
X,y € Bi(p) and any ¢t € (0, 1) it holds

1 1 ?
5d2<X?<x>,y>—5d2<x,y>= /0 (a(X4(x)) — ua(y))ds. (3.18)

To this aim letus fixa € {1, ..., k},x, y € Bi(p) andr > O with the property
that B, (x) U B,(y) C Bi(p). Then let us define

ro. 1 ro.__
J 7R mL B.(x) and v’ =

= B mL B,(y). (3.19)

m(B,(y))

Let us set p/ := (X{'), " and observe that for any function f € Lip(X, d)
we have

d d
o [ras =35 [reoan = [vr-vuag. e

namely p; = (Xf) 4 1" solves the continuity equation associated to Vu (cf
Remark 2.16). Therefore Lemma 2.12 guarantees that ¢ +— %WZZ (pf,vp) is
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absolutely continuous and

dl 201 .1 r
3 (o, V') = [ Vu-Vg,dp] forae.t e (0,1), (3.21)

where ¢, is any optimal Kantorovich potential from p; to v".
Letus now fix t € (0, 1) such that (3.21) holds true. Denote by (nf’t)se[o,,] the
W,-geodesic connecting v, to p; . From Proposition 2.11 we get

d r,t 1 r
Sl [ udni’ =< [ Vu-Vedp], (3.22)

where ¢, is any optimal Kantorovich potential from p; to v".
Combining (3.21) and (3.22) we deduce

d1_, d
d—tzwz((x,“)#w,u’) =td—s\s:1/udn§” forae.t € (0,1). (3.23)

Moreover, since Hess u = 0 in supp 1y’ forany 0 < s < ¢ < 1, Theorem 2.13
implies that s — [ udny’ is affine. Therefore

l/udn?’:(l—s)/udvr +s/uon’du’, forany0<s<r<1, (3.24)

that, along with (3.23), yields
1 2 a ro.r 1 20,8 r ! a r r
Wi (X)) V) — Wy (u', v )=/ /uoXS dp —/udv ds. (3.25)
2 2 0

Finally, (3.18) follows from (3.25) by continuity letting r — 0.
Step 3. We conclude the proof of (3.15) by showing that

d> (@, ..., te, x), D(sq, ..., siy) =0, )+ 0 —siP+ ..+ | — skl (3.26)

forany x,y € ZN Bi(p) and any s,,t, € (—1/k,1/k),fora =1, ... k.
In order to do so let us assume without loss of generality that #; > 51 and set
X ::X?zo...ngj((x) and y ::X?zo...onk ifk>2andx :==x,y:=y
otherwise.
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By exploiting the semigroup property (ii) in Theorem 2.15, Step 1 and Step
2, we get
dX( @1, ..., 1, x), (s, ..., 5%, ) — d* (X, §)
= d*(X;, (%), X5, (5) — d*(&, )
= d* (X, -5 (D), 7) — d* (X, 3)

11—
=2A (w1 (X (®) — w1 (7)) ds

CL) 1 12 + (11 = s1) w1 (B) — w1 (3)).

Observe now that u1(x) = u1(y) = 0 since the function ¢ — u1(X{(z)) is
constant for t € (—1, 1), z € Ba(p) and a # 1. Indeed, taking the derivative
w.r.t. t € (—1, 1) and using (iii) in our assumptions we have

d
EMI(X’Q(Z)) = Vuy - Vua (X (2)) =0, (3.27)

fora.e.r € (—1, 1) and for a.e. z € By(p). The statement can then be proved
for any time and starting point by a continuity argument. It follows that

d>(D (11, .., 1, X), D51, ..., 856, y) = (&, ¥) + | —s1)* (3.28)

and a simple induction argument gives (3.26). |

Below we specialize Theorem 3.4 to the case in which (X, d, N is a
noncollapsed RCD(K, N) space and the splitting map has N — 1 compo-
nents. In this case we are going to prove that, as expected, the factor Z is one
dimensional.

Theorem 3.5 Let (X, d, V) be an RCD(0, N) m.m.s. for some natural 2 <
N < oo and let p € X be fixed. Assume that there exists a 0-splitting map

w=(u,...,uy—1): Bs(p) — RN,

Then there exist a m.m.s. (Z, dz, V), with (Z, d) isometric to the ball of a
one dimensional Riemannian manifold (possibly with boundary), and a map
f i Biyn-1)(p) = Z such that

' B BE" 20
(. ) Biyv-1y(p) = Bijy 20, 20))
is an isomorphism of metric measure spaces.

Moreover, up to an additive constant, f coincides with the signed distance
function from the level set { f = zp}.
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Remark 3.6 In particular, Z is isometric, in the sense of Riemannian mani-
folds, to either a circle or a connected closed interval / € R, possibly with
infinite length.

Proof Letus start by applying the local functional splitting Theorem 3.4 to get
the metric measure space (Z, dz, mz) and the map f : By, v—1)(p) — Z.

By a slight modification of the proof of [41, Corollary 5.30], we can prove
a weaker version of the CD(0, N) condition for the space (Z, dz, mz). More
precisely we can check that, for any o € &2 (Z) satisfying o <« mz and
supp o C Bijv—1)(zo) there exists r > 0 such that for any | € Z%(X)
absolutely continuous w.r.t. mz and supported on B, (supp (o) one has aunique
W;-geodesic connecting o and | which satisfies the defining inequality for
the CD(0, N) condition.

Next we observe that, as a consequence of the discussion above, of the
isometry between Bi,v_1)(p) and the split ball and of the noncollapsing
assumption, all the metric measured tangents to (Z, dz, my ) are either lines or
half lines as metric spaces. By the structure theory of RCD spaces, the tangent
is unique and a line for mz-a.e. z € B 1Z (z0). Moreover, by the noncollapsing
assumption, at points where there is a line in the tangent the tangent is unique,
since they correspond to points on the starting space where the tangent is RV .

Adapting the arguments of [63] (see also [84] for a recent generalization
with simplified arguments relying on optimal transport tools), it is possible to
prove that at points of Z where there is a line in the tangent there is a small
ball isometric to the Euclidean one. Moreover, at the other points the tangent
is still unique and isometric to a half line pointed at the extreme (otherwise
there would be a full line in the tangent and we would be in the previous case).
Arguing as in the proof of [84, Theorem 3.1] we conclude that each point in Z
has a neighborhood isometric either to (—¢, €) or to [0, €). Hence the metric
conclusion follows from the characterization of one dimensional Riemannian
manifolds.

The conclusion about the measure can be achieved relying on the fact that

N-1 %
W, ) : Biyv—1(p) = By 55 (0, 20))

is an isomorphism of metric measure spaces and the measure on (X, d) is
N,

The last conclusion in the statement can be easily proved given the previous
ones. O

Remark 3.7 The converse of Theorem 3.4 is trivially verified. Indeed, if the

space is locally isomorphic to a product with Euclidean factor then the coor-
dinates of the Euclidean factor are easily seen to verify properties (i)—(iii).
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3.2 §-Splitting maps and e-GH isometries

Arguing by compactness we now obtain an approximated version of Theo-
rem 3.4. As in the rigid case the novelty with respect to the literature of RCD
spaces is the ease of producing locality of the statement, cf. with [17]. We refer
to [31, Lemma 1.21] and [29, Theorem 4.11] for similar statements for Ricci
limits.

Theorem 3.8 (5-splitting vs e-GH isometry) Let 1 < N < oo be fixed.

(1) Forevery0 <8 < 1/2 and e < g(N, §8) the following holds. If (X, d, m)
is an RCD(—&(N — 1), N) m.m.s. satisfying

dmea (Ba(p), BX *%(0,2)) < ¢ (3.29)

for some integer k, some p € X and some pointed m.s. (Z, dz), then there
exists a §-splitting map u = (uy, ..., uy) : By(p) —> R*.

(ii) For every ¢ > 0and § < 8(N, €) the following holds. If (X,d, m) is a
normalised RCD(—8§(N — 1), N) m.m.s. and there exists a §-splitting map
u : Bs(p) — RX fora given p € X, then

dan(Byi(p). By 7(0.2) < e (3.30)

for some pointed metric space (Z,dz,z). Moreover, there exists [
Bi(p) — Z such that

(u —u(p), f) : Bijx(p) — BlR/kaZ(O, z) is an &-GH isometry. (3.31)

(iii) If we additionally assume that (X, d, #N) is RCD(—8(N — 1), N) non-
collapsed with ,%”N(Bl(p)) >v>0k=N-—1and 5 < §(N, v, ¢),
then (Z,dz, V) in (ii) can be chosen to be the ball of a one dimensional
Riemannian manifold, possibly with boundary.

Proof The first part of the statement can be proved arguing as in the proof
of [17, Proposition 3.9], relying on the local convergence and stability results
obtained in [8].

Let us now prove the second conclusion. Arguing by contradiction, for
any n € N, we can find a normalised pointed RCD(—1/n, N) m.m.s.
(X, dy, my, pp) and a 1/n-splitting map u, : Be(p,) — R¥ such that
u,(pn) = 0 and the following property holds: for any pointed metric space
(Z,dz, z) and any function f : By /x(p,) — Blz/k(z), the map

(tn, ) : Biyx(pn) — Bﬁkkxz((o, 7)) is not an e-GH equivalence. (3.32)
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Thanks to the stability and compactness of the RCD condition we can find
a pointed RCD(0, N) m.m.s. (X, doo, Moo, Poo) Such that, up to extract a
subsequence (that we do not relabel), it holds

(Xn, dp, My, pr) = (X0, doo, Moo, Poo)  in the pmGH topology. (3.33)

Arguing as in [17, Proposition 3.7] we can assume that u#,, — u uniformly
in Bg(poo), Where u is a C (N )-Lipschitz and harmonic function in Bg(pso)
satisfying Vu, - Vup = 84p, Meo-a.€. in By(poo) fora, b =1, ..., k. Thanks
to Theorem 3.4 we can find am.s. (Z, dz) and a function f : Bi/x(poc) = Z
such that

(u, ) : Bi/x(poo) = R¥ x Z isan isometry with its image. (3.34)

Let us conclude the proof by showing that (3.34) contradicts (3.32). Let us
consider a sequence of 1/n-isometries W, : By/k(pn) — B1/k(px)- By [87,
Lemma 27.4] we can suppose that W, converge to an isometry from B /i (poc)
into itself. Up to composing with the inverse of this isometry we assume that
the maps W, converge to the identity map of By x(poo). Set f, := f o W,.
Next we claim that

(un, fn) : Bi/k(pn) = B%R/kkxz((o, 7))is a &-GH isometry for n € N big enough, (3.35)

which will contradict (3.32) yielding the sought conclusion.
Being f continuous (actually 1-Lipschitz since (u, f) is an isometry with
its image), one can easily prove that (u,, f,) — (u, f), therefore the image

of (uy, fn) is e-dense in B]F/kkxz((O, 7)) for any n big enough. It remains just
to check that

[, 3) = () = un I = 1fa(0) = fuWP| < & forany x, v € Bie(pn)  (3.36)

when 7 is big enough. We argue by contradiction. If the conclusion were false
we could find sequences (x;) and (y,) in By r(p,) such that the defining
condition of e-isometries does not hold for these points, i.e.

|02 (s yn) — ltn (6n) — un ) 1> = 1 fun) = fu) P > €. (3.37)

By compactness, up to extracting a subsequence that we do not relabel, we can
assume that x,, converge to x € Bj/x(poo) and y, converge to y € By/k(poo)-
It is easily verified that x # y, thanks to (3.37) and to the Lipschitz regularity
of u, and f. Passing to the limit (3.37), taking into account the uniform
convergence of u, to u and the convergence of W,, to the identity map together
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with the continuity of f, we get

|d2(x, y) = lu(x) —uWI* = 1fx) = FOIP] = e, (3.38)

that contradicts (3.34).

The additional conclusion under the noncollapsing assumption can be
obtained relying on Theorem 3.5. Taking into account the lower bound on the
volume, the pmGH convergence in the contradiction argument above improves
to noncollapsed convergence. Therefore the limit space is RCD(0, N) noncol-
lapsed. O

Remark 3.9 When (X, d, #") is anoncollapsed RCD(—8(N — 1), N) space
satisfying 2N (B (p)) > v, then in Theorem 3.8 we can relax (3.29) to

dor (Ba(p). BE 20, 2)) < e, (3.39)

provided § < §(N, v, ¢).

Remark 3.10 In the case of maximal dimension we can slightly improve upon
the implication between §-splitting and e-isometry. In particular the following
holds: for any & > 0 there exists § = (e, N) > 0 such that if (X, d, m) is an
RCD(—=8(N — 1), N) space, B32(p) C X,

don (B3 (p). BY5(0) < 8 (3.40)

and u : Bi(p) — RY is a §-splitting map, then u : Bi(p) — RY is an
g-isometry.

The same statement holds for splitting maps with N — 1 components in case
we put Rﬁ in place of RV,

This statement can be proved relying on the local convergence and stability
results of [8], taking into account the fact that local spectral convergence holds
for all radii when the limit space is the Euclidean space (or, more in general,
a metric measure cone).

Notice that the main improvement is that we do not need to worsen the
radius to pass from the §-splitting condition to the e-isometry. Moreover we
can allow not only for harmonic §-splitting functions but also for functions
with small Laplacian in L?(Bi( p)), cf. with Definition 3.11 below.

For the study of the topological structure of RCD spaces with boundary in
section 9 we will need a slightly less restrictive notion of §-splitting map.

Definition 3.11 Fix § > 0. Let (X, d, m) be an RCD(—§(N — 1), N) m.m.s.
and p € X. We say that u := (uy,...,ur) : By(p) — R is a 8-almost
splitting map provided it satisfies
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@) [Vua| < C(N);
(i)

k
2
b=

k .
Vitg - Vity — 8qp| dm+ " r? 7[ (Aug)>dm < 5. (3.41)
1° B-(p) a=1 B, (p)

Arguing as in Remark 3.2 one can easily check through Bochner’s inequality
that a §-almost splitting map u : B, (p) — R* satisfies

r2][ |Hessu|2dm§C(N)8.
B-(p)

Therefore, the only meaningful difference between the notion of §-splitting
map and §-almost splitting map is that the latter is not harmonic but enjoys a
scale invariant L?-smallness of the Laplacian.

Remark 3.12 Tt is immediately seen that Theorem 3.8 and Remark 3.10 still
hold when relaxing the assumptions by considering §-almost splitting maps in
place of §-splitting maps.

3.3 Transformation theorem

In [31] a key result in order to prove the codimension 4 conjecture for non-
collapsed limits of manifolds with bounded Ricci curvature was the so-called
transformation theorem. Given an (N — 2, §(¢))-splitting map u : Bi(p) —
RN=2,[31, Theorem 1.32] provides conditions guaranteeing the existence of a
lower triangular matrix with positive entries 7, such that 7,u : B, (x) — RN-2
isan (N — 2, ¢)-splitting map for 0 < r < 1.

In [29] (see in particular Proposition 7.8) a geometric version of the
transformation theorem was proved, in order to study singular strata of any
codimension on Ricci limits. In particular, the weak version of the estimate
proven in [29] was that given a (k, §)-splitting map on B (p), there is a lower
triangular matrix with positive entries 7, such that 7,u : B,(x) — R¥ remains
(k, €)-splitting as long as Bs(p) is k-symmetric and far from being (k + 1)-
symmetric, for any r < s < 2.

Here we provide a version of the geometric transformation theorem tailored
for the purpose of studying the structure of noncollapsed RCD spaces with
boundary. We focus the attention only on §-boundary balls (see Definition 4.1)
and (N, §)-symmetric balls (corresponding to k = n — 1, n in [29]) and, for
technical reasons, we work with possibly non harmonic §-splitting maps (cf.
with Definition 3.11) rather than harmonic §-splitting maps. Up to these small
variants the argument presented here is the one from [29].
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Proposition 3.13 (Transformation) Let 1 < N < oo be a fixed natural num-
ber. For any € > 0 there exists (N, €) > 0 such that for any § < §(N, ¢), for
any RCD(—8%(N — 1), N) space (X, d, %”N),foranyx eXand0) <rgp<1
the following hold.

e [fBs(x)isa 82-b0undary ball foranyrg <s < landu : Bo(x) — RN-1
is a §-almost splitting map, then for each scale ro < s < 1 there exists an
(N — 1) x (N — 1) lower triangular matrix Ty such that
(i) Tyu : Bs(x) = RY=1is an e-almost splitting map on Bg(x);

(i1) JCBS(X) V(Tsu)“ - V(Tsu)b doN = Sabs
Gii) |7y 0 75! —1d| <.

e [fBy(x)isan (N, 82)—symmetric ball foranyryg <s < landu : By(x) —
RN is a 8-almost splitting map, then for each scale ro < s < 1 there exists
an N x N lower triangular matrix Ty such that

(i) Tsu : Bg(x) — RY is an e-almost splitting map on By (x);
(1) JCBS(X) V(Tsu)“ - V(Ts”)b dN = Sabs

(iii) |75 0 Ts,' —1d| < e.

We postpone the proof of the transformation Proposition 3.13 after some
technical lemmas. The first one is about the very rigid form of harmonic func-
tions with almost linear growth on the Euclidean space and half-space. It can
be easily proved thanks to the explicit knowledge of entire harmonic functions
(cf. with [29, Lemma 7.8], dealing with a much more general case) and we
omit the details.

Lemma 3.14 Let 1 < N < 00 be a fixed natural number, then there exists
& = &(N) > 0 such that the following holds. Let (X, d, SN be isomorphic
either to the Eucildean space RN or to the half-space Rﬁ . Then any harmonic
function u : X — R with almost linear growth, |u(x)| < C lx|1te + C for
any x € X, is linear and induced by an R factor.

The second lemma is about estimates for the transformation matrixes, given
their existence. We refer to [29, Lemma 7.9] for its proof, which is a simple
inductive argument relying on the uniqueness of Cholesky decompositions
[51].

Below we shall denote by ||, the L°°-norm on matrixes.

Lemma 3.15 Under the assumptions of Proposition 3.13, there exists a con-
stant C = C(N) > 0 such that, if Ty and Tas are matrixes verifying (i) and
(ii) at scale s and 2s respectively, then automatically

TyoT,' —1d = C(WVpe. (3.42)
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Given Lemma 3.15 and arguing inductively as in [29] it is then possible to
prove a growth estimate for the transformation matrixes, once we assume that
they exist.

Corollary 3.16 Under the assumptions of Proposition 3.13, there exists a
constant C = C(N) > 0 such that, if T; and T, are matrixes verifying (i)
and (ii) at scales 0 < r < r respectively, then

_1 7\ Ce
T o T3] < <;) . (3.43)
Proof of Proposition 3.13 Let us treat first the second case of (N, 8%)-
symmetric balls. Observe also that we only need to prove (i) and (ii), since
(ii1) will follow from Lemma 3.15.

We wish to get the sought conclusion arguing by contradiction. We suppose
that there exists 0 < g9 < 1 such that the following hold:

(a) there exist pointed RCD(—3;, N) spaces (X, d,, N, x,)) such that the
balls B,(x,) are (N, 81.2)—symmetric for any r, < r < 1, and §,-almost
splitting maps u, : By(x,) — RN fora sequence &, | 0;

(b) there exists, > r, such that for any s,, < r < 1 there exist lower triangular
matrixes Ty, , such that Ty ,u : B.(x,) — RY is an €o-splitting map on
B, (x,) and

][ V(T rtt) - V(T )" IV = S0 (3.44)
By (xn)

(¢) no such mapping 7Ty, s, /10 exists on By, /10(x;).

Let us start by noticing that it must hold s, | 0 as n — 00, otherwise we
would easily reach a contradiction. _
Then let us consider the scaled pointed spaces X, := (X,, s, d,, 2N, x,).

Observe that, since B,X " (xn)~ is (N, 8,)-symmetric for any r; <r < 1, on the
scaled space it holds that Brx "(xp) 18 (N, 8n)—symm§tric forany r,/sp, <1<
r<s, I Since s, — 0 asn — oo, we infer that X, converge to RY in the
pGH (and a posteriori pmGH) topology.
Let us now set
Uy 1= Sn_] Txn,s,, (un — up(xp)). (345)
Observe that

][i (Av,)?d#N < C(r)8, foranyl <r <s, ',  (3.46)
By " (xn)
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thanks to Corollary 3.16 and the fact that u, is a §,-almost splitting map
( cf. Definition 3.11 (ii)). Moreover v, has almost linear growth, |v,(x)| <
Cd(x,, x)!*¢4+C forany x such thatd(x,,, x) < sn_l, thanks to Corollary 3.16,
and it verifies

][;( Vvl . Vb dN = 8., (3.47)
B] " (xXn)

by (3.44).

By [8] and (3.46) we obtain that v,, converge locally in W2 and locally
uniformly to a harmonic function v : R¥Y — R with almost linear growth.
Passing to the limit (3.47) and taking into account Lemma 3.14, we get that v
is an orthogonal transformation of RV,

Localizing the W'2-convergence (see [7, Theorem 1.5.7, Proposition
1.3.3.]), we obtain

n—oo

lim ][ Vo Vof — b0y | 4N = 0. (3.48)
Xn
B] (xn)

Therefore, taking into account also (3.46), we infer that v; : BIX” (x,) = RN
becomes an ¢,-almost splitting map where ¢, — 0 as n — oo.
Hence for each 1/10 < r < 1 and any sufficiently large n there exists a lower
triangular N x N matrix A, , with ‘An,r — Id‘ < C(N)e, and

][ V(A V(A ) Y = 54, (3.49)
B (xn)

In particular, for any sufficiently large n, A, v, : B,X "(x,) — RN is an go-
splitting map for any 1/10 < r < 1 satisfying the orthogonality condition
(i) in the statement. This contradicts the minimality of s; (cf. with condition
(c)), scaling back to the starting spaces X,. This finishes the proof of the
existence of transformation matrixes, the growth estimate (iii) can be obtained
by Lemma 3.15, as we already argued.

The case of boundary balls can be handled by the very same argument. The
only difference is that the sequence X, converges in the pmGH topology to
the Euclidean half space RY , instead of R . As before, we pass to the limit in
the sequence v, to get a harmonic function v : Rﬁ — RN~ Then we apply
Lemma 3.14 to infer that v is linear and depends only on the Euclidean factor
R O
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4 Neck regions

This section is dedicated to the introduction and the analysis of neck regions.
We first provide the relevant definition tailored for the study of singularities of
codimension one for noncollapsed RCD spaces. Then in Sects. 4.1 and 4.2 we
provide structural results for neck regions and an existence result, respectively.

The notion of neck region has been introduced in [56,72] to study L>-
curvature bounds for spaces with bounded Ricci curvature and the energy
identity for Yang—Mills connections. Its use has been crucial also in [71] and,
more recently, in [29], for the rectifiability of singular sets in arbitrary codi-
mension on noncollapsed Ricci limits.

In the following we shall denote by Rﬁ = {x € RY : xy > 0} the
Euclidean half space of dimension N > 1.

Definition 4.1 (Boundary ball) Let 1 < N < oo and (X, d, 7") be an

RCD(—(N — 1), N) metric measure space. Given x € X and r > 0 we say
N

that B, (x) is a §-boundary ball if it is §r-GH close to Bi& (0).

N
Given a §-boundary ball B{(x) and a §-isometry W : BF* (0) — Bj(x) we
set

Ex,1 =V ({xy =0}). “4.1)

When B, (x) is a §-boundary ball we will consider the approximate singular
set Ly, that can be introduced in the analogous way.

Remark 4.2 The following property is an easy consequence of definitions.
Given a §-boundary ball B;(x), a §-isometry

v B (0) > Bi(x)

and y € Ly 1, any ball B;(y) C B/(x) is a 8s~!-boundary ball.
We now introduce the relevant notion of a neck region for this paper:

Definition 4.3 (Neck region) Fix ¢, § € (0, 1/2), an integer N > 1 and 7 :=
10719V Let (X, d, 5N, p) be a pointed noncollapsed RCD(—¢&(N — 1), N)
metric measure space. We say that N C By (p) is an (g, §)-neck region if
there exist a closed set C C Bj(p) and a function r : C — [0, 1/8] such
that ' := B2(p)\ Urec By, (x) and, setting Cp := {x € C : r, = 0} and
C+ = C\(y, the following hold:

(1) the family {Br% (x)}xec C Ba(p) is disjoint;
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(ii) foranyx e Candry <r < 773, B.(x) is an 82-boundary ball, i.e. there
exists an £2r-GH isometry

RN
U, : B, T(0) = B,(x); 4.2)
(iii) setting Ly, := Wy ({xy = 0})

CNBy(x) C Baer(Lyy) and Ly, N Br(x) C Byps,, (C) (4.3)
foranyx e Candry <r < 73,
(iv) there exists a 8*-splitting map u : B,4(p) — RN ~1 such that, for any
x € Candry <r < 773 it holds that

u: B (x) > RV~ isa 8-splitting map (4.4)
and

r? ][ | Hessu|?> do#N < rs2. (4.5)
By (x)

Remark 4.4 In fact, it will follow from the construction that Lipr, < 72,

As in [29,56] we introduce the packing measure as an approximation of the
Hausdorff measure restricted to the top dimensional singular stratum.

Definition 4.5 Given any neck region N = B(p)\ Uyec B,x (x) we shall
denote by u the associated packing measure defined by

=N Co+ Y sy (4.6)

X€C+

Remark 4.6 Informally, aneck region N := By (p)\Uyec B,X (x) is the portion
of the boundary ball B> (p) that we are able to control at any scale and location.
It comes with a closed set C, which approximates the boundary of the space,
and good harmonic splitting maps u : By(p) — RY~!. Any ball centered at
x € C with radius r > ry looks like a ball in the Euclidean half space, and
u: B, (x) — RN~ s a §-splitting map.

The union of balls {B,X (x) : x € Cy} is the set where we are not able to
control neither the space nor the harmonic splitting functions. A fundamental
step in our work is to prove that U, ¢ E,X (x) is small (cf. Theorem 4.13).

The packing measure p has to be understood as an approximation of the
volume measure of the boundary.

Let us explain the meaning of each item in Definition 4.3. Condition (i)
guarantees that we do not overly cover the bad set. Conditions (ii) and (iii)
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play the role of a Reifenberg condition on the singular set, still they are not
sufficient alone to prove rectifiability, which requires the combination with (ii)
and (iv). Condition (iv) says that u : Ba(p) — RN is well-behaved on any
ball B,(x), where x € C and r > r,.

Remark 4.7 With respect to the notions of neck region adopted in [29,56]
here we chose to put the harmonic §-splitting map directly into the definition.
Building §-splitting maps that control the geometry of neck regions requires a
great amount of efforts and several ideas in codimension greater or equal than
two, as in [29,56]. Here instead we heavily rely on the fact that we are working
in codimension one and the L2-Hessian bounds for harmonic §-splitting maps
propagate well thanks to a weighted maximal function argument, as pointed
outin [31].

Remark 4.8 1t follows from Colding’s volume convergence theorem [37, The-
orem 1.3] (see also [28,32]) that there exists a function ¥ := W(g, N)
depending only on N and going to 0 as ¢ — 0 such that, if B,(x) is an
e-boundary ball, then

AN (B, 1

In particular, if N' = By(p)\ Uxec l_?,x (x) is an (¢, §)-neck region, then (4.7)
holds for any x € C and forany r, <r < 773,

4.1 Structure of neck regions

The aim of this subsection is to prove a structure theorem for neck regions,
its relevance will be clear after Sect. 4.2 where we are going to prove that
neck regions can be built on any ball sufficiently close to a ball of the model
half-space.

Let us recall that the main goal of the present paper is to prove rectifiability
and measure bounds for the singular stratum of codimension one on noncol-
lapsed RCD spaces together with stability under noncollapsing convergence.
In this regard Theorem 4.9 is a key building block since, together with Theo-
rem 4.13, it tells that our desired properties hold, up to a controlled error, on
balls close to the model ball.

Theorem 4.9 (Neck structure theorem) Let N € N, v > 0,0 < ¢ < 1 be
fixed, and letn < n(N,e)and§ < §(N, v, &). Then for any (n, 8)-neck region
N = Bz(p)\ErX (C) of an RCD(—n(N — 1), N) space (X, d, 7#N) satisfying
SN (B(p)) > v it holds that:
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() u : C — RN~is bi-Lipschitz with its image, more precisely
[lu(x) —u(y)| — d(x, y)| < ed(x,y) foranyx,y eC, (4.8)

where u : B.—4(p) — RN s as in Definition 4.3 (iv);
(ii) there exists c = c(N) > 1 such that, denoting by | the packing measure
as in (4.6), we have

VT < (B (x) < eV foranyx € Candry < v < 2; (4.9)

(iii) at any x € Cy the tangent cone is unique and isometric to Rﬁ .

Remark 4.10 Let us comment on the different parts of the statement of Theo-
rem 4.9.

The combination of points (i) and (ii) is the analogue of [56, Theorem 3.10]
and [29, Theorem 2.9]. Together with the existence of neck regions and the
neck decomposition theorem it can be summed up to obtain rectifiability of
the top dimensional singular stratum and measure estimates.

Point (iii) has an analogue in the context of lower Ricci bounds for the codi-
mension two stratum [29] and in the context of two sided Ricci bounds for
the codimension four stratum [56], where the tangent cones are also uniquely
determined by the neck structure. There is no analogue in case of general stra-
tum under a lower Ricci bound [29] however, where uniqueness of symmetries
holds in the neck region but not of the whole tangent cone.

In order to provide the reader with an intuition about the notion of neck
region and about the neck structure theorem, we present two elementary exam-
ples below. They are the counterparts of [29, Example 2.11, Example 3.1] in
the present context.

Example 4.11 (Simplest) Let (X,d, V) = (RY, deyer, #V) be the
Euclidean half-space. Let u : Rﬁf — RN~I be the map whose compo-
nents are the coordinates of the RV~! factor of Rﬂ\r’ = RV x R,. Let
C c B(ON~1) x {0} be any closed subset and r : C — [0, 1/8] be any
function with Lipr < 72 and such that the family {Brzrr (X)}rec C B2(0V) is
disjoint. Then it is straightforward to check that N := By (p)\ Uyec f_?rx (x)1s
a (0, 0)-neck region with associated splitting map u.

Notice that in this case the rectifiability and the Ahlfors regularity of the
packing measure follow since C C RN-I canonically and {B;, (x)} form a
Vitali covering. Moreover, if one looks for a maximal neck region the natural
choice in this case would be to consider C = B>(0VN~!) x {0} and r = 0.

Example 4.12 (Conical) A less elementary example of neck region can be
constructed considering a conical singularity.
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If we denote by I; the closed interval of length O < ¢ < 7, then the cone C (/)
endowed with cone distance and Hausdorff measure .72 is an RCD(0, 2)
space with boundary. For ¢t = m we obtain a half-space, while for 0 < ¢ <
7 it corresponds to a convex region inside R? with boundary dC(/;) and a
singularity at the origin 0 € C(1;).
If 7 —t < &2 then we can find a harmonic §*-splitting map u : B,-4(0) - R,
thanks to Theorem 3.8. A first important difference with the previous elemen-
tary situation is that |Vu(x)| — 0 as d(x, 0) — 0. Therefore u cannot remain
8-splitting at all scales r > 0 on B, (0).
Nevertheless, if we consider 7 — ¢ < &2, choose any t2-Lipschitz function
r : dC(l;) — [0,1/8] such that r(0) > ¢ and any closed set C C dC([;)
such that { B2, (x)} is a disjoint family, then it is possible to check that N =
B> (0)\ Uyec Erx (x) is an (¢, 6)-neck region.

The construction can be generalized to any dimension by taking the product
with RV =2,

Proof of Theorem 4.9 (i). Let us fix x, y € C and set r := (272)~!d(x, y).
Assuming without loss of generality that ry, > r,, we have r, <r < t3asa
consequence of (i) in Definition 4.3. Therefore, by (iv) in Definition 4.3

u: B (x) > RV isa 8-splitting map. (4.10)

Let ¢/ < ¢ to be fixed later. Assuming § < &(¢, N), Theorem 3.8 yields
the existence of a one dimensional manifold (Z, dz, z) and a function f :
Bd(x,y)(x) — Z such that

Fi=(u—ux). f) : Badieyy@) — Bog <2((0,2))
4.11)

isa2d(x, y)e’-GH isometry. Since 2d(x, y) > 2r,, taking into account Def-
inition 4.3 (ii) and Remark 4.2 we know that Byqy,,)(x) is a 72n-boundary
ball. Therefore the triangle inequality gives

R! - ,
Ao (Byg, 1) (0), Biy, ) () <2d0x, (x P n+6). (412

Hence, choosing 1, ¢’ < &(N), we can apply Lemma 4.15 below concluding
that

N

R
F=@—u(). f): Byg, ,(0) B%g(x’y)(O) (4.13)

is a 2d(x, y)&’-GH isometry. In order to get (i) it suffices to check that

£ @] < 30(e’ + 2t md(x, ), forany z € CN Big, ) (x). (4.14)
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Indeed (4.14), when plugged in the defining condition of GH-isometries
[IF(x) = F(y)| = d(x, y)| < 2d(x, y)é, (4.15)
gives the sought conclusion provided &', n < C(e, N).

To check (4.14) we rely on (iii) in Definition 4.3. Set s := %d(x, y) to ease
notation and recall that 27 25 > ry. Observe that

RY RY . , ) .
FoW, 5 2 :B;"(0) - By "(0) isa2(¢’ 42t~ “n)s-GH isometry,

therefore Lemma 4.15 gives

FoWw, 2 (fxn =01 C Bygryne—2y,(xy =0 = fxy < 10" +2c *p)s}. (4.16)

By (iii) in Definition 4.3 C N By,—2,(x) C Bygpr—2,(Wy 2r-2,({xny = 0})), we
conclude that

F(CN Bs(x)) C F(Bygyr-2,(¥y pr25({xy = 0)))

C Bagerpar-2gys (F 0 Wy gr2i (lxy = 01) C fay < 30(e" + 21 2p)s},

yielding (4.14).
(ii). We begin by showing that

(B (2)) < crV~! foranyz eCandr, <r <2. (4.17)
Fix z € Cand r; < r < 2. Recall that by 1) in Definition 4.3,

{szr (x)}{xec, ) 1s a disjoint family. (4.18)
2 x

In view of (i) we know that u : B,(z) NC — B3, (u(z)) is a (1 + &)-Lipschitz
map, therefore

d(u(x), u(Cp)) > (1 — 8)r2rx for any x € C+ N B-(2), (4.19)

and

uCnB.@HU ) B )| CByw). 420)
XAz, xeB(NCy
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Then we can estimate

w(B () =" BN+ > N
X€B,(2)NC+

< (N)AN " wu(Co N Br(2)))
tdwy Y AT B W)

x#z, Xx€B, (z2)NC4
+ (N AN (B2 (w(2)
21z

<) (%N—I(Bar(u(z») + B, (u(z))))
<c <rN_1 + rZN_1> <cerNTL
Let us now show the opposite inequality:
W(Br(2)) = N for anyz€Cand0 <r <2. (4.21)

Observe that, by the very definition of packing measure (4.6), it is sufficient
to verify (4.21) for radii r such thatr, < r < 2.
Letus fix z € Cand r, < r < 2 as above. It suffices to prove that

Brsu@) CuCN BV | B ). (4.22)
x€C+NB.(2)

Indeed (4.22) gives

WN-1

Wﬂv—l < AN wCnN BN+ Y AN (B, W)

xeC1NB,(2)
<+ AN CoNB @) +ona Y !
xeC4+NB,(2)
< C(N)u(B (2)).
Let us check (4.22) arguing by contradiction. Set for simplicity u(z) = 0. If

the conclusion is false we can find w € B,/3(0) such that w ¢ B,X (u(x)) for
any x € C N B,(z). Then we can set

s:=inf{sy : x e CNB,(z)and w € By (u(x))}. (4.23)

Observe that, by the very definition of s, it holds that /8 > s = sy > ry
for some x € C N B,(z). Therefore the ball B(x) is an n-boundary ball and
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u : By(x) — RN~ is §-splitting. Hence, arguing as in the first part of the
proof, we can complete u to an se’-GH isometry

F:=(u, f): By(x) — BAIWRJr ((u(x),0)), (4.24)

N
provided § < §(N, &’), for some ¢’ < 1/8. Since (w, 0) € B_]YRJ’ ((u(x),0)) we
can find y € L, ; such that |u(y) — w| < 2s¢’.
Moreover, thanks to the second inclusion in (iii) of Definition 4.3 there exists
y' € C N Bys(x) such that d(y, y') < 103¢s. This implies that

lu(y') — w| < u(y) —u(y)| + lu(y) — w|
< Lipud(y,y") 4 2s¢’ < (103t Lipu + 2¢')s < s5,(4.25)

since u is (1 + C(N)«/S)—Lipschitz and T < 10~%, cf. with Remark 3.3.
We claim that Byg(x) C B, (z). In order to prove this claim let us first point
out that

lu(x) —u(@)| < |lulx) —wl+uz) —w| <r/8+r/8=r/4. (4.26)
Hence, since by the result of the previous step,
llu(x) — u(@)| — dx, 2)| < ed(x, 2), (4.27)

we can infer that, if ¢ < £(N), then d(x, z) < 2r/4 = r/2. In particular, since
we already pointed out that s < r/8, we obtain that By(x) C B,(z), as we
claimed.

This gives (4.22), since (4.25) and the inclusion By (x) C By (z) contradicts
the minimality of s.

(iii). Let (Y, o, ", y) be a tangent cone at x € Cp, originating from
a sequence r, | 0. From (iv) in Definition 4.3 we know that there exists
Uso 1 ¥ — RN~ satisfying

(a) Hessuoo =0,
) [, IV ttoo)a - V1ol —8ap| N < C(N)S.fora,b=1,....N—1,

as a limit of the sequence

d N
U, :=u:(X,— x>—>RN_1 asn — 00.

9 9
ry N

This can be easily checked with a by now standard argument, relying on the
convergence and stability results of [7,8].
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By the functional splitting theorem (cf. [14, Lemma 1.20]), Y splits off a factor
RY=1 Moreover, it is a metric cone and it is not isometric to RY, thanks to
Definition 4.3 (ii). Therefore it is isometric to R . O

4.2 Existence of neck regions

The aim of this subsection is to prove that on any ball of a noncollapsed
RCD(—(N — 1), N) space, which is sufficiently GH-close to the model ball
on the half space

N
B (0) c RY (4.28)

it is possible to build a neck region.

It is worth noting that, for the sake of proving stability results, it is key to
construct neck regions quite carefully. If we were to build neck regions that
are much smaller than they should be, then the construction would not force
the presence of boundary points in S¥~'\SV~2 on regions which look like
half spaces.

For this reason below we are going to prove that neck regions verifying an
additional maximality condition exist, once we assume closeness to the model
boundary ball.

Theorem 4.13 (Existence of maximal neck regions) Let v := 1070V,
0 <e < elN),s <8 N)andn < n(e 8, N). If (X,d, V) is an
RCD(—n(N — 1), N) m.m.s., p € X and By,-+(p) is an n-boundary ball,
then there exists an (g, 8)-neck region N' = Ba(p)\ Urec Brx (x) on By(p)
which additionally verifies the following maximality condition:

pwCpy =Y ri ' <e (4.29)

xeCq

Remark 4.14 The combination of (4.29) with the lower Ahlfors bound in The-
orem 4.9 (ii) and Theorem 4.9 (iii) implies that on n-boundary balls there exists
a bunch of boundary points in S¥~1\SN 2.

This is the starting point of our rigidity and stability and it is unique to the
codimension one setting. Indeed, as it is pointed out in [29], for neck regions
on smooth Riemannian manifolds, Cy is always empty (there is no singular
set). Instead, the combination of (4.29) and Theorem 4.9 above provides an
analytic proof of a quantitative (and more general) version of the fact, proved
in [28], that smooth Riemannian manifolds with lower Ricci curvature bounds
cannot converge without volume collapse to a half-space.
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4.2.1 Auxiliary results

Before proving Theorem 4.13, we prove three key lemmas. The first one deals
with en elementary property of one dimensional Riemannian manifolds with
boundary, the second one deals with the propagation of the §-splitting property,
the last one is the fundamental iteration step in the proof of Theorem 4.13.

Lemma 4.15 (One dimensional rigidity) There exists eg > 0 such that, if
a pointed one dimensional Riemannian manifold (possibly with boundary)
(Z,dz, 2) satisfies

du (B{(0), BZ(2) < & < &, (4.30)

then there exist 0 <a <e <1 —¢& < b < o0 such that Blz(z) is isometric to
the ball of radius one centered at a € [0, b).

Proof Observe that dZ # ¢, since any ball of radius one in S!(r) for some
r > 0,orin R is &g far from BIRJr (0), provided gq is small enough. This implies
that Z is isometric to [0, b) for some b < oco. Itis now immediate to check that
a ball of radius one in [0, b) is e-close to B]lR+ (0) if and only if it is centered
atsome point) <a <eandb >1—¢. O

Next we give a general auxiliary result about the propagation of the §-
splitting property. Basically, it amounts to saying that given a §-splitting map at
acertain location and scale, the §-splitting property, up to slightly worsening &,
propagates if we can control the Hessian in a slightly better than scale invariant
sense. We refer to [56, Lemma 5.91] and to [17] for previous appearances of
this argument.

Lemma 4.16 Let 1 < N < o0 be fixed. There exists C = C(N) > 0 such
that for any RCD(—(N — 1), N) metric measure space (X, d, m) with p € X
the following holds. If u = Bx(p) — RF is a §-splitting map with x € By (p)
such that
s][ |Hessu|2dm§81/2, forany 0 <r <s <1, 4.31)
Bs(x)
then u : By(x) — RK is a C(N)8'/4-splitting map for anyr < s < 1.

Proof 1t is enough to check that
][ |Vig - Vup — 8apl dm < C(N)8* forany 0 <r <s <1, (4.32)
B (x)

fora,b=1,...,k.
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Let us set f,p = |Vug - Vup — 84| and note that |Vf,,| <
2C(N)(| Hess u,| + | Hess up|), here we have used (i) in Definition 3.1. Using
this bound, the local Poincaré inequality (cf. [80,88]) and (4.31) we deduce

fa,b dm _][ fa,h dm
Bs(x) BJ/Z(X)

= C(N)S][ IV fa,p] dm
Bs(x)

12
<2C(N) (szf |Hessua|2dm+s2][ |Hessub|2dm)
By (x) Bs(x)

< 4C(N)s\As1-112

forany 0 < r < s < 1. Applying a telescopic argument it is simple to see that

f fu,b dm — ][ faﬁb dm
Bi(x) Bs(x)

Therefore, using that u : By(p) — RX, is a splitting map we deduce

<CN)8Y*  forany0 <r <s <1. (4.33)

fapdm < Ja,pdm — fab dm' + fa,pdm
By (x) By (x) By (x) By (x)
<CN)§* +C(N) fapdm
Ba(p)
<C(N)s'*,
therefore yielding (4.32). O

The next lemma is the main iterative step in the construction of maximal
neck regions over boundary balls.

Lemma 4.17 (Iteration step) Let T = 107N and y € (0, 1/4) be fixed
with &g as in Lemma 4.15. For any ¢ < 2y AN ¢&o/2 and § < 8(¢,y, N) the
following property holds. Given an RCD(—g(N — 1), N) m.m.s. (X, d, N,
an £2-boundary ball By(p) C X and k € N, if there exists a §*-splitting map
u: Bzy—k(p) — RNV such that

r4)’m][ |Hessul*d#N < 8% form =0,....k,  (434)
Br4y7m (p)

then there exists a covering

Bi(p) N Ly C | Baesy (xa) | Bacsy (xp), (4.35)
o B
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where

(i) the family {B,4y (xg)} U {B,4y (xp)} is disjoint;
(ii) for any a, By (xy) is an sz-boundary ball such that

r4y][ | Hess u|> d#N < §2
B4, (%)

with
u: By(xg) > RN ¢ Cy n§-splitting map for any s € [1'2)/, y_k];
(4.36)

(>iii) for any B,

hy ][ |Hessu|> 2N > §2%; (4.37)
B4, (xp)

(iv) X € Byye(Lp2) for any o, and xg € L, » for any B.

Proof We choose § = é(¢, y, N) given by Theorem 3.8 such that any ball
endowed with a C), yd-splitting map is g2 /2-close to a ball in a space splitting
RN~! where C y,N 1s the constant in (4.40) below.

Let {B,3, (xz)} be any covering of Bi(p) N L) 2 with xg € L) » and such
that {Br4y (x¢)} is a disjoint maximal collection.

Given & such that

thy ][ | Hess u|? do#N < 82, (4.38)
B4, (x¢)

one has

s][ |Hessu|> d#N < C),,N(S2 forany ty <s < ry_k, (4.39)
BS(XS)

as a consequence of (4.34). Therefore, by Lemma 4.16,
u: Bg(xg) — RV s C,,nd-splitting for any s € [Ty, ry_k]. (4.40)

In order to conclude the proof we just need to prove the existence of x, €
By ¢ (x¢) such that By, (x4) is an 82—boundary ball.
To do so notice that the following properties hold:
—1.2
€

(@) Bgy(xg)isa 21 y -boundary ball;
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(b) there exists a one dimensional manifold (possibly with boundary) (Z, dz)
such that

don (Bay (x). B, *7((0.2))) < 2y, (4.41)

The property (a) follows from Remark 4.2 while (b) comes from (4.40) and
Theorem 3.8.

Let us finally prove that (a) and (b) imply the existence of x, € Bay ¢ (x¢)
such that By, (xy) is an 82—b0undary ball.

By exploiting (a), (b), the triangular inequality and our choice of &, we
deduce

R]
dou(By, (0), B, (2) <26% +2ye” <8ye <sody.  (442)

Therefore by Lemma 4.15 (in scale invariant form) there exist0 < a < 8ye <
4y — 8ye < b < oo such that

N—1 x
don(Bay(xe). By, P10, a))) < 2y&. (4.43)

Denoting by ¥ : BﬁN IX[O’b]((O, a)) — Bua,(xg) any 2ye>-GH isometry,
we set xo = W(0). It is easily seen that x, € Bay:(xz) and By, (xy) is an
¢2-boundary ball (compare with Remark 4.2).

Changing x¢ into x4 in the above considered case and relabelling x¢ as xg
in the other one, it is easily verified that the family {B, (xo)} U {B) (xg)} has
the sought properties. O

4.3 Strategy of proof of Theorem 4.13

The overall strategy is similar to those [29, Proposition 10.5], [56, Proposition
7.13, Proposition 7.26] and [ 72, Theorem 5.4]. The key difference with respect
to [29] and [56] is that we wish to build neck regions whose geometry is
controlled by the same §-splitting map. Moreover, as we already pointed out,
we need to prove that bad-balls B, (x) with x € C4 have small (N — 1)-
dimensional content.

The first step in the construction is based on the iterative application of
Lemma 4.17. It turns that the outcome of this construction is a decomposition
which shares most of the properties of neck regions with a subtle difference:
there might be nearby balls with uncontrollably different sizes. This implies
in turn that the second inclusion in condition (iii) of Definition 4.3 needs to be
relaxed to a slightly weaker inclusion, where we do not look below the scale
ry near to a point y € C4, cf. with (4.45) below.
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Definition 4.18 (Weak neck region) Fix ¢,6 € (0,1/2), an integer N > 1
and v := 10710V Let (X, d, sV, p) be a pointed RCD(—&(N — 1), N)
metric measure space. We say that N' C B(p) is a weak (&, §)-neck region
if there exist a closed set C C Bi(p) and a function r : C — [0, 1/8] such
that N’ := By(p)\ Uxec By, (x) and, setting Cy := {x € C : r, = 0} and
C4+ := C\(Cp, the following hold:

(1) the family {Bf4rx (x¥)}xec C Ba(p) is disjoint;

(ii) foranyx e Candry <r < 4, B, (x) is an 82-boundary ball, i.e. there
exists an £2r-GH isometry

RN
W, By +(O) — By (x); (4.44)

(iii) setting Ly , := W, ,({xy = 0}), it holds that
cn Br(x) C B28r(£x,r) and ;Cx’r N Br(x) C BlOOT3 max{r,ry}(c)’ (4.45)

foranyx e Candry <r < 74, where we denoted by

B10o.3 max{r,ry} © = U Bipoe3 max{r,ry}(y); (4.46)
yeC

(iv) there exists a §*-splitting map u : By, -4(p) — RN ~1 such that, for any
x € Candry <r < t—%itholds that

u: B (x) — RV! isa 8-splitting map 4.47)

and

r? ][ |Hessu|> d.#N < C(N)ré8>. (4.48)
B (x)

The packing measure associated to a weak neck region is defined as in the case
of neck regions, cf. with Definition 4.5.

The outcome of this first step will be a weak neck region for which we can
additionally prove a small content bound for bad-balls, cf. with (4.49) below.
This is due to the fact that in Lemma 4.17 we only stop the decomposition
when the Hessian bound fails. Since we start with a Hessian bound on the
ambient ball, this allows to get a content bound for bad-balls via a standard
weighted maximal argument.

Proposition 4.19 (Existence of weak neck regions with content estimates) Let
7 := 10710V, Forany(0 < e < &(N), foranyé < §(e, N)andn < n(e, 8, N)
the following holds. If (X, d, #N) is an RCD(—n(N — 1), N) m.m.s., p € X

@ Springer



Boundary regularity and stability for spaces 831

and By,-4(p) isan 17_-b0undary ball, then there exists a weak (&, §)-neck region
N = By(p)\ Uxec By, (x) on Ba(p) which additionally verifies

uCp =Y ' <e (4.49)

XEC+

Once we have built a weak neck region we need to refine the construction to

get a neck region out of it, also keeping the small content bound for bad balls.
This will be achieved refining the approximate singular set and regularizing
the radius function r,.
Via this procedure we might be enlarging the set C of centers of bad balls and
the new bad balls might not verify anymore the maximality condition (4.37).
The key observation will be that the new center points are all near to old center
points at the right scale. Then the structure Theorem 4.9 allows to turn the
small content bound for the weak neck region into a small content bound for
the neck region.

4.3.1 Proof of Proposition 4.19

Base step. Let us fix a scale parameter y = 1/8,& < e(N)andd < é(¢, y, N)
as in Lemma 4.17. We consider n < n(N, 84) such that, by Theorem 3.8 (i),
there exists a §*-splitting map u : B,,—+(p) — RV ~1.

Let us apply Lemma 4.17 with k£ = 0 to obtain a covering

Bi(p) N L1 | Barsy (e | Bars, (xp). (4.50)
« 8

where

(1) the family {Br4y (xolt)} U {BT4}, (xé)} is disjoint;
(ii) a-balls By, (x}) and B-balls By, (x é) verify the following:
(a-balls) for any o, By, (xoll) is an 82—b0undary ball and

u: Bs(xl) - RN"! isa C, yé-splitting map for any s € [¢*y, 1];  (4.51)

(B-balls) for any B, T4y fB 46D |Hess u|?> d#N > §2;
™y
(iii) xoll € By (L)) for any o, and x/lg € L, for any B.

Iteration steps. Observe that
N = Ba(p)\ [ | Bray ) U Br2y (xp) (4.52)
o B
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is easily seen to be a neck region. However, it could be that this neck region
is not nearly maximal and can be extended. Therefore we wish to iteratively
refine the construction by decomposing the «-balls in the decomposition via
Lemma 4.17.

To this aim, let us apply Lemma 4.17 with k = 1 and same choice of
parameters as in the base step of the iteration to any approximate singular set
L, 1y (after scaling the scale y to scale 1).

We obtain a covering

(U z:xolpy) \J Bes, @) € (U Baesy2 6 U Barsy2(xp)  (4.53)
o B o B
such that B4, (xg) and B 4,2 (xé) are disjoint,
s3e (UL \U By h (4.54)
o B
and
x2e (UBzyzgﬁx;’y>\UB,3y(xé). (4.55)
o B

Moreover, the balls in the covering are labeled as a-balls or B-balls according
to the convention of Lemma 4.17. In particular:

e for any center of «-ball xg, it holds that B, (xé) is a y ~!e?-boundary ball

forany y? <r < t~*and

14)/1‘][ Hessu|?>d#N < 8% fork=0,1,2.  (4.56)
B 4k (x3)
e for any k = 1, 2 and any centre of S-ball x'g, it holds that
t4yk][ |Hess u|> d#N > §°. 4.57)
Bk (Xf;)

Moreover, being y < 1/4,the balls Bra,2 (xg) and B4, (xé) are also mutually
disjoint with all the balls By, (xp).
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At this stage of the decomposition we have a weak neck region

N?:= By(p)\ UBz(xZ)U U UBy,(xﬁ) . (4.58)

1<j<2 B
Observe that after this second step we pass from a neck region to a weak
neck region since there might already be balls of different sizes nearby. As
we already pointed out this motivates the necessity for a refinement of the
construction later on.
After repeating this decomposition i times, decomposing at each step the

a-balls via Lemma 4.17 (applied with k = i after scaling each «-ball to radius
2), we get an approximate weak neck region

"= Ba(p)\ UB v J UBuep | @59
I<j<i B

The balls in the covering in particular satisfy the following:

e for any centre of a-ball xé, it holds that B, (x(’;[) is a y ~!e2-boundary ball
forany y! <r < t~*and

t4yk][ [Hessu|>d#N < 8% fork=0,1,...,i. (4.60)
B_4_ i (x})

e forany k = 1,2,...,1i, and any centre of S-ball xllé, it holds that
t4yk][ |Hess u|> d#N > §°. (4.61)
B 4k (xf)
Limiting argument. Set

= {x,}. (4.62)

By construction (cf. with (4.54) and (4.55)) we have
cit' C Bi(Cl). (4.63)

Therefore, we can define the Hausdorff limit

Co := lim C’ . (4.64)

i—00
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By letting i — 0o and passing to the limit the weak neck regions A in (4.59),
letting

= {xg} = (J{xp), and ry, =y ifxp = x}, (4.65)
i
we get

N = By(p)\ | CoU | Bry(xp) | = Bap)\ | CoU | ] B, (x) | . (4.66)

ﬂ x€C+

By construction, the balls B_4, (x) are disjoint for x € C.,
r4rx][ Hessu|* d#N > §°. (4.67)
B4 (x)

Passing to the limit the bounds in the intermediate steps of the construction
it is possible to infer that A is a (y ~'e, 8)-weak neck region.

Content bound. Let us now verify the small content bound (4.49). Taking
into account the disjointness of the balls B4, (x) for x € C+ and (4.67) we
can estimate

> o 572 | Hess u|> d.s#N

xeCy xeCy Bray, )

AN (Bya,, (X))

55—2/ | Hess u|® do#N
B> (p)

< C(N)(S_z][ | Hess u|> d.o#N
Bx(p)

<C(N, 1)8°
=C(N)8* < e.

The sought conclusion follows from Remark 4.8, which yields % N (B4, (%))
> oy ()N,

4.3.2 Proof of Theorem 4.13

We can now complete the proof of the existence of neck regions, together with
the small content estimate. First we are going to apply Proposition 4.19. Then
we refine the approximate singular set and the radius function to get a neck
region. In the last step of the proof we prove the content bound relying on
(4.49) and on the structure of neck regions Theorem 4.9.

@ Springer



Boundary regularity and stability for spaces 835

Refinement of approximate singular set and radius. Let ¢/, 8" > 0 to
be chosen later in terms of ¢, § and N. Given n < n(¢’,8’, N) we apply
Proposition 4.19 with &¢” and 8’ in place of ¢ and § to obtain a weak neck region

N=B(p)\|CGu | Br® . (4.68)

i€é+

Let y = 1/8 be the iteration scale in the proof of Proposition 4.19.

In order to refine the weak neck region N, let us build an approximate
singular set S as follows. For any x € By(p) we denote by X € Ca point
verifying d(C, x) = d(&, x) and set s, := 2 max{d(C, x), 7;}.

We say that x € By(p) belongs to Sifx e UyeéBrF; (y) and

X € B, Ls g, - (4.69)
Now, let us define a radius function on S as
re := 2 max{d(x, C), t*7;}. (4.70)

It is easily seen that Lipr, < t2,C c Sandr, =0 for any x € Co.

Choose amaximal disjoint collection { B;2, (x), x € &} whose set of centers
C = Cp U Cy. satisfies Cg = Cp and C. C Cy.

We claim that

N i=Bap)\(Go U | B, () (“.71)

x€C+

is an (&, §)-neck region for &’ < &’(e, N) and 8’ < §(¢, 8, N).

Proof of the neck region properties for A\/. The Vitali covering condition
(i) in the neck region Definition 4.3 is satisfied by the construction. Moreover,
as we already pointed out, it holds Lipr, < 2.

Next, note that B, (x) is an (&’ 2r‘6)—boundalry ball forall x € C and r, <
r < yt~*. This follows from Remark 4.2 thanks to the following observation:
with this choice of parameters, all the balls B, (¥) for ¥ € C and r > 75 in the
weak neck region are y ~!'&¢’>-boundary balls and the center point x belongs to
the approximate singular set by (4.69).

Since y ~'e”217% < ¢2 for &’ < ¢/ (N, ¢), this proves condition (ii) in Defini-
tion 4.3.

The first inclusion in Definition 4.3 (iii) is also satisfied by the very con-
struction of S, since the center points all belong to the approximate singular
set above their own scale.
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Let us now verify the second inclusion in (iii) of Definition 4.3, which is
the main reason for the refinement of the weak neck region N into N. ~
Letx € Candry <r < t73.Then,if ¥ € Cissuch thatd(x, ) = d(x, C),

Ly, N By(x) C By,—2, (%), (4.72)

since r > r, > t2d(x, X) by (4.70).
The cone splitting Theorem 2.19 gives

Ly N Br(x) C Brr/4(£2,21*2r) (4.73)

for ¢ < ¢(N). The application of the cone splitting theorem is justified by
the fact that, as we already pointed out above, the balls By (x) and B;(x) are
82—b0undary balls for s > r, and t > ry.

In order to get (iii) of Definition 4.3 it is enough to see that

Ei,Zt*Zr N By (x) C Baoor max{2r,ry}(c)- 4.74)

Indeed, if (4.74) holds, then the Lipschitz property Lip r, < 72 gives

(4.73)
Lx,r NB,(x) C Brr/4(£,€,21*2r) N B (x)

4.74)
C  Baoor maX{Zr,ry}(C) N B (x)

C B3 (C N B3 (x)).

Let us prove (4.74). _
The property (iii) in the definition of weak neck region N (see Definition 4.18)
gives the inclusion

‘Cf,Zr’zrCElO()ﬂmaX{ZI*Zr,f}:)(é): U rBaoorr (§) U U rEI()()ﬁf-)-,@)‘ (4.75)

Fy<2t2 Fy>2772

Moreover, the cone splitting Theorem 2.19 implies
Ls o2, N Biogrss, (5) C Boog L 27, forany § € Cwith 7y = 2%, (4.76)

for any &’ < &’(e, N).
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To finish the proof of (4.74) we are going to prove that

(B0, L5 ¢27,) N Byr2,(X) C thz();y(g) N By, —2, (%) (4.77)
C Br/4r(§) (4.78)
C Br/4max{2r,2ry}(c)' (4-79)

Let us first check (4.77). In particular we claim that L5 .2z C szo;y (S).

Given 7 € Ey,ﬂf& we consider Z € C such that d(z, 7) = d(z, €). If d(z, %) <

IZOF; then z € Brzofy (S), since z € S.Ifd(z, 2) > 1207’; then

Z € E_;v,tzf)-, m BSZ (Z) C BESZEZ,SZs

where 5, := 2 max({d(z, ), 7z} > 2t°°F;, (4.80)

as a consequence of the cone splitting Theorem 2.19. This implies z € S by
(4.69), since we already know that z € B,z;y (y) C Uweééﬁm (w).

To prove (4.78) we rely on the inequalities rzo,;y < rlory, ry < r and
the Lipschitz bound Lipr, < 2. The last inclusion (4.79) follows from the
definition of C.

Let us now verify condition (iv) in Definition 4.3. For any x € C we consider
apointinx € C suchthatd(x, C) = d(x, ¥). Observe that, foranyr, <r < 13,

itholds B, (x) C B,-s,(x). The sought conclusion follows from

r2][ |Hessu|?> d#N < C(x, N)r—12r2][ | Hess u)? do#N (4.81)
B, (x) B, s, (%)

(4.48)
<" C(z, N)ré?, (4.82)

by choosing 8" < §'(N, §).
If » > 73 instead, the sought bound can be easily obtained by recalling that
u: By,—s(p) — RV~ lisa§ -splitting map and, again, choosing 8’ < &'(8, N).
Proof of the small content bound (4.29). By the very construction of the
neck region N, the following holds:

¢y c | Ber (). (4.83)

xeCy
Moreover, for any & € C; and for any x € Cy N B (x) it holds that
re < %% < iy, (4.84)
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by definition of radius function (4.70).
Denoting by i the packing measure of the neck region NV as in Definition 4.5,
it holds

3 (4.83) _
Yo =) = ) u(Be (D) (4.85)
xeCq FeCy
(4.84) (4.9)
< N) Z Fév_l (4.86)
i€é+
(4.49) ,
< C(N)é <e. (4.87)

5 Neck Decomposition

The main result of this part is Theorem 5.1 below. Its proof is based on the
combination of the following three ingredients:

e the boundary-interior decomposition Theorem 5.2, dealing with a decom-
position of the space into a singular part, regular balls and boundary balls
with content bounds;

e the existence of neck regions Theorem 4.13;

e the structure theorem for neck regions Theorem 4.9.

The covering arguments needed in the proof are essentially those of [56, Sec-
tion 7] (see also [29, Section 10]) and we will only sketch them in most cases.

Theorem 5.1 (Neck decomposition theorem) Let n > 0 with § < §(N, v, n)
and consider a noncollapsed RCD(—(N — 1), N) m.m.s. (X, d, #N). For
any p € X such that 7N (B1(p)) > v, there exists a decomposition

Bi(p) €| (WNa N By, (xa)) U By, (xp) US®™, (5.1)
a b

8™ | (Coa N By, (xa)) US>, (5.2)
a

such that the following hold:

(i) for any a, the set N, = By, (xa)\érx (Cp) is an (n, §)-neck region with
(N — 1)-singular set Co., C Bar,(x4);
(i1) for any b, the ball By, (xp) is (N, n)-symmetric and rl% <n;
i) Y, rN =+ 3, VT NS < C(N, v, 8, );
(iv) it holds N~V (S%") = 0;
(V) the singular set S>" is (N — 1)-rectifiable;
vi) ifn < n(N,v) and 8 < 8(N, v, n), then SN~1\SN=2 c §%1.
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The Neck decomposition theorem provides a quantitative covering of B (p)
in terms of sets that we know how to control at any scale. In the decomposition
we have:

(a) (N, n)-symmetric balls B,, (x;,). They cover the “interior” of the space and
look Euclidean at any scale and location;

(b) neck regions N; = By, (xa)\érx (C,), where balls centred at x, € C, look
like boundary balls at any scale above r,;

(c) thesetS%". Thisisan (N —1)-dimensional set covering the actual boundary
of the space up to an .7V ~!-negligible set.

What makes our covering quantitative is the content bound (c). This is the key
ingredient to prove sharp estimates on the size of tubular neighbourhoods of
the boundary.

The essence of the Neck decomposition theorem is well illustrated in the
case of the convex region C(/;) introduced in Example 4.12, where I; is an
interval with very small length 7. In this case neither interior 2-symmetric balls
of fixed size, nor 1-symmetric boundary balls of fixed size can get too close to
the singular point. Therefore one is led to consider a covering with infinitely
many regular balls (whose radii become smaller and smaller when the centres
get close to the singular point) and infinitely many neck regions (whose radii
become smaller and smaller as the centres get close to the singular point).
We refer to [29, Example 2.14 and 2.15] for other examples of neck decom-
positions in any codimension.

The next theorem is typically the first step in the proof of the Neck Decom-
position Theorem 5.1. We emphasize it here, as once we have proven the
e-regularity Theorem 1.2 this leads to our Boundary Structure Theorem 1.4:

Theorem 5.2 (Boundary-Interior decomposition theorem) For any n > 0 and
RCD(—(N —1), N) m.m.s. (X, d, #N) with p € X such that 5™ (B1(p)) >
v, there exists a decomposition

Bi(p) € | Br.(xa) U By, () US, (5.3)
a b

such that the following hold:

(i) the balls By,-4,, (xq) are n-boundary balls and rg <n
(i) the balls By, (xp) are (N, n)-symmetric and rg <n
(iii) S ¢ S and #N"1(S) = 0;
(iv) Y, < C(N, v, )y

W) S, rN-t < C(N,v).

The proof of Theorem 5.2 proceeds via an iterative recovering argument.
In the next subsection, we introduce various rougher decompositions which
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include different types of balls, and we show how we can iteratively get rid of
them. The arguments are those of [29, Section 10], with some simplifications
due to the strong rigidity of singularities in codimension one. We only sketch
the proofs, omitting the details and referring to [29] for all the details.

5.1 Proof of the neck decomposition theorem

Let us state an intermediate decomposition result and show how it can be used
to derive the boundary-interior decomposition Theorem 5.2. Here a different
type of balls appears, which are not n-boundary balls nor (N, n)-symmetric
balls but have a definite volume drop with respect to the background scale.

Proposition 5.3 For any n > 0 there exists vVO(N,v,n) > 0 such that,
if (X,d, #N) is an RCD(—(N — 1), N) m.m.s. and Bi(p) C X verifies
0N (B ( p)) > v, then there exists a decomposition

Bi(p) € | Br,(xa) U J By, Gp) | Br, () US (5.4)
a b v

such that the following hold:

(i) for any a, the ball By -4, (x4) is an n-boundary ball and rﬁ <n;
(i1) for any b, the ball By, (xp) is (N, n)-symmetric and r,f <n
i) Y,y + 3, N < (N L v);
(iv) >, rN1 < C(N,v);
v) S cSand #N18S) =0;
(vi) for any v, infyep,, (x,) Vr,(y) = infyep,p) Vi(y) + V0.

Let us now prove the boundary-interior decomposition Theorem 5.2. In
order to do so we just need to iteratively apply a finite number of times Propo-
sition 5.3 to get rid of v-balls in the decomposition.

Proof of Theorem 5.2 In order to prove Theorem 5.2 given Proposition 5.3 we
just need to follow the first part of the proof of [29, Theorem 2.12]. After
a finite number of iterations of the induction step decomposition we get a
decomposition with only a-balls, b-balls and a subset of the singular stratum
SN_Z- O

The remainder of this subsection is devoted to the proof of Proposition 5.3.
We are going to consider constants &, §, y, € which in general will satisfy

0<ékKd<y<e<e(N). (5.5
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We will assume additionally that (X, d, 2N is an RCD(—&(N — 1), N)
space. The general cases of all the statements can be achieved via additional
covering arguments.

Let us introduce the notation for the various families of balls we will use in
the intermediate steps of our arguments.

We recall that the set with small volume pinching has been introduced in
(2.37) and the almost cone splitting via content Theorem 2.21, to which we
refer for the various constants appearing below.

Any ball B, (x) will be of one or more of these types, indexed by letters
b,c,d and e:

(i) b-balls B,,(xp) are balls such that By, (x) is (N, n)-symmetric;
(i1) c-balls B, (x.) are balls which are not b-balls but satisfy

AN By, (Pr, s (x0) = eyrl; (5.6)
(iii) d-balls are balls B, (x4) for which P, £ (xq4) # ¥ but
AN (Byry (Prye () < ey (5.7)

(iv) e-balls B, (x.) for which P, ¢ (x.) = @.

Remark 5.4 Let us point out that any e-ball B,, (x.) can be covered by v-balls
as in (vi) of Proposition 5.3 in such a way that

By, (x) C | Br,(x)) (5.8)

and )", r) =t < C(N, v)rll

In order to do so it is sufficient to consider a Vitali covering of B,,(x.) with
balls Bg,, (xé) such that xé € B, (x.) and the balls Bg,, /5(x£,) are disjoint.
At the end of the proof of [29, Proposition 10.2] it is verified that the balls
Be/, (xé) are v-balls with vyg = £ and the content estimate follows from the
Vitali covering property.

Remark 5.5 Let us see how to recover boundary balls starting from c-balls.
We wish to prove that, for § sufficiently small, any c-ball B, (x.) is such
that B, s, (x.) is an n-boundary ball for some x; € By (x¢), in particular
By, (xc) C By, (x)).

In order to do so we argue by contradiction. Recall that the parameters are set in
such a way that the assumptions of the cone splitting via content Theorem 2.21
are satisfied. Observe that, if B, (x.) is a c-ball (see (5.6)), then there exists x/. €
Bay, (x) such that Bg-1, (x/)is (N —1, 82)—symmetric. Since by assumption
B,_(x.) is not (N, n)-symmetric, it is easy to check arguing by contradiction
that, for ¢ sufficiently small, B;-s,, (x/) is an n-boundary ball.
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Proposition 5.6 Let v > 0 be fixed. For any ¢ < e¢(N,v), y < y(N,v,¢),
8§ <8(N,v,n)and& <&(N,v,e,y,3d,n) and for any RCD(—&E(N — 1), N)
m.m.s. (X, d, #N) and B1(p) C X such that N (B1(p)) > v the following
holds. There exists a decomposition

Bi(p) € | J By, (xp) U By (xe) U J Br, (x) US, (5.9)
b c e
where we are adopting the usual notation for the various types of balls,
P A A W AR el (AP (5.10)
b c e
> oVl <N, v) (5.11)
c

and 8 C S, with #N~1(S) = 0.

Proof Specializing [29, Proposition 10.3] to the case k = N — 1, we obtain
that there exist & < ¢(N,v), Yy < y(N, v, ¢) and § < §(N, v, ) such that, if
the additional assumption ¢ N (By (P1,£(p))) < ey is satisfied (that is to say
B1(p) is a d-ball), the following holds: there exists a decomposition

Bi(p) €8q U JBr(xp) U ) Brxe) U Bro (ko). (5.12)
b c e

where

(i) N 1Sy =0;

(i) Yo,y T Y N < N, y);
(i) Y. rN"l < C(N,v).

To conclude, let us observe that, if B{(p) is either a b-ball, a c-ball or an
e-ball, then the statement is trivially verified. Therefore we can assume that
B1(p) is a d-ball and the conclusion follows from what we observed in the
first part of the proof. O

Proof of Proposition 5.3 We divide the proof into two steps.

In the first one we reduce ourselves to balls such that, after rescaling of the
space at the scale of their radii the lower Ricci curvature bound is —&(N — 1).
Then, relying on Remark 5.4 and Remark 5.5, we get the sought decomposition
starting from Proposition 5.6.

Step 1. Considering a Vitali covering of Bj(p) with balls of sufficiently
small radius we reduce to balls that, when rescaled to radius one, verify the
assumptions of Proposition 5.6. The number of these balls can be controlled
due to the Vitali property.
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Step 2. Given any ball arising from the first step, we apply Proposition 5.6.
Thanks to Remark 5.4 we cover any e-ball with v-balls keeping to content
bound. Next, relying on Remark 5.5, for any c-ball B, (x.) we find x, €
Bay, (xc) such that B -, (x4) is an n-boundary ball and we substitute the
given c-ball with the a-ball By, -4, (x4). Since By (xc) C By, (xq) we keep the
covering property and also the content bound is preserved. O

The proof of the neck decomposition Theorem 5.1 with properties 1) to
iv) relies on the iterative application of the boundary-interior decomposition
Theorem 5.2 together with the existence of neck regions Theorem 4.13 and
the structure Theorem 4.9 to take care of the content and .7 ~!-measure
estimates.

Proof of Theorem 5.1 In the following we are going to denote by B, ,(xr) a
ball which has not been identified with an a-ball or b-ball yet.

Let us start combining and rephrasing Theorem 4.13 and Theorem 4.9 in a
way convenient for our purposes: forany ¢ > 0,1 < n(e, N)and§ < §(N, n)
there exists n’ > 0 such that, if a ball B,,-4,(p) is an n’-boundary ball, then
there exists an (1, §)-neck region N' = By, ( p)\Br)C (C) over By, (p) such that

() B-(p) C (Nm B, (p))UCy U Uf Ber(xf);
(i) 2V~ (Co) = AN)FV s
(iii) the singular set Cy is biLipschitz to a subset of RN ~!;
(iv) and }_ PN < gpN-1L
(v) for any f it holds that

SN (B, (xy)) < %riN. (5.13)

Let us just point out that item (v) above follows from Remark 4.8.

In order to get the sought covering we proceed inductively. First we apply
Theorem 5.2 with n = 7’ given in the discussion above. Then we build
(n, 8)-neck regions verifying (i) to (v) above on any ball By, (x,) of the decom-
position. After this first stage of the procedure we get

Bi(p) <|J(Coa B, (xa)) U J WNa N By, xa)) U By, ) U B, (x ) US, (5.14)
a b !

with
i X, t <N, v, m);
() >, N (Cou) < AN) Y, rN 1 < C'(N, v);
(iii) S ¢ S and #N-1(S) = 0;
) Yyt <ey, i<WV, ve.
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Next we apply again the procedure above to the balls B, (xf): first we per-

form the boundary-interior decomposition of Theorem 5.2, then we build neck
regions on any new n-boundary ball appearing. At the first iteration we get

B1(p) < (U (Coay 0 Bray Ga)) UL (Way 0 Bray Gia)) UL By o) UL Bry, G U ST,
aj aj by il
with
() Yp, )Nt < C(N, v, (1 4 C(N, v)e);
(i) Y, (rap)N 7' = C(N, v)(1 +eC(N, v));
(iii Y-, AN "1(Coa) < AN)C(N,v)(1 +eC(N, v));
(iv) S} € Sand VN 1(S)) = 0;
W) XV ey T < CWN, vt
Arguing by induction, after n iterations of the scheme we get
Bi(p) < | (Coay N Bray (an)) U Naw 0 Bra, (a)) U By, G, ) U Bry, (i) U S
an by fn
with

(i) 3, )V < C(N, v, (1 + C(N, v)e + - + (C(N, v)e)");
(n-ii) >, (ra, )V ' < C(N,v)(1 + C(N,v)e +--- + (C(N, v)e)");
(n-iii) Y-, AN (Co.a,) < C(N, )1+ C(N,v)e + -+ + (C(N, v)e)");
(n-iv) S, € S and N 71(S,) = 0;
(-v) 3¢ (rp )V < C(N, v)e".
Next we wish to pass to the limit in the construction above.

To this aim choose & small enough to ensure that C(N, v)e < 1, n and &
accordingly and let us set

Sy = (U Bary, () (5.15)

n>1 fy

Furthermore we denote by a any index belonging to U, {a,} and by b any
index belonging to U, {b, }. Observe that {a,} C {a,,} if n < m and analogous
inclusion holds for the indexes b.

Then it is easy to check that

Bi(p) < |J(Cou N By, (xa)) UJ (Na N By, (xa)) U By, ) US, U S (5.16)
a b

n>1
Passing to the limit (n-i), (n-ii) and (n-iii) we can easily verify that:

DI DA DR AR of (AR )}
(i) >, N1 (Coa) < C(N,v)
(i) Up=1S, € S and 2N~ (Up=1S,) = 0.
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To conclude we are left to verify that
AN (S)=0 and S (5.17)

The first conclusion can be checked relying on (n-iv) above, taking into account
the definition of the Hausdorff pre-measures 77, N=1
The second conclusion can be verified since the balls B, f (xf,) satisfy

the volume bounds (5.13). Therefore, at any point x € S r, it holds that
lim, o N (B, (x))/woyrN < 1,hence x € S.
All in all, letting

8= (Coa N By, (xa)) USs U S, (5.18)

a n>1

we get the neck decomposition verifying the sought properties in the statement.
To address v) we just point out that, by (5.18), S%" is covered by the count-
able union

U (Coa N By, (x0)) (5.19)

a

up to "N~ 1_negligible sets. Therefore it is (N — 1)-rectifiable by the neck
structure Theorem 4.9.

Now we deal with vi). In order to do so we follow the last part of the proof
of [29, Theorem 2.12], with simplifications due to the rigidity of codimension
one.

We claim that the following hold:

(a) if n < n(N) and B.-1,, (xp) is an (N, n)- -symmetric ball such that r;, 2(N —
1) < 7, then there is no point of SN ""\S¥~2 in By, (xp);

(b)if n < n(N) and § < &(n, N) then no (5, 8)-neck region N, =
By, (xa)\érx (C) can contain points of S¥ "1\ SN2

This will certainly suffice to establish (vi), so let us prove (a) and (b) above.

To prove (a) let us fix ¢ < dg H(BRN 0), B, +(0)) /2. Then by volume
convergence, volume monotonicity and volume r1g1d1ty, if n < n(e) = n(N),
any tangent cone at any point x € B, (xp) has unit ball e-close to the unit ball
of RV, therefore x ¢ SN~1\SN—2,

In order to prove (b) let us consider x € N, = By, (xa)\}_[},)C (C,) and let
y € C,4 be such that d(x, y) = d(x, C,). Then by the first defining condition
of neck region Byq(x y)(y) is an n-boundary ball. Therefore, By, y)/2(x) is
(N, e)-symmetric if n < n(e). Then, arguing as in the proof of (a) we infer
that, if ¢ < ¢(N), then x ¢ SN"1\SN—2, |
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6 Boundary rectifiability and stability

This section is dedicated to the proofs of the rectifiability and first stability
results for boundaries of noncollapsed RCD spaces by means of the tools
developed in section 5 and section 4.

6.1 Proof of the stability results

Let us start with a weak e-regularity result. Basically, it amounts to saying that
balls sufficiently close in the GH sense to a model boundary ball have a definite
amount of boundary points. This will be sharpened later on in Corollary 8.7.

Theorem 6.1 Let N > 1 be fixed. There exists n(N) > 0 and c(N) > 1 such
that, if n < n(N) and
RN
der(Bi1(p), B, 7 (0)) < n, (6.1)
where Bi(p) is a ball of an RCD(—n(N — 1), N) space (X, d, 7N), then
c(N)~H <N HSYTI N Bi(p) < (V). (62)

Proof The lower bound in (6.2) follows by combining Theorem 4.9 and The-
orem 4.13. Indeed by means of the latter, for > 0 small enough, we can
build an (¢, §)-neck region over B4-1,4(p) and from (ii), (iii) in Theorem 4.9
and (4.29) we deduce that, up to take ¢, § sufficiently small, it holds

ANTHSN TN Bi(p)) = AN T (Co) = u(By-1:4(p)) — u(Ch) = ¢(N).
The upper bound in (6.2) instead follows from Theorem 5.1. Indeed, it is
sufficient to apply the neck decomposition with parameters 1 and § sufficiently

small in such a way that, thanks to (vi) of Theorem 5.1, S¥~1\SN=2 c §%7
and then to rely on (iii) of the same statement to infer that

AN ( SV N Bip) ) = VSN N Bip) = CV.L .

To conclude we observe that the dependence of the constant on the volume
can be removed taking into account the volume convergence Theorem 2.17
and (6.1). O

The e-regularity theorem above directly yields a stability result for the
absence of boundary under noncollapsing pGH convergence.
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Theorem 6.2 Let (X,, d,, 7N, x,) be a sequence of noncollapsed RCD(K ,
N) spaces with no boundary on B;(x,) in the sense of Definition 1.1. Assume
that

X, Ao Y 1) P28 (v, dy, 27, ). 6.3)

Then (Y, dy, 5N) has no boundary on B1(y).
Proof Let us argue by contradiction. Assume that there exists z € Bl(y) N

SN=\SN=2 Then we can findr € (0, 1/5) such thatdg g (B, (z), Br +(0)) <
"( 1V} \where n(N)is asin Theorem 6.1. Let X,, 5 z,, — z € Y. Then we have

N N
dG H (Br(zn), B 0) = dGH (Br(zn), Br(2)) + dgH (Br(2), B, (0) < n(N)r
for n big enough. Thanks to Theorem 6.1 above we can infer that
SYTNSNTA) N By () # 0,

contradicting the assumption that X, has no boundary in B>(x;) D B;(z,). O

6.2 Rectifiable structure and volume estimates
The main goal of this section is to prove Theorem 1.4 (i), (ii) and (iii). This
will be achieved through some intermediate steps.

Theorem 6.3 Let | < N < oo and v > 0 be fixed. Let (X,d, #N)
be a noncollapsed RCD(—(N — 1), N) space and p € X be such that
N (B, (p)) > v > 0. Then the following hold:

(1) the singular set SN=lis (N — 1)-rectifiable;
(i1) there exists a constant C = C(N, v) > 0 such that
AN B (SN NSV N B(p) < Cr foranyre (0,1),peX.  (6.4)
In particular

ANISN TN B (p)) < C forany p € X; (6.5)

(iii) at any x € SN"I\SN 72, the tangent cone is unique and isomorphic to the
Euclidean half space RN L. ={x e RN : xy =0}

Proof of Theorem 6.3 (i) The rectifiability of SV ~! immediately follows from
Theorem 5.1. Indeed

SV Bi(p) | Cou LS,

@ Springer



848 E. Bru¢ et al.

where VN —1(8%") = 0 and Co.q i1s (N — 1)-rectifiable by (iv), (v) and (vi)
of Theorem 5.1. |

Proof of Theorem 6.3 (ii) We divide the proof of (6.4) in three steps: volume
estimate for the tubular neighbourhood intersected with neck regions (Step 1),
volume estimate for the tubular neighbourhood intersected with regular balls
(Step 2) and combination of the previous estimates (Step 3).

Let us point out that (6.5) can be obtained either as a consequence of
Theorem 5.1, or as a consequence of the volume bound for the tubular neigh-

bourhood (6.4) by a standard argument (cf. [14, Lemma 2.5]).
Step 1. We claim that if ¢ < &(N) and § < §(N, v, ¢), then for any (¢, §)-

neck region NV, = By, (x4)\B;, (C,) it holds
N (B (SN NSV AN, N By, (x0)) < C(N, v)rrY 1 forany r € (0, 1).

(6.6)
Observe that (6.6) is trivially verified when r > r, /2. Indeed
AN (B SNTNSNTH NN N By, (1)
< AN (B, (x4)) < C(N,v)r¥ <2C(N, v)rr¥ =1,
Therefore let us assume r < r, /2. Notice that
B (SY NSV NN, N By, (xa) C Bay(Ca). (6.7)

Indeed, if this is not the case we could find x € B, (SN ~"\SV=2)NN,NB,, (x4)
and y € C, such that 2r < d(x,C,) = d(x, y) =: 5. Observe that By, (y) is
an e-boundary ball and

(SNINSY2) N By, (y) C Bsrs(Ca), (6.8)

as a consequence of (iii) in Definition 4.3 (recall that we set T := 10~ 10Ny,
Being x € B.(SN""\SN ") NN, N B, (x,) there exists

2 € (SNTIN\SY72) N By (y) C Bry(Ca) (6.9)
such that d(x, z) < r. This yields to a contradiction since
r>d(x,z) >dx,C) —8ts >s(1 —87) >2r(1 —87). (6.10)

With (6.7) at our disposal let us conclude the proof of (6.6). Letxy, ..., x,, €
C, be such that {B,(x;)} is a disjoint family, 2r > ry, foranyi =1,...,m
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and

{x €Cq: ry <2r}N By, (xa) C | Bsr(x). (6.11)
i=1

It is immediate to check that

By (Cy) m-/\/'a N Bra (xq) C U Bior (x;). (6.12)

i=1
Hence from (6.7) we deduce

AN (B (SVTINSN T N NG N By, (xa)) < Y AN (Bor () < N vymrN . (6.13)
i=1

It remains only to show that m < C(N yrl=N rflv ~1 n order to do so we use
(i1) in Theorem 4.9 which gives

erd U= (B, (xa) = Y u(Br(xi) = ¢ lmrNT (6.14)

i=l

with p packing measure associated to the neck region as in (4.6).
Step 2. We claim that, for any ¢ < ¢(N), it holds

AN (B,(SNTNSN2) N By, (1) < C(N, v)rry ™! foranyr € (0,1),  (6.15)

whenever By, (xp) is an (N, €)-symmetric ball.
Let us choose ¢(/N) small enough to ensure that

SYNSYH N By, () =0

whenever By, (xp) is (N, €)-symmetric for some ¢ < ¢(N). This choice gives
the implication

B, (SVNSNHN B, (xp) £V = rp <2r (6.16)

that easily leads to (6.15).

Step 3. Let us conclude the proof of (6.4) relying on Theorem 5.1 and the
previous two steps. Let e (N) > 0 be smaller than the ones in Step 1 and Step 2,
andlet§ < 6(N, v, e(N)), smaller than the one in Step 2 and in Theorem 5.1.
By Theorem 5.1 we can find a covering

Bi(p) € | (Nan B, (xa)) U Br, () U S, 6.17)
a b
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where any Bo,, (xp) is an (N, e(N))-symmetric ball, N, = By, \F,x (Cp) is
an (¢(N), 8) neck region and S%7 is N -negligible. Then we can estimate

AN (B(SNNSNH) N B (p))

A

> AN B (SNTNSNTH NG N By, (xa)
a

+ YN (B SVTNSN ) N By (xp)
b

C(N,v)r (ngl —I—Zrév_l)
a b

C(N, v)r,

IA

A

where the first inequality follows from (6.17), the second one from Step 1 and
Step 2 and the last one from (iii) in Theorem 5.1. |

Proof of Theorem 6.3 (iii) When x € SY~\SV~2 any tangent cone has
the density at the tip equal to ®x(x) = 1/2 since (Rﬁ , dguct, 2N, 0) €
Tan, (X, d, V). Hence, Lemma 6.5 below implies that if (Y, o, 7V, y) €
Tan, (X, d, #V) then, either Y = Rﬁ or it has no boundary according to
Definition 1.1.

This along with a classical result (see for instance [29, Theorem 4.2]) ensuring
that the set of tangent cones at given point x € X is connected with respect to
the pmGH topology, implies the sought conclusion. Indeed the set of pointed
RCD(K, N) spaces without boundary is closed with respect to noncollapsed
pGH convergence by Theorem 6.2. O

Remark 6.4 It follows from the lower semicontinuity of the density ® and
the observation that ®(x) = 1/2 for any x € SY~'\S¥~2, that for any
noncollapsed RCD(K, N) m.m.s. (X, d, M), it holds that ®(x) < 1/2 for
any x € 0X.

Lemma 6.5 Let C(Y) be a noncollapsed RCD(0, N) m.m.s. which is a cone
over an RCD(N — 2, N — 1) m.m.s. (Y, dy, N1 with tip p. If C(Y) has
boundary according to Definition 1.1 then ®(p) < % Moreover, the equality
holds if and only if C(Y) is isometric to the Euclidean half-space ]R_IX .

Proof It is simple to verify that if C(Y') has boundary then Y has boundary as
well. Observe that (Y, dy, 2V ~1) isan RCD(N — 2, N — 1) space, therefore
by [61] it has diameter less than 7. Let y € SNV =2\S¥~3(Y). Then the Bishop-
Gromov inequality for the CD(N — 2, N — 1) condition ensures that

ANV YY) = AN (Br(y) < Oy(y)Noy < %Na)zv- (6.18)
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Therefore

N (B, 2Ny 1
Oc (p) = lim B () _ ® 6.19)

0  wyrN Nowy

N

where the second equality follows from the definition of metric measure cone
while the inequality follows from (6.18) (cf. with (2.30)).

Let us now deal with the equality case. Assume that ®(p) = % We claim
that C(Y) is a cone with respect to any x € SY~"1\SV¥~2. Indeed, for any
x € C(Y), it holds

N(B N(B
lim ‘%ﬂ(—’}\fx)) — lim ‘%ﬂ(—’]ép)) =1/2, (6.20)
r—>00 a)N}" r—>00 a)N}"
since

. AN (B (x)) . AN (Bryr(x))

m ——=1lm ————
r—oo  awynrN r—oo wn(r+ R)N

_ANB(p) N
> lim B .
r—oo  wnr (r+ RN

. JN (B (p))
= lim —————,
r—0o0 (()N]"

where we set R := d(x, p) and the converse inequality can be obtained switch-
ing the roles of x and p.
Therefore, if we additionally assume that x € SN-1 \SN —2 then

AN (By (x))
r— ———————

N is constant on (0, 00). (6.21)
wNT

The volume cone implies metric cone theorem [36] (see also [27] for the
previously considered case of Ricci limits) gives then the claimed conclusion.

Arguing inductively and relying on the cone splitting theorem we can now
conclude that C(Y) = Rﬁ . O

6.3 A second notion of boundary and further regularity properties

Recall that our working definition of boundary dX, taken from [37], is as
topological closure of the top dimensional singular stratum:

3X := SN-1\GN-2, (6.22)
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In [59] an alternative definition of boundary has been proposed, inspired by
the one adopted for Alexandrov spaces [75]:

FX := {x € X : there exists a cone with boundary
(¥, dy) € Tan, (X, d, #M) | (6.23)

where cones with boundary are cones for which the cross section, that is a non-
collapsed RCD(N —2, N — 1) space thanks to [37,61], has boundary. Arguing
recursively we reduce to RCD(0, 1) spaces and, thanks to the classification in
[63], we know that they are isometric to manifolds of dimension one, possibly
with boundary (in the topological sense). In this case we say that the space has
boundary if and only if it is a manifold with boundary.

Theorem 6.6 Let 1 < N < oo and v > 0 be fixed. Let (X, d, N be an
RCD(—(N — 1), N) space and p € X be such that %”N(Bl(p)) > v. Then,
SN=N\SN=2 = @ ifand only if FX = 0. Moreover the following hold:
i) FX CcoX;

(i) 0X is (N — 1)-rectifiable and

A#N"1OXN Br(x)) < C(N, v)rN"Vorany x € 39X N By (p) and r € (0, 1);
(iii)

%N(B,.(GX) N Bi(p)) < C(N,v)r foranyr € (0,1), p € X, (6.24)

Proof From the inclusion S¥"1\SN=2 < FX we deduce that FX =
implies SN~1\SN=2 = @. To prove the converse implication we show the
following

FX #£0 = SV-hsVN=2 2y, (6.25)

by induction on N. The case N = 1 is trivial, thanks to the classification
of RCD(0, 1) spaces [63]. Let us deal with the inductive step. Given a non-
collapsed RCD(K, N) m.m.s. (X, d, #V) and x € FX there exists a cone
(C(Y), 0, 7N, y) € Tan, (X, d, m) where the cross section (Y, dy, sV ~1)
isan RCD(N —2, N — 1) space such that 7Y # (. The inductive assumption
gives

SNNSN2(y) £ 4,

which easily yields the claimed conclusion.
Let us now prove the inclusion X C dX. Being 90X closed, for any
x € X\0X there exists » > 0 such that

By (x) N (SN "N\SVN2) = ¢.
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Therefore any tangent cone (Y, o, 2V, y) at x satisfies SY "\SN~2 = fasa
consequence of Theorem 6.1. Hence, from (6.25) we deduce FY = ) which,
by definition, yields x ¢ FX.

The rectifiability and the measure estimate in (ii) follow from Theo-
rem 6.3 (i) and (6.5) respectively, taking into account the dimension estimate
dimSN¥—2 < N — 2. The volume bound for the tubular neighbourhood is a
consequence of (6.4) and the very definition of 0 X. O

Remark 6.7 Thanks to Theorem 6.6, the notion of having boundary for a non-
collapsed RCD space is independent of the definition of boundary we choose,
between the ones in [37,59]. This gives a positive answer to [59, Question
4.8].

Moreover, we can employ the stability result in Theorem 1.6 to prove that
any pmGH limit (X, d, s#", x) of a sequence of pointed RCD(K, N) spaces
(X, Ay, AN | x,) with FX,, = @ satisfies FX = ¢. This answers positively
to [59, Question 5.11].

Remark 6.8 With the techniques of this paper we are not able to show the
identity X = 0X in full generality, which would give a positive answer to
[59, Question 4.9].

Nevertheless the analysis of the Laplacian of the distance from the boundary
performed in section 7 allows us to prove this identity, together with the local
Ahlfors regularity of the boundary volume measure, in the case of Ricci limits
with boundary. Moreover, the improved neck structure Theorem 8.1 gives the
same conclusion on §-boundary balls whenever § < §(N).

Corollary 6.9 Let 1 < N < o0 be a fixed natural number. Then, for any
v > 0 there exists a constant C = C(N,v) > 0 such that the following
holds. If (X, d, V) is an RCD(—(N — 1), N) space and x € X is such that
AN (B1(x)) > v, then

JNTLOX N B (x) < AN TTL(OX N Bi(x))
<Cn,v)ZNTLOX N B1(x). (6.26)

Proof The first inequality above is true in great generality by the very definition
of the Hausdorff and pre-Hausdorff measures.

Let us pass to the verification of the second one.
Inordertodosolet C(N, v) be such that ¥ =1 (XN B, (x)) < C(N, v)rN~!
forany x € X N By(p) and r € (0, 1) given by Theorem 1.4 (i). Let B,, (x;)
be any covering of a Borel set A C 9X N Bi(x). Then, up to worsening the
constant C(n, v) we can estimate

AN A <Y N ANy eV Y L (6.27)

1 1

@ Springer



854 E. Bru¢ et al.

Passing to the infimum on the family of all coverings of A we get the sought
estimate

AN7HA) < C(N, v) 2N 71 (A). (6.28)
O

Corollary 6.10 Let 1 < N < 00 be a fixed natural number and v > 0,
then the following holds. Assume that (X, d,, N, pn) are noncollapsed
RCD(—(N —1), N) spaces converging in the pGH topology to (X, d, N, p)
and verifying the noncollapsing assumption " (By(pn)) > v foranyn € N.
Then

AN 10X NBi(p)) > limsup Y 19X, N Bi(pn)), (6.29)
C(N, U) n— 00

where C(N, v) > 0 is the constant appearing in Corollary 6.9 above.

Proof Let us denote by C C X the limit of the sequence of compact sets
dX, N Bi(p,) in the Hausdorff topology, possibly after passing to a sub-
sequence. Here it is understood that the convergence of the ambient spaces
is realized in a common proper metric space (Z, dz). Since, as we already
remarked, any boundary point has density less than 1/2 and the density is lower
semicontinuous along pGH converging sequences, we infer that @ x (x) < 1/2
for any x € C. In particular C C S N Bj(p). Moreover, it easily fol-
lows from the Hausdorff dimension estimate dimgy(SY~2) < N — 2 that
A N(C) < AL OX N Bi(p)).

Taking into account the general inequality jfog 1 < #N=1 and the discus-
sion above, in order to prove (6.29) it suffices now to observe that

A NC) = limsup A0~ (0X, N B1(py))

n—oo

li N 10X, NB ,
C(N, v) li?l)Sogp ( n l(pn))

=

where the first inequality is a consequence of (2.3) while the second one
follows from Corollary 6.9. O

7 Distance from the boundary and noncollapsing of boundaries

In this section we are going to study some key properties of the distance
function from the boundary. They will be useful to better understand the con-
vergence of boundaries of RCD spaces under noncollapsing pGH convergence
and their topological regularity in the next sections.
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Given anoncollapsed RCD(—(N —1), N) space (X, d, 27 Ny with boundary
we denote by

dyx : X - Ry, dyx(x) := mln d(x, p)

the distance function from 9X.
Let us start with a key lemma regarding convergence of distance functions
from the boundary in case the limit space is the model half space.

Lemma 7.1 Let 1 < N < o0 be a fixed natural number. For any sequence of
pomted RCD(—(N — 1), N) spaces (X, A,, 7N, x,,) such that Bg(x,) —

+ (0) in the GH-topology one has that
9X, N B3(x,) — RY N'B3(0) in the Hausdorff sense. (7.1)

Moreover dyx, — daRﬁ uniformly and in W2 on B> (0).

Proof Taking into account Remark 2.1 it is sufficient to prove that the conver-
gence holds in the Kuratowski sense.

Let us first prove that any limit point of a sequence of points y, € X, N
B3(py) belongs to BRQ N B3(0). To this aim it is sufficient to take into account
Remark 6.4 and the lower semicontinuity of the density along pGH converging
sequences of noncollapsed spaces. We conclude that the limit point has density
less than 1/2 and therefore it belongs to the boundary of the half space, since
those are the only singular points.

Next we wish to prove that any pointin BRZ NB3(0) is the limit of a sequence
of points in 3X,, N B3(p,). To prove this claim we rely on the stability of the
boundary. If the claim were false then we could find a scale r > 0 and points
yn € X, suchthaty, — 0 € Ri’ and B,(y,) C X, has no boundary for any
n € N. The contradiction follows by Theorem 6.1, since the ball B, (0) C ]Rf
has boundary.

The uniform convergence dyx, — daRﬁ on B»(0) is a simple consequence
of (7.1) (see again Remark 2.1).

To obtain the W2 convergence it is sufficient to observe that, as pointed out
in [9], for uniformly continuous functions the uniform and the L? convergence
| = [Vdyx| = 1 7V ae., therefore the
W12 convergence follows from the volume convergence Theorem 2.17, since

/ |V P = A Bt A (520
2(Pn

- / |Vdyx|> do#N. (7.2)
B> (0)
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O

Given the stability Theorem 6.1 and Lemma 7.1 we can provide a useful
improvement upon the form of the e-isometry in Theorem 3.8 in the case of
d-boundary balls.

Corollary 7.2 Let1 < N < 00 be a fixed natural number. Then for any ¢ > 0
there exists § = 8(e, N) > 0 such that, if (X,d, N ) is a noncollapsed
RCD(—8(n — 1), N) space and B>(x) C X is a 8-boundary ball, then for any
e-splitting map u : By (x) — RN such that u(x) = 0 one has that

(u,dyx) : Bi(x) —> Rﬁf is an e-isometry, (7.3)
and
N—1
][ |Vug - Vdyx | dN < e. (7.4)
k=1 Bi(p)

Proof Both conclusions can be obtained arguing by contradiction as in the
proof of Theorem 3.8 and relying on Lemma 7.1. O

7.1 Laplacian of the distance from the boundary

Next we study the Laplacian of the distance function from the boundary, which
plays a fundamental role in establishing noncollapsing estimates for the bound-
ary measure.

Let us begin by recalling that dyx has locally measure valued Laplacian
Adyx on X\0X as a consequence of the general representation theorem for
Laplacians of distance functions [25, Corollary 4.16]. Moreover in [25, Corol-
lary 4.16] it is also proved that the singular part of Adyx on X\dX is non
positive. The following conjecture regards the absolutely continuous part.

Open Question 7.3 Let (X, d, ") be a noncollapsed RCD(K, N) m.m.s.
for some K € Rand 1 < N < o0. Assume that 0 X # ¢J. Then

A®dyy < —Kdyxy on X\9X, (7.5)

where A%dyx denotes the absolutely continuous part of Adyy on X\9X.

As we shall see below, Open Question 7.3 can be verified for Alexandrov
spaces with curvature bounded from below, Riemannian manifolds with con-
vex boundary and interior lower Ricci curvature bounds and their noncollapsed
pGH limits. Notice that in this paper manifolds with convex boundary are those
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for which the second fundamental form with respect to the interior normal
vector is non negative definite. Thanks to [89, Theorem 1.2.1] this condition
implies that the interior part of the manifold is geodesically convex.

The main difficulty in order to answer to Open Question 7.3 in full generality
is that a geometric condition needs to be turned into an analytic information: the
fact that 3 X is the boundary of an RCD(K, N) space (X, d, s#V), therefore
it is convex to some extent, should imply a bound on the Laplacian of the
distance function.

In the case of Alexandrov spaces this difficulty can be circumvented since the
distance from the boundary is concave (in the case of non negative sectional
curvature) see [1] and [77, Theorem 3.3.1]. For smooth manifolds, instead,
the regularity of the boundary is key to turn the non negativity of the second
fundamental form into non negativity of the mean curvature of the boundary.

Let us first present the main analytic and geometric implications of a positive

answer to Open Question 7.3.

Theorem 7.4 Let N € N, N > 1 and K € R be fixed. Given an RCD(K, N)
m.m.s. (X, d, N) with X # 0 such that Open Question 7.3 is verified, the
following hold:

(i) dyx has measure valued Laplacian on X and Adyx 90X = N1 _9X;
(i) for any p € 0X one has

ANV (By(p) NdX) > C(K)A#N (Bi(p)); (7.6)

(iii) any tangent cone at x € X has boundary, in particular FX = 90X (recall
that F X is defined in (6.23)).

Let us state and prove a lemma that is independent of the validity of Open
Question 7.3 and will play a role in the proof of Theorem 7.4.

Lemma 7.5 Let | < N < oo be a natural number and (X, d, V) be a
noncollapsed RCD(—(N —1), N) metric measure space. Assume that 3 X # (.
Thendyx : X — [0, 00) has locally measure valued Laplacian on X\0X and
the singular part of Adyx is non positive on X\0X. Moreover

/ Vo - Vdyx dN = —/wdu— lim ¢ dAdyy
X =0 Jidyx >}
for any ¢ € Lip.(X), (7.7)

for some sequencer; |, 0and locally finite measure . on X (a priori depending
on the chosen sequence).
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Proof We have already observed that Adjx has locally measure valued Lapla-
cian on X\dX and the singular part of Adyy is non positive on X\9X as a
consequence of [25, Corollary 4.16].

Let us verify that dyx verifies (7.7). We treat only the case when (X, d) (and
a fortiori 0 X) is compact, the general one can be handled with an additional
cut-off argument.

In order to do so we wish to pass to the limit in the integration by parts for-
mula on (sufficiently regular) superlevel sets of the distance from the boundary.
Observe that, by the coarea formula Theorem 2.4, for almost every r > 0, the
superlevel set {dyx > r} has finite perimeter. Moreover, the volume bound for
the tubular neighbourhood of the boundary

AN ({dyx < r)) < Cr, (7.8)

obtained thanks to Theorem 6.6 (iii) via a covering argument, together with
a further application of the coarea formula, yield the existence of a sequence
(rj) withr; | Oasi — oo and

Per({dyx > r;}) < C foranyi € N. (7.9)

Since dyx has measure valued Laplacian on X\90X = {dyx > 0}, the
bounded vector field Vdyx has measure valued divergence on the same
domain. Therefore, applying the Gauss Green theorem [21, Section 6] to the
vector field ¢ Vdyx on the domain {dyx > r;} we infer that

/ V(p'VdaxdijZ—/ ngAdaX
{dox>ri}

{dax>ri}

—/gof,- dPer({dyx > ri}), (7.10)

for some function f; verifying

I fill oo Per(tdgx >ripy = 1- (7.11)

Thanks to (7.9) and (7.11) we can assume that, up to extracting a subsequence,
the measures f; Per({dyx > r;}) weakly converge to a finite measure v on X
in duality with continuous functions. Therefore we can pass to the limit in
(7.10) as i — oo to get that

/ Vo - Vdyx do#N = —/(pdu— lim edAdyx, (7.12)
X

110 Jidyx >ri)

as we claimed. O
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Proof of Theorem 7.4 Let u and r; | 0 be as in Lemma 7.5. If Open Ques-
tion 7.3 holds then we deduce that

/V@-Vdaxd%l\]

< —/(pd,u—K/(pdaxd,%”N for any ¢ € Lip.(X) s.t. ¢ > 0.

In particular ¢ +— [Vg - Vdyx d#Y + [odu + K [@dyx ds7N is a
negative linear map. Hence there exists a nonnegative locally finite measure v
such that

/Vfﬂ'VdaXd%N+/§0dM+K/§0daxd<%”N

= —/(pdv, for any ¢ € Lip.(X).

This implies that dyx has measure valued Laplacian on X.
Let us now prove that

Adyx L oX = VN1 ax. (7.13)

Observe first that Adyy < #N “lasa consequence of the following more
general observation, applied to b = Vdjy: if b is a bounded vector field with
measure valued divergence div » on a noncollapsed RCD space (X, d, V),
thendivh <« N1

In order to prove the property above we rely on the integration by parts for-
mula for bounded vector fields with measure valued divergence proved in this
framework in [21], taking into account the bound Per(B,(x)) < Cg yrV ™!
for any 0 < r < 1 and following the Euclidean strategy in [73]. Relying on
these tools we infer that

|div b(B,(x))| < Cx.n |Ibllog ™!, forany0 <r <1, (7.14)

which suffices to conclude that divbs <« 77V ~1.

Next observe that Adyx L 0X is absolutely continuous with respect to
N1 9X, which is a locally finite measure on an (N — 1)-rectifiable set
by Theorem 6.6. By standard differentiation of measures tools we infer that,
in order to prove (7.13), we need to show that

Adyx (B (x))
m —

li =1, fors#N e xedX. (7.15)

r—0 a)N_er_l
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The validity of (7.15) can be checked at any regular boundary point x €
SN=I\SN=2 applying Lemma 7.1 to the sequence of scaled spaces converg-
ing to the tangent half-space. Indeed the W!-? convergence of the distance
functions, yields the weak convergence of their Laplacians, which yields in
turn (7.15) by scaling.

We can now pass to the proof of (ii). Let ¢ € Lip(X) be nonnegative with
bounded support. The coarea formula Theorem 2.4 yields

d

— god,%”N = /godPer({dax > s}) forae.s > 0.
ds JB,@x)

Using again the Coarea formula, the .7V -a.e. identity |Vdyx|> = 1 and
integrating by parts, we get

/oo a’(s)/godPer({daX > 5)) = —/a(dax)div(wdax)dﬁff\’, (7.16)
0

for any a € C2°(0, 00). A simple approximation and Lebesgue points argu-
ment allows plugging a(s) = x(s<,) on (7.16) for almostevery r > 0, yielding

/(deer({dax >r}) = / div(eVdyx)d#N forae.r > 0.
{dyx <r}

All in all we have

d

— pdaN = /godPer({daX > s})
ds /B, ax)

= / div(eVdyy) ds#N
Bs(0X)

5/ |V<p|d%ﬂN+/ ¢ dAdyx
Bs(0X) Bs(0X)

(7.5),(i)
2 / Vol daN
B;(0X)

+/ (pd%N_1+K_s/ pdaN,
X B (0X)

fora.e.s > 0.
Let ¢t € (0, 1). An additional approximation argument allows to plug ¢ =
x8,(p) in the previous inequality. Setting f (s, ) := "~ (B;(3X) N B;(p)),

@ Springer



Boundary regularity and stability for spaces 861

we then infer that s — f(s, t) is absolutely continuous and

%f(s, 1) < #N"HDX N Bi(p)) + Per(B,(p), Bs(3X)) + K~ sf(s, 1)
<C(N, K), (7.17)

for a.e. s € (0, 1). This yields in turn
t 1
di/ f(s,rydr 5t%N_l(BXﬂB,(p))+f(s,t)+K_s/ f(s,rydr, (7.18)
s Jo 0
for a.e. s € (0, 1), thanks to the coarea formula and the bound
| f(s,t) — f(s',0)] < |s —s'|C(N,K) foranys,s’, te(0,1). (7.19)

By using (7.17) and (7.19) it is simple to verify that s +— fol_s f(s,1—r)dr
is absolutely continuous in (0, 1). We now prove that

d 1—s
o fls,1=rydr <271 0X N B1_s(p))
s Jo
1—s

+sK™ f(s, 1 —r)dr, (7.20)
0

fora.e.s € (0, 1).

For any ¢t € (0, 1) we denote by I; C [0, 1] the set of s € (0, 1) such that
(7.17) holds true. Given s € N;eqn(o,1)/; =: I and & > 0 we consider g € Q
such that s < g < s + ¢. Then we have

h

=4 fs+n1—=r)— f(s,1—7)
/ h

/l—s fs+h1—r)— f(s,1—7r)
dr
0

(7.21)
<

dr +¢C(N, K),

forany 0 < & < 1 small enough, as a consequence of (7.17). Therefore, using
the fact that s < ¢, we get

=5 f(s+h,1—r)— f(s,1—7r)
dr

lim sup
h—0 Jo h
<A - 'OXNBi_4(p) + f(5,1—¢q)

1—q
+K"s fGs,1=r)ydr+¢eC(N, K)
0

<1 =) 1OX N Bi_s(p) + f(s,1—5)

@ Springer



862 E. Bru¢ et al.

1—s

+K™s f(s,1—r)ydr+eC(N,K),
0

for any s € I. Letting ¢ — 0 we conclude

. 1= f(s+h,1—r)— f(s.1—7r)
lim sup dr
h—0 Jo h
<=5V OX N Bi_s(p) + f(s,1—5) (7.22)

1—s
+ K™s f(s,1 —r)dr,
0

forany s € 1.
Using once more (7.19) we easily deduce

1 1—s
lim ——/ FGs+h1—rydr=—f(s,1—s), (7.23)
h=0 h Ji—5—p

which along with (7.22) gives (7.20) for any s € [ such that the derivative
d rl—s .
% Jo S, 1 —r)dr exists.

We can finally conclude the proof of (7.6) by integrating (7.20) in (0, 1/2):

1 1o
Ee%’( AN (By o (p))

1/2 B 1
< / e85 N (B (0X) N By ja(p)) < E%N—‘(aXmBl(p)).
0

Let us now address (iii). This assertion can be obtained by combining Corol-
lary 6.10 and the inequality

AN H(B.(x) N 3X)

lim inf > C(K)Ox(x) forany x € 0X (7.24)
r—0 WN -1 pN-1
which follows in turn from the scaling invariant version of (7.6). O

7.2 Alexandrov spaces and noncollapsed Ricci limits with boundary

We are able to verify Open Question 7.3 in the setting of Alexandrov spaces
with curvature bounded below and in the case of Ricci limits with boundary.

Let us recall that an N-dimensional Alexandrov space with curvature
bounded from below by k and equipped with the measure .7V is a non-
collapsed RCD(k(N — 1), N) space, see [78,90].
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Proposition 7.6 Let (X, d, HNY be an Alexandrov space with curvature
bounded from below by k and assume that X # (). Then dyx has locally
measure valued Laplacian,

A%“dyx < —k(N — 1)dyx and A’dyx <0 on X\0X. (7.25)

In particular, there exists a constant C(k, N) > 0 such that the following
holds: if p € 0X, then

AN "U(By(p) N0X) > Ck, N)#N (B (p)). (7.26)

Next we deal with the case of RCD spaces with boundary that are also
smooth Riemannian manifolds, see [52]. This is a key tool in order to address
the case of limits of Riemannian manifolds with boundary later. Let us point
out that bounds for the Laplacian on the distance from the boundary in the
sense of barriers and under different assumptions have been considered in
[74] (see also the references therein).

Proposition 7.7 Let (X, d, V) be a smooth N-dimensional Riemannian
manifold with convex boundary 0X (in the sense that the second fundamental
form with respect to the interior normal is non negative definite) and Ricci
curvature bounded from below by K in the interior. Then dyx has locally
measure valued Laplacian,

A““dyxy < —Kdyx and A°dyx <0 on X\0X. (7.27)
In particular
%”N_I(Bz(p) NixX) > C(K)%”N(Bl(p)) forany p € 0X. (7.28)

The lower bound for the volume of the boundary in the case of smooth RCD
spaces with boundary allows us to get a more complete picture about their pGH
limits. The last result of this section provides, in particular, a positive answer
to [59, Questions 4.4, 4.7, 4.9] in this setting.

Theorem 7.8 Let (X, d, #N, p) be the noncollapsed pGH limit of a limit
of smooth N -dimensional pointed Riemannian manifolds (X, d,, p,) with
convex boundary and Ricci curvature bounded from below by K in the interior.
Assume that there exists R > 0 such that Br(p,) N 0X,, # @ foranyn € N.
Then

(1) 90X # 0. Moreover, if points x,, € 0X,, converge to x € X, then x € 0X;
(ii) dyx has measure valued Laplacian,

Aacdax < —Kdax and Asdax <0 on X\BX. (7.29)
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and
AdyxLoX = #N1Lax; (7.30)

(i) 0X = FX, AN~V 9X is locally Ahlfors regular and for any x € 39X
any tangent cone at x has boundary.

The remaining part of this subsection is devoted to the proof of Proposi-
tion 7.6, Proposition 7.7 and Theorem 7.8.

Proof of Proposition 7.6 We avoid introducing all the relevant background
about calculus on Alexandrov spaces, since this is not the main topic of the
paper. We refer to [3,22] for the relevant notions and references.

In [1] (see also [77, Theorem 3.3.1]) it is proved that on any Alexandrov
space with curvature bounded from below by k and non empty boundary, the
distance function from the boundary is Fk-concave, that is to say its restriction
to any unit speed geodesic y : [0, 1] — X verifies

(dyx oy)" +kdyx oy <0 (7.31)

in the sense of barriers. We already know that the singular part of Adjyyx is
non positive on X\0X (see Lemma 7.5). It is then sufficient to prove that its
absolutely continuous part verifies

A%dyx < —Kdyx on X\0X. (7.32)

Combining (7.31) with Alexandrov’s theorem (see [3, Proposition 7.5] for
its proof in the setting of DC functions on Alexandrov spaces) and the fact that
the restriction of dyx to a minimizing geodesic connecting a regular point to
a point of minimal distance on the boundary is affine, we infer that

tr Hess® dyy < —k(N — )dyyx, #V-ae.on X, (7.33)

where Hess* dyx denotes the absolutely continuous part of the Hessian of dj .
Indeed, we recall that the tangent cone on an Alexandrov space can be equiv-
alently characterised as the set of initial velocities of geodesics. Then (7.33)
follows by tracing, since there is a direction v along which Hess* dyx (v, v) =
0, while along all the others the estimate Hess* dyx (v, v) < —kdyx holds by
(7.31).

The conclusion (7.32) follows from the fact that the Laplacian is the trace
of the Hessian in this context, see [3, Proposition 5.8, 5.9].

The second conclusion of Proposition 7.6 follows from Theorem 7.4. 0O
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Proof of Proposition 7.7 Observe that, as pointed out in [52], smooth Rie-
mannian manifolds with convex boundary and Ricci curvature bounded from
below in the interior are RCD spaces.

Also in this case it is sufficient to deal only with the absolutely continu-
ous part of the Laplacian. The bound (7.27) can be obtained starting from the
following observation: since the boundary is smooth and convex it has non
positive second fundamental form with respect to the exterior normal. There-
fore by tracing we infer that it has nonpositive mean curvature with respect to
the exterior normal. By smoothness again we infer that the restriction of the
a.c. part of the Laplacian of the distance from the boundary on the boundary is
non positive (it coincides with the mean curvature). By the localization tech-
nique [25] we can then propagate the non positivity of the Laplacian on the
boundary to the interior to obtain (7.27).

More in detail, we recall that dyx induces a decomposition of the Riemannian
manifold into rays (X4, my, d) and an associated disintegration of the volume

measure:
/god%Nz// @ dmg, dq(a), (7.34)
M QJ Xy

where Q is a set parametrizing the rays in the decomposition and q is a suitable
weight on Q.
Moreover, for g-a.e. ray (X,) the one dimensional metric measure space
(Xq, Mg, d) is a CD(K, N) space, hence my = ho ! for some density
hy which is log — K concave, once we parametrize the ray X, with a geodesic
¥ such that its ending point belongs to 9 X.

By [25] we also know that

Aacdax = — (log ha)/, (7.35)

with canonical identifications. The sought conclusion follows observing that
since hy is log —K concave, it holds that

(—loghe)'(s) = (—logha) (1) + K (s — ). (7.36)

Let p = yu () and y,(s) is the footpoint on d X of the minimizing geodesic
for the distance to the boundary y,. Since we already pointed out that the
convexity of the boundary yields (—10g hy) (Ve (s)) < 0 when y,(s) € 90X,
we infer from (7.36) and (7.35) that,

(A*dyx)(p) = (—loghe) (s — dyx (ye (1)) (7.37)
< (=loghy)'(s) — Kdyx (va(1)) < —Kdyx (v (1))
= —Kdyx(p). (7.38)
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The inequality (7.28) and the fact that dyx has measure valued Laplacian
globally now follow from Theorem 7.4. O

Remark 7.9 For general RCD(K, N) spaces (X, d, V), the missing ingre-
dient for the Riemannian strategy above is a counterpart of the non positive
mean curvature condition with respect to the exterior normal along the bound-
ary.

Proof Theorem 7.8 Let us start by proving the second part of (ii). The first part
will directly follow. In order to do so we observe that, if x, € X, then by
(the scale invariant version of) (7.28) we infer that

AN 0X, 0 B, (x0)) > C(K, N)AN (B (x,))rV !
forn e Nand0 <r < 1. (7.39)

Therefore we can apply Corollary 6.10 to get that
AN TOX N B (x)) = C(K,N,v)rV=! forany0 <r <1, (7.40)

where v > 0 is a noncollapsing bound for .7 N (B (xp)). From (7.40) we infer
in particular that x € 9.X.

By the stability Theorem 1.6 we know that if x € 90X then there exists
a sequence 0X, > x, — x,as n — oo. Therefore dyy, converge locally
uniformly and locally in W2 to dyx. Hence we can pass to the limit their
measure valued Laplacians and the bounds obtained in Proposition 7.7 to infer
that dyx has measure valued Laplacian satisfying the bound (7.29).

The remaining conclusions follow immediately from Theorem 7.4. O

8 Improved neck structure and boundary measure convergence

In this section we are going to improve upon the regularity of balls sufficiently
close to the model boundary ball on the half-space. This will provide a key
tool in order to obtain topological regularity of boundaries, away from sets of
ambient codimension two, and convergence of the boundary measures under
noncollapsing pGH convergence as stated in Theorem 1.8.

8.1 Improved neck structure theorem and boundary volume rigidity

Below we state the key result we will rely on. As in the case of (N, §)-
symmetric balls, where regularity propagates at all locations and scales, in
the case of a §-boundary ball we shall see that balls centered at boundary
points are still §’-boundary balls at any scale, while balls centered at interior
points become (N, §’)-symmetric at sufficiently small scales.
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Theorem 8.1 Let 1 < N < 00 be a fixed natural number. For any 0 < ¢ <
e(N), 8§ < 8§(N,¢) and for any RCD(—8(N — 1), N) m.m.s. (X, d, N,
p € X such that By(p) is a §-boundary ball, the following properties hold:

(1) foranyx € XN B1(p) andanyr € (0, 1) there exists an er-GH isometry

Y
W, Byt (0) > Br(x);

(ii) foranyx € 0XNB1(p)andforany0 < r < 1,setting Ly , := W, ,({xy =
0}) it holds

dp(0X N By (x), Ly N Br(x)) < er. 8.1)

It follows in particular that
dGw (X N B.(x), BE' (0)) < 2er; (8.2)

(iii) for any x € B1,2(p)\oX and r € (0, dyx(x)/2) the ball B, (x) is (N, €)-
symmetric.

The proof of Theorem 8.1 builds upon the following e-regularity results for
the boundary, which is based in turn on the stability of boundaries Theorem 6.1
and the volume rigidity for cones with boundary Lemma 6.5.

Theorem 8.2 (Volume e-regularity for the boundary) Let N ¢ N, N > 1 be
fixed. For any ¢ > 0, if § < 8(N, &) and (X, d, 7N, x) is an RCD(—8(N —
1), N) pointed m.m.s., x € 0X and HN (B (x)) > %a)N — 8, then

don (Bija(x), B3 (0)) <. (8.3)

Proof We divide the proof into two steps, first proving a weak version of the
statement, where we additionally assume a definite size of boundary points in
the given ball, and then passing to the strong form via bootstrap.

Step 1. We claim that the following holds: for any ¢ > 0 and ¢ > 0, if
8§ <8(N,e, c)and (X, d, #V, x)isan RCD(—8(N — 1), N) pointed m.m.s.,
x €3X, AN (Bi(x)) > Sy — 8 and V13X N By 2(x)) > c, then

Ao (Bij2(x), Bya(0)) < e. (8.4)

We argue by contradiction. Let us assume that for some ¢ > 0 and ¢ > 0 there
is a sequence (X, d,, ", x,) of RCD(—1/n, N) p.m.m.s. with x,, € 8X,,,
such that 7V (B (x,)) > fon — 1, AN ~1(@X, N B12(xy)) = c and

N
dor (Bij2(an), By 5(0) = ¢ foranyn € N. (8.5)
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Up to extracting a subsequence (X, d,, 7V, x,) = (X, d, N, x) in the
pmGH topology.

Notice that, by Corollary 6.10 and the uniform lower bound on the boundary
measure, we infer that X N B 2(x) #9.

Since x is limit of boundary points it holds ®x (x) < 1/2, by lower semi-
continuity of the density. Therefore, by volume convergence and thanks to the
volume pinching assumption, 7~ (B, (x)) = wy /2 for any r € [0, 1]. Hence
the volume cone implies metric cone theorem (see [36]) gives that By (x)
is isometric to the ball of radius 1/2 of a cone C(Z) centered at a tip point
z € C(Z) with isometry sending x to z. The sought contradiction comes from
Lemma 6.5. Indeed Z has boundary and ®(z) = %, therefore C(Z) is isometric
to Rﬁ .

Step 2. Next we wish to remove the lower volume boundary assumption.
In order to do so we first observe that, by a limiting argument, it is sufficient
to prove the statement under the assumption that x € S¥~1\SN 2,

Let us set ¢ := 4 V¢(N)~! and assume without loss of generality that
e < n(N), where ¢(N) and n(N) are as in Theorem 6.1. We wish to prove
that §(V, €) = 8(V, €, ¢) given by the previous step does the right job. Let us
argue by contradiction. If this is not the case then we can find 0 < r < 1 such
that

RN
dgn (Bya(x), B, 4 (0) < er/4, (8.6)
but
RN
dgH (By2(x), B, 5 (0) > er/2, (8.7)

since we know that the only element of the tangent cone at x is ]R_IX (cf. with
Theorem 6.3 (iii)).
Observe that

ANTOX N B p(x) = AN TOX N B ya(x) = eV (8.8)

by our choice of ¢ and (the scale invariant version of) Theorem 6.1.
Moreover, by volume monotonicity,

1
A" (B (x)) = S(oy = Or'. (8.9)
Applying the result of Step 1 (in scale invariant form) we infer that
RY
dr (Br2(x). B3 (0) < er/2, (8.10)
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therefore reaching a contradiction with (8.7). O

Remark 8.3 Under the same assumptions of Theorem 8.2, it follows by volume
monotonicity and scaling that (8.4) can be slightly improved to the statement

RN
dgw (Br2(x), B, 5 (0) < er, (8.11)
forany 0 < r < 1.

Proof of Theorem 8.1 Let us begin by observing that for any § < §(8g, N) if
B>(p) is a §-boundary ball of an RCD(—4§(N — 1), N) space then

B1(x) is a §p-boundary ball for any x € dX N B1(p). (8.12)

This claim can be checked arguing by contradiction and exploiting the fact that
boundary points converge to boundary points when the limit ball is isometric
to a ball centered on the boundary of the half space ]Rﬁ (cf. with Lemma 7.1).
Next, by volume convergence, choose §o = do(e, N) < &/2 such that if
Bj(x) is a §p-boundary ball on an RCD(—§(N — 1), N) and x € 90X, then the
assumptions of Theorem 8.2 are satisfied.
If we choose 6 accordingly given by the observations above, then by Theo-
rem 8.2 we infer that, for any x € X and forany 0 < r < 1, B,(x) is an
e-boundary ball.
From now on we let

v, B 0) > B.(0) (8.13)

be er-isometries, forany x € X andany 0 < r < 1.
N

Let us prove (ii). We first prove that for any z € BiR *(0) N {xy = 0} there
exists y € B,(x) N dX such that d(Wy ,(z), y) < C(N)er. In order to do so
it is sufficient to observe that for any s > O the ball B, (W, -(z)) is an s le-
boundary ball. By Theorem 6.1, if s—'e < 5(N), then there exists a boundary
pointy € B,s(Wy (z)) N0 X. Therefore, minimizing we infer that there exists
a boundary point y € B, (x) N dX such that d(Wy ,(z), y) < C(N)er, where

C(N) = 1/n(N).

N

It remains to prove that for any y € B, (x) N dX there exists z € BiR O
{xxy = 0} suchthatd(y, ¥, ,(z)) < C(N)er.Inorder to do soitis sufficient to
observe that, by elementary considerations, if Bi(p) C Rﬁ is an e-boundary
ball, then d(p, {xy = 0}) < C(N)e, therefore by scaling invariance of the
half-space, if B, (p) is an e-boundary ball, then d(p, {xy = 0}) < C(N)er.

Let us finally prove (iii). In order to obtain the conclusion it is sufficient
to prove the following statement: for any ¢ > O there exists § > 0 such
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that if (X, d, .2#") is an RCD(=8(N — 1), N) m.m.s., p € X and Ba4(p)
is a §-boundary ball, then for any x € B;(p)\0X the ball By, (x)/2(x) is
(N, &)-symmetric. Indeed, if Bg,y (x),2(x) is (N, €)-symmetric, then by vol-
ume convergence Theorem 2.17 it has almost Euclidean volume and by volume
almost rigidity [37, Theorem 1.6] we infer that B, (x) is (N, &)-symmetric for
any 0 < r < dyx(x)/2, up to worsening .

Let us now prove the claimed conclusion. Letg € d X be suchthatdyy (x) =
d(g, x) and set r := 2dyx(x). As a consequence of (i) and (ii) we know that

. . RY
there exists an er-GH isometry Wy , : B, *(0) — B,(q).
By elementary considerations we can find z € Rﬁ such that

By y2(2) € By 0\ (8.14)

and
Wyt By (@) = Bayye o) (8.15)
is an 8er-GH isometry. O

8.2 Topological regularity of the boundary

Thanks to Theorem 8.1 we better understand the geometry of §-boundary
balls. Below we build a parametrization of the boundary of a §-boundary ball
well suited for its geometry. In particular this parametrization will put us in
position to control both the topology and the volume near to sufficiently regular
boundary points (cf. with [13,28,59] in the case of interior regular points).
With respect to Theorem 4.9 here we heavily rely on Theorem 8.1 and on the
transformation Proposition 3.13 to get bi-Holder continuity of the splitting
map, as in [29].

Theorem 8.4 Let 1 < N < o0 be a fixed natural number. Then for each 0 <
& < 1/5 there exists § = 5(e, N) > 0 such that for any RCD(—§(N — 1), N)
space (X, d, M) and for any §-boundary ball Big(p) C X, 0X N Bg(p) is
homeomorphic to a smooth (N — 1)-dimensional manifold without boundary.
Moreover; there exists a map u : Bg(p) — RN~ verifying the following
propetrties:

(1) u : Bg(p) — RN jsan e-splitting map;
(1) there exists a closed set U C B1(p) N dX such that

AN T(Bi(p)NIX)\U) <& (8.16)
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and
(I —&)d(x,y) < lu(x) —u(y)| < (1 +e)d(x,y) foranyx,y e U; (8.17)
(iii) for any x, y € dX N By (p) it holds that
(1 —&)d(x, ' < u@x) —u()| < (I +e)d(x,y);  (8.18)

(iv) u(Bi(p) N aX) > BE" (0.

Proof The fact that Bg(p) N dX is homeomorphic to a smooth N — 1-
dimensional manifold without boundary follows from Theorem 8.1 (ii) thanks
to Reifenberg’s theorem for metric spaces [28, Theorem A.1.1], see also
[13,59,81].

Let us fix 0 < n < ¢ to be specified later. Choosing § small enough we
can build an »-splitting map u : Bg(p) — RN~! by Theorem 3.8. This in
particular proves (i).

Let us now show (ii). We set

U= {xeBl(p)ﬁaX :s][ | Hess u|> d.#N < p'/?
By (x)

for any s € (0, 5)} .

Notice that U is closed and u : Bs(x) — RN¥~!is a C(N)n'/*-splitting map
forany s € (0, 5), by Lemma 4.16. For § and 1 small enough we deduce from
Corollary 7.2 that

€
(u,dyx) : Bg(x) — Rﬁ is an 7 -GH isometry

+ e

for any x € U and s € (0,5/2). In particular, given x,y € U and s =
d(x, y)(1 + &), it holds

[u(x) —u(y)| —d(x, y)| < s =ed(x, y),

€
I+e
therefore yielding (8.17).

Let us prove (8.16). A standard Vitali’s covering argument produces a dis-
joint family of balls {By, (x;)}ien with x; € Bi(p) N 9X,s; € (0,1) such
that

(Bi(p) NdX)\U C | J Bsy, (x;) and 5s,-f [Hessul2ds#N > /2. (8.19)
ieN BS.?i(x)
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Relying on (8.19), the Bishop-Gromov inequality, Remark 4.8 and Theo-
rem 1.4 (i) (see also Theorem 6.6 (ii)), we conclude that

AN (BI(p) NOX\U) <Y AN (Bs (xi) N9X) < C(N) Y s
ieN ieN
< C(N)n_l/ZZ/ | Hess u|> do#N
ieN si(xi)
< C(N)p'? <e,

for n sufficiently small.

The Holder estimate (8.18) will follow from Theorem 5.1 (i) and the trans-
formation Proposition 3.13, arguing as in the proof of [29, Theorem 7.10].

More precisely, if x,y € Bi(p) N 3dX we set r := d(x, y). Then by
Theorem 8.1 (i) we infer that B,.(x) is an n-boundary ball, for n small to
be chosen later, if § < §(V, n). Then we apply the transformation Propo-
sition 3.13 to obtain existence of a lower triangular matrix 7 , such that
Te, u : By (x) — RN~ is an ¢’-splitting map for ¢’ small to be chosen later
and for any n < n(N, &’). Taking into account Corollary 7.2 we obtain that

| T ru(x) = T pu(y)| = (1= £)d(x, ). (8.20)

Taking into account the matrix growth estimate |Tx,r| < r—¢ (cf. Corol-
lary 3.16) and that r = d(x, y) we get that

u(x) = u(y)] = (1 —e)d(x, y)' . (8.21)
The upper bound in (8.18) follows from Remark 3.3.

To prove the last assertion we argue as in [59, Remark 2.10]. We claim that
there exists 0 < s < 1 such that

— —RN_I —RN_I
u(Bs(p) NoX)NB,_,, (0) =B;_,, (0).

N-1

To this aim we observe that u(B( p)NaIxX)n E]F »¢ (0) is non empty and

__TN-1 a
closed in B]f{_zg (0). Moreover, it holds

— _RNfl _RNfl
u(Bs(p) NoX) N By_, (0) =u(Bs(p) NdX) N By_,, (0),
whenever sl+8(1 —¢) > 1 — 2¢. Indeed for any ¢ € dBs(p) N dX one has

(@) = lu(q) —u(p)| = (1 —e)s'** > 1 -2,
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as a consequence of (8.18). Therefore, for such a choice of s the set u (B (p) N

_RN-1 __RN-1
aX)N BIIR_ - (0) is also open in BIIR_ZS (0) as a consequence of the invariance
of the domain (here we are using that Bg(p) N dX is an (N — 1)-dimensional

topological manifold, as we already pointed out). O

Remark 8.5 In the smooth case, i.e. when (X, d, .#’") is a Riemannian mani-
fold with convex boundary and Ricci curvature bounded below by —&6(N — 1),
the map u : Bi(p) N dX — RY~! obtained in Theorem 8.4 is also a diffeo-
morphism onto its image. This follows by observing that u# is smooth and

duy : T,0X — RN s nondegenerate for anyx € Bi(p) NdX. (8.22)

Observe that u : By(p) — RN~!is a e-splitting map where ¢ < &(N).
Let x € Bi(p) N dX. By the transformation Proposition 3.13 for any r < 1,
there exists an N x N matrix Ay, such that Ay , ou : B, (x) — RN-1 jg
a §-splitting map, where § < §(8', N). For r < ry, small enough, standard
elliptic regularity estimates up to the boundary give

sup |V (A, ou)® - V(Ay, ou) — 845 < C(N)§
B (x)

foranya,b=1,...,N — 1, (8.23)

which implies that du, is nondegenerate.

Corollary 8.6 Let 1 < N < o0 be a natural number and (X, d, N be an
RCD(—(N — 1), N) metric measure space. Assume that 0 X # (), then for any
0 < o < 1 there exists Uy, C X such that:

(1) U, is relatively open and dense in 0 X ;
(ii) dimyg(@X\U,) < N —2;
(iii) Ug is an (N — 1)-dimensional «-Holder topological manifold without
boundary and the charts can be chosen with components that are restriction
of harmonic maps (on the ambient space).

Proof Fix o € (0, 1). Thanks to Theorem 8.4 we can find § < §(N, @) with
the property that if Big(p) is a 6-boundary ball of an RCD(—§(N — 1), N)
m.m.s. (X, d, V), then X N B1(p) is a C* manifold of dimension (N — 1).
For any x € SY"1\SV~2 we consider r, € (0, 8) such that Bigr, (x) is a
d-boundary ball and we set

Us= | J B,x)NdX.

xesN—l\sN—Z

By construction Uy, satisfies (iii). Notice that U, is open and dense in d X and
oX\U C SN—2, yielding (i) and (ii). ]
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Corollary 8.7 Let 1 < N < oo be a fixed natural number. For any ¢ > 0
and 8§ < 8(g, N) > 0 the following holds. If (X, d, N is an RCD(—8(N —
1), N) space and B1s(p) is a 6-boundary ball, then

(1 —&oy_1 < AV OXNBI(p) < (1 +wy_1.  (8.24)

Moreover, FX N Bi(p) = 0X N Bi(p) and for any x € 90X N Bi(p), any
tangent cone at x has boundary.

Proof Let ¢ < ¢ to be fixed later. For § < §(N, &) we find a &’-splitting
function u : Bg(p) — RN~ satisfying (i)-(iv) in Theorem 8.4 with ¢’ in
place of €. Let in particular U C Bj(p) N dX be the good set appearing in
Theorem 8.4 (ii).

The inclusion u(U) C By (0) implies

AN VOXNBI(p) <& + VNN U) <& + (1 +&)NLeN-1u))
<+ 04+ N 2wn_;. (8.25)

On the other hand since u(B1(p) N 8X) D BE_(0), u((dX N Bi(p)\U) <
C(N)&' and u is bi-Lipschitz on U we infer that

ANNOX N Bi(p)) = VN U)
1

= = (on-1(1=2eH""" —cavie’). (8.26)
The sought conclusion (8.24) follows from (8.25) and (8.26) by choosing &’
small enough.

The second part of the statement follows from (8.24) taking into account the
following general property: given a noncollapsed RCD(—(N — 1), N) space
(X,d, #N) and a point x € dX such that

AN OX N B (x)
lim inf >
r—0 piN—1

0, (8.27)

then any tangent cone to (X, d) at x has boundary.
The verification of the claim above follows from Corollary 6.10, taking into
account the scaling properties of .77V ~!. O

8.3 Convergence of boundary measures

Let us recall that for measures defined on sequences of metric spaces con-
verging in the pGH sense, weak convergence is understood in duality with
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continuous functions with bounded support once the pGH converging metric
spaces are embedded in a common proper metric space (cf. [7,8]).

In this framework, two standard consequences of weak convergence are the
lower semicontinuity of the evaluation on open sets and the upper semicon-
tinuity of the evaluation on closed sets: if w, are locally finite measures on
Z weakly converging to u in duality with continuous functions with bounded
support asn — oo and A C Z and C C Z are an open and a closed subset
respectively, then

w(A) < liminf j1,(A) and @(C) > lim sup s, (C). (8.28)
n—oo

n—oo

From the two properties above one can easily infer the full convergence
lim;, 00 1y (O) = u(0), for any Borel set O C Z such that u(00) = 0,
where we denoted by d O the topological boundary of O.

We now prove Theorem 1.8 which is restated below for reader’s conve-
nience.

Theorem 8.8 (Boundary Volume Convergence) Let 1 < N < oo be a fixed
natural number. Assume that (X,,,d,, 7N, p,) are RCD(—(N — 1), N)
spaces converging in the pGH topology to (X, d, N, p). Then

AN oX, —> AN TL9X weakly. (8.29)
In particular

lim 22V ~1(0X, N B-(x,)) = V10X N B.(x)),

n—oo

whenever X, 3 x, — x € X and N1 03X N 3B, (x)) = 0.

Proof Set v, := V"1 3X,. Up to extracting a subsequence one has that
v, — v weakly, where v is a nonnegative measure on X satisfying

() v(B,(x)) < C(N)rN~=! forany x € X and a.e. r € (0, 2);

(ii) suppv c SN,

Here we have used standard compactness theorem for measures along with
Theorem 1.4 (i), the lower semicontinuity of the density ®x, w.r.t. the GH
convergence, and Remark 6.4. We need to prove that v = ¥~ 3 X.

Let us begin by observing that, as a consequence of (i) and (ii),
it holds that v « ZN-1LSN-1 = V-1 3X. In particular if
SN=IXN\SV2(X) = #thenv = #N-1_9X = 0. We can therefore
assume that SN~ 1(X)\SV=2(X) # . To get the claimed conclusion it is
enough to verify that

B
lim GG 1 for VN 'ae x €dX, (8.30)
r—0 L()N_ll’N_l
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thanks to a classical result about differentiation of measures [62]. Here we
used that 0 X is (N — 1)-rectifiable with locally finite 57 N=Il_measure.

To prove (8.30) we rely on Corollary 8.7. Observe that we can check (8.30)
just considering regular boundary points x € SN ~"\S"~2 for which the limit

. (B (x))

exists.

Let us fix § > 0. For any x € 9X as above there exists r, < 1 such that
B, (x) is a §/2-boundary ball for every r € (0, ry), thanks to Theorem 8.1 (1).
In particular, if 0 X,, > x, — x € 0X then B, (x,) is a 6-boundary ball for any
r € (0, ry], and n big enough (here we rely again on Theorem 8.1 (i) to handle
radii in (0O, r,)). Notice that the existence of the sequence (x,) verifying the
property above for r = r, is a consequence of the stability Theorem 6.1. Let
us now fix ¢ > 0 and assume that § < §(N, ¢) so that Corollary 8.7 holds true.
We get

V(B (x)) _ANTHOX, N B (x))
———— — 1| =|lim -1
wy—1rN-1 n—00 wy—1rN71
<¢ foraer € (0,ry), (8.32)
3 which yields (8.30), being ¢ arbitrary. O

9 Topological regularity up to the boundary

In [59, Corollary 3.2], following the arguments of [28] (see also the previous
[13]) and relying on Reifenberg’s theorem for metric spaces, it has been proved
that on any noncollapsed RCD(K, N) space (X, d, ") and for any o €
(0, 1) there exists an open and dense subset U C X such that:

e dimy(X\(UUIX)) <N —2;
e U is an N-dimensional topological manifold with no boundary and C*-
charts.

The aim of this section is to sharpen this result including the boundary in
the topological regularity statement. We shall prove that any noncollapsed
RCD(K, N) is space (with boundary) is homeomorphic, up to a set of codi-
mension two, to a topological manifold (with boundary) with «-biHo6lder charts
forany 0 < o < 1.

3 The inequality (8.32) holds for all those radii such that v(B,(x)\By(x)) = 0, a property
which fails in at most countable cases.
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In view of [59, Theorem 4.11] and of Theorem 5.1 the main tool needed to
get topological regularity up to the boundary are biHo6lder topological charts
on §-boundary balls.

Theorem 9.1 Let N € N, N > land (X, d, #N) be anRCD(—8(N —1), N)
space, p € X suchthat Bis(p) is a §-boundary ball. Then, forany0 < ¢ < 1/5
if 5§ < 38(N, ¢) there exists F : Bi(p) — ]Ri/ such that

(i) (1—e)d(x, y)'*¢ < |[F(x) = F(y)| < C(N)d(x, y) forany x, y € Bi(p);
(i) F(p) =0and dRY N Bi_5,(0) C F(8X N Bi(p)) = dRY N F(Bi(p));
(iii) F is open and a homeomorphism onto its image;

. RY
(iv) B,Z,,(0) C F(Bi(p)).

By combining [59, Theorem 4.11] and Theorem 9.1 we infer that on a
noncollapsed RCD(—(N — 1), N) m.m.s., if ¢ < &(V) then any point in
X\SY ~2 has a neighbourhood which is C%-homeomorphic either to an open
setin RY orto an open set in Rﬁ (see (1.8) for the definition of the quantitative
singular stratum Sév ~2). It is then easy to infer the following.

Theorem 9.2 Let N € N, N > 1 be fixed and 0 < o < 1. If (X, d, ,%”N) is
a RCD(—(N — 1), N) metric measure space, then there exists a closed set of
codimension at least two C, C SéV_Z(X), for some 0 < & < (N, ), such
that X\Cy, is a topological manifold with boundary and C*-charts.

Let us begin by proving Theorem 9.2 assuming the validity of Theorem 9.1.
The latter will be proven at the end of this section.

Proof 1t is sufficient to prove that if ¢ < &(N, «), then any point in X \ng -2
admits a neighbourhood which is either C*-homeomorphic to an open subset
of RN, or C%-homeomorphic to an open subset of Rﬁ .

In order to do so we just observe that, if x € X \Sév _2, then there exists
0 < r < 1 such that either B,(x) is (NN, €)-symmetric, or B,(x) is an e-
boundary ball. In the first case x has a neighbourhood C*-homeomorphic to an
open subset of RN by [59, Theorem 4.11] (see also [13,28]), for ¢ < (¢, N).
In the second case, by Theorem 9.1 x has a neighbourhood C*-homeomorphic
to an open subset ofRﬁ,ifs < ¢e(a, N). |

In the framework of limits of NV -dimensional manifolds with convex bound-
ary and Ricci tensor bounded below by — (N — 1) in the interior we can improve
Theorem 9.2 with the following.

Theorem 9.3 Let (X, d, #N) be an RCD m.m.s. arising as noncollapsed
limit of a sequence of smooth Riemannian manifolds with convex and Ricci
curvature bounded from below in the interior by —(N — 1). Then for any
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0 < o < 1 there exists a constant C = C(N, «, ,%”N(Bl(p))) and a closed
set of codimension at least two Cy, C SN=2(X) such that

ANT2(Cy N Bi(p)) < C(N,a, N (B (p))), foranype X (9.1)

and X\ Cy is a topological manifold with boundary and C*-charts.

The improvement will follow from the sharp measure estimates for the
effective singular stratum Sév ~2 on noncollapsed Ricci limit spaces obtained
in [29]. The conclusion is almost straightforward once we point out that the
verbatim arguments of [29] allow to treat also the case of noncollapsed limits
of smooth Riemannian manifolds with convex boundary (and interior lower
Ricci curvature bounds). Since that case was not considered therein, we also
give a detailed proof relying on a gluing procedure (see [83]) in order to reduce
the study of singularities in the boundary to that of interior singularities.

Proof of Theorem 9.3 First let us point out that, the analogue of [29, Theorem
1.9] in the case of non collapsed limits of smooth manifolds with convex
boundary and interior lower Ricci curvature bounds yields that, under our
assumptions,

ANTHSN 2N Bi(p)) < C(N, &, N (B1(p))). (9.2)

The conclusion then follows from Theorem 9.2, where we proved that the
topologically singular set is included in Sév ~2. The validity of [29, Theorem
1.9] in the case of manifolds with boundary can be checked with the verbatim
arguments therein indicated.

However, since the case of manifolds with boundary is not considered in
[29], below we provide an alternative proof under the additional technical
assumption that the smooth approximating manifolds have boundaries with
uniformly bounded diameter.

Let us start by pointing out that

(i) if x € 0X and Ox(x) > 1/2 — n(N, a), then x has a neighbourhood
C*-homeomorphic to an open set in Rﬁ ;

(i1) if x € X verifies Ox(x) > 1—n(N, a), then x has an open neighbourhood
C“-homeomorphic to an open subset of RV

We refer to [13,28,59] for the proof of (ii), which is based on Reifenberg’s
theorem for metric spaces.

Property (i) instead directly follows from the Boundary volume rigidity The-
orems 8.2 and 9.1.
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It follows from the discussion above that, letting

I ={xedX : Oxkx) < % —n(N, )},

9.3)
P:={xe X\0X : Ox(x) <1 —-n(N,a)},
it suffices to prove
AN2((1 U P)N Bi(p)) < C(N, &, N (Bi(p))). 9.4)

Let now ()2, a, 2N be the doubling of (X, d, N gluing along 0 X, see
for instance [79] for the precise definition. We claim that it is noncollapsed
Ricci limit (of a sequence of smooth N-dimensional Riemannian manifolds
with no boundary and Ricci curvature bounded from below by —N).

Before proving the claim let us see how it implies (9.4). In order to do so
we lett : X — X be one of the canonical immersions of the starting space
into its double. Since ¢ is isometric, in order to prove (9.4) it suffices to prove
that

ANTZWIUP)NBI(p)) < C(N o, AN (B11(p)).  (9.5)
It is easy to check that, for any x € ¢(/ U P) it holds
Oi;(x) <1-2n(N, ).
Hence, there exists € = (N, «) such that
W(IUP) C SN2(X). (9.6)
Applying [29, Theorem 1.9] to ()A( , a) we infer that
ANPIUP)NBIWp)) < CWN o, £V Bi(p)), (97

which yields the sought estimate.
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Let us pass to the verification of the claim. In order to do so we let (X, d,,)
be the sequence of smooth manifolds with boundary converging to (X, d). We
then let (X,,, d ) be the doubling along the boundary of (X,,d,). From [83]
(see also the previous [65]) we deduce that (X " d ») is a noncollapsed limit
of a sequence of smooth Riemannian manifolds with no boundary and Ricci
curvature bounded below by — N, for any n € N. Then it is easy to check that
(X, an) converge in the pGH topology to (X, a) without collapse. To conclude
we observe that a diagonal argument yields that (X, a) is a noncollapsed Ricci
limit space. o

Remark 9.4 Relying on [29, Remark 1.10] we can improve (9.1) by showing a
stronger packing type estimate: for any collection of disjoint balls { B, (x;)}ien
with x; € C, N By (p) it holds

SN2 < N o AN (Bi(p))). ©9.8)
ieN

The remaining part of this section is devoted to the proof of Theorem 9.1.
Let us first introduce a regularization result for the distance to the boundary
on §-boundary balls.

Lemma 9.5 Let N € N, N > 1 be fixed. For any ¢ > 0, if § < §(N, ¢) then
the following holds. Given an RCD(—8(N — 1), N) m.m.s. (X, d, N and
p € X such that Bg(p) is a 8-boundary ball, there exists a (1 + ¢)-Lipschitz
Sfunction b : B4(p) — R satisfying:

(@) |b(x) —dyx (x)| < edyx (x) for any x € Ba(p);
(i) b € Dioc(A, B4(p)\3X) and

][ Vb — Vdyx |*> do#N —|—r2][ |IAbP AN <&, (9.9)
B, (x) By (x)

forany x € Bo(p)\0X, and r = dyx(x)/3.

Proof We divide the proof into four steps. The first one aims at building a
partition of unity suitable for the geometry of our problem. In the second step
we build harmonic approximations of dyyx on balls with radius proportional to
their distance from the boundary and prove good estimates as in the theory of
Ricci limits (cf. [27]). The sought function is obtained averaging the harmonic
approximations of the distance obtained in Step 2 by the partition of unity built
in Step 1. The third step is devoted to the proof of (i) while in the last step we
obtain (ii).
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Step 1. There exist a family of functions {¢; : Bg(p) — Ri}ren and a
family of balls {B,, (xi)}ken satisfying the following conditions:

(@) ri:=dax (x)/8, Ba(p)\oX C Uy Bz, (xi);
(b) if By, () N...N By, (x,)# @ thenm < C(N) and ry, < C(N)ry,

foranyi, j=1,...,m;
(¢) ¢k € Lip(X) N D(A), supp ¢k C By, (xx) and

ok + el Vx| + rEl Agk] < C(N);

(d) > p ¢x = 1 on Bs(p)\dX.

Let us briefly explain how to build a family of balls satisfying (a) and (b).
For any « € N we cover B4(p) N {27% < dyx < 2_‘”2} using balls

{By-a—1(xgi) © 0 = 1,...,mg} with xo; € {27 < dyx < 27%%2} such
that {By—a—3(xq ;)i = 1, ..., mg} 1s a disjoint family. The verification of the
fact that {By—a-1(xq;) : « = 1,...,mqy, i € N} satisfies (a) and (b) follows

from the following simply verified observations:

e my < C(N) forany @ € N;
o if B%,z_a_l(xa,,-) N B%vz_ﬂ_l(xﬂ’j) # (then |a — B] < 2.

We build now the partition of unity {¢;} satisfying (c) and (d) following a
standard procedure. For any k € N we use Lemma 2.10 to get a nonnegative
function ny satisfying nr = 1 on B%rk (xx) and nx = 0 on X\B,, (xx) along
with the bound

Mk + re| Vel 4+ r2 | Ang| < C(N).

Then we set

Tk

o = -
D

The verification of (c) and (d) is straightforward and builds upon the observa-
tionthat 1 < ), ; < C(N) on B4(p)\dX.
Step 2.1f§ < §(N, &), x € B4(p),s = dyx (x)/5 then there exists a unique

solution b, s to the Dirichlet boundary value problem*

Aby s =0 on Bg(x),

9.10
bx,s =dyx on dBs(x), ( )

which satisfies moreover the estimates

4 The Dirichlet boundary condition below is understood as by s — dyx € H(} "2(BA- (x)).
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(1) bx,s > 0, |Vbx,s| =< C(N) and |Vbx,s| <1l+4+eon Bs/Q(X);
(2) 1bx,s —dyx| < s on Bs(x);
3) fp, (o) | Vbrs — Vdax 2 dN <e.

Existence and uniqueness of solutions to (9.10) follow from classical func-
tional analytic arguments (cf. [26, (4.5)] and [8, (4.11)]) since X\ B(14¢)s(x) #
(). The positivity of by s in (1) is a consequence of the maximum principle, while
the gradient bounds follow from [55] (for the non sharp one) and Remark 3.3,
for the sharp one given (iii).

In order to verify (2) and (3) let us consider a point ¢ € B4(p) N 0X such
that d(x, ¢) < 5s and notice that Bgg(q) is a 8’-boundary ball for§ < §(N, §'),
thanks to Theorem 8.1 (i). Since Bs(x) C Bgs(g) we can scale the space by a
factor 3/2s and verify (2) and (3) in the special case dyx(x)/5 =s =2/3.In
order to do so we rely on the continuity of the harmonic replacement (see [8])

arguing by contradiction.
N

First we observe that 1/n-boundary balls B>(g,) converge to Bf{ *(0) as
n — oo. Then we recall that Lemma 7.1 yields uniform and W !-2 convergence
of the distance functions from the boundaries along the converging sequence,
and on any converging sequence of balls By /3 (x,).> To conclude we observe
that on the half space the distance from the boundary is harmonic away from
the boundary and local spectral convergence holds for any ball far away from
the boundary. Therefore the harmonic replacements of the distance from the
boundary verify:

0

[5x1.2/3 = dax, 12y ey =

and | by, 2/3 — dax, 0, (9.11)

L®(Byys(xn))

as n — oo, yielding the sought estimates (2) and (3).
Step 3. Let ¢x and B, (xx) be as in Step 1. We set by := by, 2,,, Where
by, 2, 1s obtained by Step 2, and we define

b:= Z (pkbk.
k

Let us show that [b(x) — dyx (x)| < C(N)edyx(x) for any x € B2(p).

5 This stronger statement can be checked arguing as in the case of balls centered at boundary
points, given the uniform convergence of the distance functions.
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First let us consider x € Ba(p)\dX. Using (1), (2), (b) and (d) we get
Ib(x) = dax ()] < Y @k (0)|bi(x) — dax (x)]
k

<2 Y @an
{k: 100}
< C(N)edyx (x).

Then we can estimate
IVB] (x) <Y 1Verl ()b — dax | (x) + Y @r(x) [Vbil (x)
k k

<eC(N) > Vel ()dax (x) + 1 +¢
{k: gx (x)#0}
<14+ C(N)e,

for #N-a.e. x € B4(p). Above we exploited the very definition of b, together
with (a)—(d) and (1), (2).
This gradient estimate, together with the previous one, allows to infer that b
is Lipschitz once we set b = 0 on 9 X.

Step 4. We now verify that b € Djoc(A, B4(p)\0X) and

][ |Vb—Vd3X|2djf+r2][ |Ab|? N
B (x) By (x)

<eVx € By(p), r =dyx(x)/3. (9.12)

For ##N-a.e. x € By(p) one has

IV —dax)l(x) <= > [Vigr(be — dax))| (x)
{k: gr (x)7#0}

<C(N)e+ Z |Vby — Vdyx|(x), (9.13)
{k: o1 (x)#0}

where we have used (b), (c) and (2).
Let us now observe that on B4(p)\0X it holds

Ab =" Agbi+2) Vi - V. (9.14)
k k
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The first sum in (9.14) can be easily bounded by using (b), (c), (d) and (2)

> Age(x)bi(x)
k

> Agr () (bi(x) — dax (x))
k (9.15)

<SCWN) Y rler < C(N)edyy(x).

{k: gr (x)#0}

The estimate of the second sum in (9.14) uses (b) and (d):

> Vi Vbi(x)

k

< Y IVl (0)| Vb — Vdax|(x)
k (9.16)
<CN)dyx(x) Y Vb — Vx| (x).
{k: or (x) 70}

By combining (9.13), (9.15) and (9.16) we find out

7[ Vb — Vdyx |> ds#N +r2][ |AD|* do#N
B, (x) B (x)

< C(N)s + C(N)][ D Vb — daxP(2) 4N (2),
Be) ki 2 20)

which easily yields the sought conclusion as a consequence of (b) and (3). O

Before entering into the proof of Theorem 9.1 we outline its strategy for the
reader’s convenience. In a nutshell: we perform a Reifenberg type argument
with two model sets, the Euclidean space R and the Euclidean half space
Rﬁ , instead of the single model of the usual statement.

The homeomorphism F : Bi(p) — R_’X is built by setting F' := (u, b)
where u : Bg(p) — RN~ is a §-splitting map with u(p) = 0 and b is given
by Lemma 9.5. The latter has to be understood as a suitable regularization of
ds, . It is straightforward to check that F is a Lipschitz map, the delicate part
of our argument is to prove that

|F(x) — F(y»)| = (1 = &)d(x, y)'**, foranyx,y € Bi(p). (9.17)
To this aim, we distinguish two cases.
Case 1: x, y are far away from the boundary. More precisely, r := d(x, y)

is much smaller than dyx (y) and dyx (x). In this case, x, y € By, (x) and the
ball By, (x) looks Euclidean at any scale. We can then run a transformation
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argument as in [29, Theorem 7.10] to find a transformation matrix A such that
Ao F : B,(x) - RY is a §-almost splitting map, |A| <r~°. (9.18)
Using that §-almost splitting maps are e-isometries we conclude

|F(x) — F(y)| = rf|Ao F(x) — Ao F(y)|
>rf(1 —e)d(x, y) > (1 — &)d(x, y)l"'g. (9.19)

Case 2: x, y are close to the boundary. In this case By, (x) is a boundary
ball, where r := d(x, y), and we can apply a transformation argument on
u: By (x) —> RVN~1 We can find A such that

Aou: B(x) - RN lisa§-splitting map, |A| <r~%.  (9.20)

Arguing as above, we deduce that v := (Ao u,b) : B (x) — Rﬁ s an
e-isometry and

|F(x) = FO)I = rlox) —v()| = (1 —e)dx, ' 9.21)

Proof of Theorem 9.1 For § < &(N,§) we build a §'-splitting map u :
Bs(p) — RV with u(p) = 0 and a function b : Bg(p) — R, satisfy-
ing (i) and (ii) in Lemma 9.5 with §" in place of &. We claim that F := (u, b)
verifies (1)—(iv).

Let x,y € Bi(p) and set r := d(x, y). The inequality |F(x) — F(y)| <
C(N)d(x, y) follows from the Lipschitz regularity of « and b.

Aiming at proving the inequality |F (x) — F(y)| = (1 — &)d(x, y)' ¢ we
are going to argue as in the proof of [29, Theorem 7.10] (see also the proof
of (8.18)), relying on the transformation theorem. Since in this case the target
is the half-space and not the Euclidean space, we need to study separately the
two cases r < dgx(x)/3 and r > dyx(x)/3.

Assume first r < dyx(x)/3. Let ¢ € X N By(p) such that d(x, g) =
dyx (x).Ford < §(N, &) theball Bs(g) is a§’-boundary ball forany s € (0, 8),
by Theorem 8.1 (i). The transformation theorem Proposition 3.13 (see also the
matrix growth estimate in Corollary 3.16) applied to u : Bag,y (x)(q) — RN-1
(taking into account the fact that u : Bx(g) — RN-1isa s -splitting map)
implies the existence of a matrix 7 such that

o Tixou: Byyyx)(q) = RVN=1isan &’-splitting map;
o T < 2dax(x)™ < (6r)7,
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whenever 8’ < §'(N, &’). Assume §’ < ¢’. Setting v := (T o u, b), thanks to
Corollary 7.2 and (9.9), we have
N f

N
Vg - Vug —8a5|d<%”N+Zs2][ [Avg)?d#N <&, (9.22)
a,B=1 Bs(x) a=1 B (x)

fors :=dyx(x)/3and &’ < &'(N, &").

Applying again Proposition 3.13 to v : By(x) — R¥ taking into account that
B;(x)isa (N, §')-symmetric ball forany r < ¢t < 3/2s (see Theorem 8.1 (iii))
when § < §(N, 8'), we get the existence of a matrix A, such that

e w:=A,ov: B (x) > R is a ¢’-almost splitting map;
"
bl |Ax| S r—&‘ ’

for e’ < &(N, €”). Hence, if & < &"(N, "), w : B,(x) — R isa ¢”-GH
isometry thanks to Remark 3.10 and Remark 3.12, yielding that

Nwx) —wy)| —dx, y)| <&”r =¢&"d(x, y).
This implies in turn
|F(x) = F(y)] = (1 — &)d(x, )7,

being w := B o F, where B is a matrix satisfying |B| < (1 + &)r~¢ for
¢’,&”, & small enough.

Let us now deal with the case r > dyx (x)/3.Letg € X N By (p) such that
d(x, g) = dyx(x). Notice that Bg,(g) is a 8’-boundary ball for § < §(N, §')
as a consequence of Theorem 8.1 (i). We apply the transformation theorem
Proposition 3.13 to get a matrix Ay, such that [A,| < (87)¢ and Ay ou :
Bg,(q) — RN~ is an &'-splitting map. Relying now on Corollary 7.2 and on
Lemma 9.5 (i) we infer that, when § < §(N, &”), v := (Aou,b) : B4 (q) —
RY is an ¢”-GH isometry. Notice that y € B, (¢), hence

llv(x) — v(y)| — d(x, y)| < 4re” = 4e"d(x, y).

Arguing as above we deduce | F (x) — F(y)| > (1 —e&)d(x, y)'*¢, for ¢” small
enough.

The assertion (ii) follows from the fact that {b = 0} N\ B4(p) = 0 X N B4(p)
and Theorem 8.4 (iv).

Observe that F' : Bj(p)\dX — Rﬁ\{xN = 0} is an open mapping by
invariance of the domain. Indeed, under our assumptions B (p)\0X is homeo-
morphic to a topological manifold thanks to Theorem 8.1 (iii) and Reifenberg’s
theorem. Being F continuous and injective, to prove that F : Bi(p) — Rf
is an homeomorphism with its image it is sufficient to prove (iv). If this is
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the case, to prove that the image of any open set in By(p) is open in ]Rﬁ we
just need to observe that on any boundary ball, up to an invertible matrix, the
restriction of F verifies the same properties that F verifies on the ball of radius
1.

Let us therefore move to the verification of (iv). In order to do this it is
sufficient to prove that

F(Bi(py N{dgx > 8}) D Bi_2:(0) N{xy > 8(1+¢)},  (9.23)

for any § > 0. This claim can be verified arguing as we did in the proof of
Theorem 8.4 (iv), relying once more on the invariance of the domain and on
the fact that F'(x) € {xy = O} if and only if x € 0X. O

Remark 9.6 Arguing as in the proof of [29, Theorem 7.10] (see also the proof
of Theorem 9.1 above) and relying on the transformation Proposition 3.13 it
is possible to obtain the following regularity result, which is worth pointing
out.

If (X, d, ") is a noncollapsed RCD(—(N — 1), N) space and x € X is a
regular point, then for any 0 < o < 1 there exists an open neighbourhood of x
which is C%-homeomorphic to an open subset of R, and the homeomorphism
can be chosen with harmonic coordinate maps.

This observation gives in particular a positive answer to a question raised in
[76, Question 2.1] about existence of homeomorphisms from a neighbourhood
of aregular point of an Alexandrov space with curvature bounded from below
to an open set in R with harmonic coordinates. Notice that the regularity of
the harmonic map cannot be improved to biLipschitz, due to the presence of
singular points where harmonic maps do degenerate, see [31, Example 2.14].
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