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Abstract

In Athreya et al. (2015) an invariance principle is stated for a class of strong Markov processes on
tree-like metric measure spaces. It is shown that if the underlying spaces converge Gromov vaguely, then
the processes converge in the sense of finite dimensional distributions. Further, if the underlying spaces
converge Gromov—Hausdorff vaguely, then the processes converge weakly in path space. In this paper
we systematically introduce and study the Gromov-vague and the Gromov—Hausdorff-vague topology on
the space of equivalence classes of metric boundedly finite measure spaces. The latter topology is closely
related to the Gromov—Hausdorff—Prohorov metric which is defined on different equivalence classes of
metric measure spaces.

We explain the necessity of these two topologies via several examples, and close the gap between them.
That is, we show that convergence in Gromov-vague topology implies convergence in Gromov—Hausdorff-
vague topology if and only if the so-called lower mass-bound property is satisfied. Furthermore, we prove
and disprove Polishness of several spaces of metric measure spaces in the topologies mentioned above.

As an application, we consider the Galton—Watson tree with critical offspring distribution of finite
variance conditioned to not get extinct, and construct the so-called Kallenberg—Kesten tree as the weak
limit in Gromov—Hausdorff-vague topology when the edge length is scaled down to go to zero.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The paper introduces the Gromov-vague and the Gromov—Hausdorff-vague topology. These
are two notions of convergence of (equivalence classes of) metric boundedly finite measure
spaces. These are “localized” versions of the Gromov-weak topology and a topology closely
related to the Gromov—Hausdorff—Prohorov topology on (equivalence classes of) metric finite
measure spaces.

Gromov-weak convergence and sampling. The Gromov-weak topology originates from the weak
topology in the space of probability measures on a fixed metric space. It is an example of a
topology which comes with a canonical family of measures and convergence determining test
functions. That is, given a complete, separable metric space, (X, r), we denote by M (X) the
space of all Borel probability measures on X and by C(X) := Cr(X) the space of bounded,
continuous R-valued functions. A sequence of probability measures (i) converges weakly to
win M (X) (abbreviated p, = ), as n — oo, if and only if [du, f — [du f in R, as
n — oo, forall f € C_(X).

We wish to consider sequence of measures that live on different spaces. In such a case an
immediate analogue of bounded continuous functions is not available. To still be in a position
to imitate the notion of weak convergence, we rely on the following useful fact: for a sequence
(1n) in My (X) and p € M(X),

Un = wu if and only if N — &N (1.1
n—00 T psoo

Indeed, the “if” direction follows by the fact that projections to a single coordinate are
continuous. The “only if ” direction follows as the set of bounded continuous functions ¢ : X~ —
R of the form ¢((xy)nen) = [, @i(x;) for some N € N,¢i: X — R,i = 1,...,N,
separates points in X" and is multiplicatively closed (see, for example, [31, Theorem 2.7] for
an argument how to use [29] to conclude from here that integration over such test functions is
even convergence determining for measures on M (X)).

Consider now the set of bounded continuous functions ¢ : X — R of the following form

¢=¢o RN, (1.2)

where R™X") denotes the map that sends a vector (x,)nen € X' to the matrix (r(x;, X)) 1<i<j €
N N

RSZ) of mutual distances, and ¢ € é(RSZ)) depends on finitely many coordinates only. A

(complete, separable) metric measure space (X, r, ;1) consists of a complete, separable metric

space (X, r) and a Borel measure i on X. Denote by X; the space of measure preserving

isometry classes of metric spaces equipped with a Borel probability measure. Then for each

representative (X, r, u) of an isometry class X € X the image measure Rka’r) u®N = ;8N o

N
(REMN=1 e M, (]RJ(F2 )) is the same and is referred to as the distance matrix distribution v

of X. It turns out that if the distance matrix distributions of two metric measure spaces coincide,
then the metric measure spaces fall into the same isometry class. This is known as Gromov’s
reconstruction theorem (compare [23, Chapter 3%]), and suggests to consider the Gromov-weak
topology, which is the topology induced by the set of functions of the form

X

B(X, 7, ) = / du®N g = / ¥ , (13)
XN
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where ¢ is of the form (1.2). As this set is multiplicatively closed we can conclude once more
that it is also convergence determining for metric measure spaces on Xj.

The Gromov-weak topology on spaces of metric measure spaces, prescribed by test functions
as in (1.3), originates from the work of Gromov in the context of metric geometry, where it is
induced by so-called box metrics. In [20] the Gromov-weak topology on complete, separable
metric measure spaces was reintroduced via convergence of the functions of the form (1.3),
and metrized by the so-called Gromov—Prohorov metric. Recently, in [31], it was shown that
Gromov’s box metric and the Gromov—Prohorov metric are bi-Lipschitz equivalent.

Independently of Gromov’s work, however, the idea of proving convergence of random
0-hyperbolic metric measure spaces (that means trees) via “finite dimensional distributions”,
i.e., with the help of test functions of the form (1.3), has been used before in probability theory.
As the land mark we consider [4, Theorem 23], which states Gromov-weak convergence of
suitably rescaled Galton—Watson trees towards the so-called Brownian continuum random tree
(CRT), where the Galton—Watson trees are associated with an offspring distribution of finite
variance, conditioned on a growing number of nodes and equipped with the uniform distribution
on its nodes. Other results using test functions which imitate sampling include [20, Theorem 4],
where the so-called A-coalescent tree is constructed as a Gromov-weak limit of finite trees.
Furthermore, distributions of finite samples from metric measure spaces are used in hypothesis
testing and for providing confidence intervals in the field of topological data analysis (see, for
example, [7,9]).

From Gromov-weak to Gromov—Hausdorff weak convergence. The following embedding result
is known from [20, Lemma 5.8]. A sequence (&) converges Gromov-weakly to X in X if
and only if there is a complete, separable metric space (E, d) such that (representatives of)
all &, and X’ can be embedded measure-preserving isometrically into (E, d) in a way that the
image measures under the isometries converge weakly to the image limit measure. Using this
embedding procedure, we can also define a stronger topology: We say that a sequence (X))
converges Gromov—-Hausdorff-weakly to X in X if and only if there is a metric space (E, d)
such that we can do the above embedding in a way that, additionally, the supports of the measures
converge in Hausdorff distance.

This topology is closely related to the one introduced under the name measured Hausdorff
topology in [17] in the context of studying the asymptotics of eigenvalues of the Laplacian on
collapsing Riemannian manifolds, and extended from compact to Heine—-Borel measure spaces
in [28]. The difference to the Gromov—Hausdorff weak topology is that, instead of the supports,
the whole spaces are required to converge in Hausdorff metric topology. This leads to different
equivalence classes, and the connection is discussed extensively in Section 5. In probability
theory, the measured (Gromov-)Hausdorff topology was reintroduced and further discussed in
[16,34], and recently extended in [1] to complete, locally compact length spaces equipped with
locally finite measures.

Verification of convergence. As for the Gromov—Hausdorff-weak topology no canonical fam-
ily of convergence determining functions is available, a key question is how to actually verify
convergence in Gromov—Hausdorff-weak topology? According to the definition, first an embed-
ding of the whole sequence into the same metric space must be provided. For random forests
there has been the tradition to encode them (if possible) as excursions on compact intervals, and
showing then convergence of the associated excursions in the uniform topology. As the map that
sends an excursion to a tree-like metric measure space is continuous with respect to the Gromov-
(Hausdorff)-weak topology ([2, Proposition 2.9], [31, Theorem 4.8]), convergence statements
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obtained by re-scaling the associated excursions always imply convergence Gromov—Hausdorff-
weakly. This approach has been successfully applied to branching forests with a particular off-
spring distribution (see, for example, [14,13,22]). However, except for a few prototype models
there is no obvious way to assign to a random graph model an excursion coming from a Markov
process. In such a situation, Gromov—Hausdorff convergence and Gromov-weak convergence
are shown separately (for example, [24,12,3]), or the scaling results are stated either without
the measure, using Gromov—Hausdorff convergence (for example, [30,33,25]), or only in the
Gromov-weak topology (for example, [21]).

Closing the gap. It is known that, if all considered metric measure spaces satisfy a (common)
uniform volume doubling property, then Gromov-weak and Gromov—Hausdorff-weak topology
are the same [36, Corollary 27.27]. “Volume doubling” is a standard property for Riemannian
manifolds and regular, self-similar fractals. It is quite restrictive for random spaces, such as
random recursive fractals or, important for us, random R-trees. In particular, Aldous’s Brownian
CRT almost surely does not have the doubling property, as can be seen from the estimates in
[11, Theorem 1.3] (see also [15] for stable Lévy trees).

If the uniform volume doubling property fails, Gromov-Hausdorff-weak convergence is
in general not implied by Gromov-weak convergence. The gap between Gromov-weak and
Gromov—Hausdorff-weak topology, however, sometimes matters a lot.

Important example. We have recently considered in [5] a class of strong Markov processes on
natural scale with values in O-hyperbolic compact metric spaces, which are uniquely determined
by their speed measures. We obtained in [5, Theorem 1] an invariance principle which states
convergence of such processes in path space provided the underlying metric (speed-)measure
spaces converge Gromov—Hausdorff-weakly. If we only assume Gromov-weak convergence,
the processes still converge in their finite dimensional distributions, but without the additional
convergence of the supports, convergence in paths space fails.

The main goal of the present paper is to close this gap between Gromov—Hausdorff-weak
and Gromov-weak topology. We show that provided metric measure spaces converge Gromov-
weakly, they also converge Gromov—Hausdorff-weakly if and only if the so-called (global) lower
mass-bound property (Definition 3.1) is satisfied. This allows to verify Gromov—Hausdorff weak
convergence via the following two steps (Theorem 6.1):

1. Verify convergence of the test functions from (1.3) together with
2. an extra “tightness condition” given by this lower mass-bound property.

The same lower mass function also turns out to be useful for characterizing the metric measure
spaces which are compact and Heine—Borel, respectively, and for proving that the subspaces
consisting of these metric measure spaces are Lusin spaces but not Polish if equipped with the
Gromov-weak topology. The lower mass-bound property also appears in a compactness condition
for the Gromov—Hausdorff-weak topology (Corollary 5.7). Furthermore, we also extend the
space of complete, separable metric probability measure spaces to complete, separable, metric
boundedly finite measure spaces and equip the latter with the so-called Gromov—(Hausdorff)-
vague topologies.

Outline. The paper is organized as follows: In Section 2 we recall the Gromov-weak topology on
the space of metric finite measure spaces and then use it to define the Gromov-vague topology
on the space of metric boundedly finite measure spaces. In Section 3 the global and local lower
mass-bound properties are defined and used to characterize compact metric (finite) measure
spaces and Heine-Borel metric boundedly finite measure spaces. In Section 4 we characterize
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Gromov-vague convergence via isometric embeddings and deduce criteria for Gromov-vague
compactness and Gromov-vague tightness, as well as Polishness of the space of metric boundedly
finite measure spaces in Gromov-vague topology. Furthermore, we show that the subspaces of
all compact and all Heine-Borel spaces, respectively, are Lusin but not Polish. In Section 5
we introduce the stronger Gromov—Hausdorff-vague topology, and clarify its relation to the
measured Gromov—Hausdorff topology and the Gromov—Hausdorff—Prohorov metric. We also
show that it is a Polish topology on the space of Heine—Borel boundedly finite measure spaces.
For the measured Gromov—Hausdorff topology and the Gromov—Hausdorff—Prohorov metric,
this means that restricting to spaces with measures of full support yields again a Polish space.
In Section 6 we prove our main convergence criterion for Gromov-Hausdorff-weak and -
vague convergence. Namely, given convergence in Gromov-weak or Gromov-vague topology,
Gromov—Hausdorff-weak or Gromov—Hausdorff-vague convergence is equivalent to the global
or local lower mass-bound property, respectively. In Section 7 we consider the construction of
trees coded by continuous, transient excursions, and show that the map which sends an excursion
to the corresponding metric boundedly finite measure space is continuous with respect to the
Gromov—Hausdorff-vague topology. Finally, as an example, we present the Gromov—Hausdorff-
vague convergence in distribution of suitably re-scaled finite-variance, critical Galton—Watson
trees, which are conditioned on survival, to the so-called continuum Kallenberg—Kesten tree.

2. The Gromov-vague topology

In this section we define the (pointed) Gromov-vague topology. We first introduce pointed
metric boundedly finite measure spaces, and the subspaces of interest. We recall the pointed
Gromov-weak topology on pointed metric finite measure spaces (Definition 2.5). The pointed
Gromov-vague topology is then defined based on the Gromov-weak topology via a “localization
procedure” (Definition 2.7). We discuss the connection between both topologies (Remark 2.8),
and present a perturbation result (Lemma 2.9).

A (pointed, complete, separable) metric measure space (X, r, p, i) consists of a complete,
separable metric space (X, r), a distinguished point p € X called the root, and a Borel measure @
on X. Since all our spaces are pointed, complete and separable, we usually drop these adjectives
in the following when referring to metric measure spaces.

Definition 2.1 (Equivalence of Metric Measure Spaces). Two metric measure spaces (X, r, p, i)
and (X', r/, p/, ') are said to be equivalent if and only if there is an isometry ¢ : supp(u) U
{p} — supp(t’) U {p’} such that ¢ (p) = p’ and ¢, = u’, where as usual we denote by

pupti=pog! (2.1)

the push forward of the measure  under the measurable map ¢. We denote the equivalence of
metric measure spaces by =. Most of the time, however, we do not distinguish between a metric
measure space and its equivalence class.

Recall that a Heine—Borel space is a metric space in which every bounded, closed set is com-
pact. A Heine—Borel space is obviously complete, separable and locally compact. We consider
the following subclasses of metric measure spaces.
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Definition 2.2 (X, Xygg, X¢).

1. A metric measure space (X, r, p, i) is called boundedly finite if the measure p is finite on
all bounded subsets of X. Let X be the set of (equivalence classes of) metric boundedly finite
measure spaces.

2. X € Xis called Heine—Borel locally finite measure space if the equivalence class contains a
representative X = (X, r, p, i) such that (X, r) is a Heine—Borel space. Denote the subspace
of Heine—Borel spaces in X by Xyg.

3. An equivalence class X' € Xgp is called compact metric finite measure space if it contains a
representative X = (X, r, p, u) such that (X, r) is a compact space. Denote the subspace of
compact spaces in Xyp by X.

We illustrate this definition with an example which is useful for considering continuum limits
of trees.

Example 2.3 (Locally Compact Geodesic Spaces and R-trees). Recall that a geodesic space is
a metric space in which every two points are connected by an isometric path, i.e. a path with
length equal to the distance between these points. A geodesic space is called R-tree if there is,
up to reparametrization, only one simple path between every pair of points. It is a classical fact
that every complete, locally compact geodesic space is a Heine—Borel space. In particular, Xyp
contains the subclass of complete, locally compact R-trees with Radon measures. [

As every Heine—Borel space is locally compact, the local compactness assumption on the
geodesic space is obviously essential. The following remark discusses why the completeness
assumption is important as well.

Remark 2.4 (Non-complete Spaces). We can allow also non-complete spaces as elements of
X by identifying them with their respective completions. Note, however, that Radon measures
on non-complete metric spaces are not boundedly finite in general. Consider for example the
binary tree 7' = {p} U |, cn{0, 1}"* with edges connecting w € {0, 1}"" with (w, 0) € {0, 1t
and (w,1) € {0,1}"t' n e Ny, equipped with a metric determined by r(w, (w,0)) =
r(w, (w, 1)) = cifw € {0, 1}", for some ¢ € [%, 1), and equipped with the length measure
(see, Example 5.15 for a detailed definition). The length measure is indeed a Radon measure as
all compact subtrees are contained in a subtree spanned by finitely many vertices. On the other
hand (T, r) is bounded, but the length measure is not finite. Thus non-complete, locally compact
R-trees with a Radon measure are not elements of X in general.

Moreover, non-complete, locally compact R-trees with a boundedly finite measure are not
elements of Xyp in general, as their completions do not need to be locally compact. Take for
example T := (0, 1] x {0} U UneN{%} x [0, 1] € R, and let r be the intrinsic length metric on
T (i.e., r(x, y) is the Euclidean length of the shortest path within 7" connecting x and y). Then
(T, r) is a non-complete R-tree, and it is easy to see that it is locally compact. Its completion
T=TU {(O, O)}, however, is not locally compact, because (0, 0) does not possess any compact
neighborhood. [J

We next recall the definition of the (pointed) Gromov-weak topology on metric finite measure
spaces (see [20] and [32, Section 2.1] for more details). As with the metric measure spaces, we
drop the adjective “pointed” in the following when referring to topologies on spaces of (pointed)
metric measure spaces.
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Definition 2.5 ((Pointed) Gromov-weak Topology). For m € N, the m-point distance matrix
m+1
distribution of a metric finite measure space X = (X, r, p, i) is the finite measure on RSr 2)
defined by

Vi (X) = f M®m d(x1, .y Xm)) 8(r(xi,xj-))0§,-<j5ma (2.2)
Xm

where xg := p and § is the Dirac measure. A sequence (X},),cN of metric finite measure spaces
converges to a metric finite measure space X Gromov-weakly if all m-point distance matrix
distributions converge, i.e., if

Ui (X)) == v (X)), (2.3)
n—>oo
for all m € N, where we write = for weak convergence of finite measures.

Next we define the Gromov-vague topology on the space X of metric boundedly finite measure
spaces. The construction is a straight-forward “localization” procedure, similar to the one used
by Gromov for Gromov—Hausdorff convergence of pointed locally compact spaces (compare
[23, Section 3B]).

Given a metric space (X, r), we use the notations B,(x, R) and B,(x, R) for the open
respectively closed ball around x € X of radius R > 0. If there is no risk of confusion, we
sometimes drop the subscript . The restriction of a metric measure space X = (X, r, p, u) € X
to the closed ball E(p, R) of radius R > 0 around the root is denoted by

Xlg=(X,rp, Mrﬁ(p,R)) = (§(P, R), Vrﬁ(p,R)z, 0, ,UJE(p’R)) (2.4)

Generally (and informally), localization works as follows: given a topology on some class of
spaces, the localized form of convergence is defined for those spaces X', where for all R > 0,
the restriction X[ falls into the original class. Such spaces converge in the localized topology
if, for almost all R > 0, the restrictions converge. If d is a metric inducing the original topology,
the localized convergence can therefore, for example, be induced by the metric

d*(x,) :=f dRe R(1 Ad(XIg, VIR)). (2.5)

Ry

We need the following lemma for our definition of Gromov-vague topology. Denote the
Gromov—Prohorov metric, which we define in Section 4, by dgp. For the moment, it is enough
to know that it induces the Gromov-weak topology by [20, Theorem 5].

Lemma 2.6. Let (X,)en be a sequence in X and X = (X, r, p, u) € X The following are
equivalent:

L. (X)Ir —=2 X[ r Gromov-weakly for all R > 0 with M(Sr(p, R)) = 0, where S, (p, R) =
B, (p, R)\ B-(p, R) is the sphere of radius R around p.

2. (X)Ir —— X[ Gromov-weakly for all but countably many R > 0.

3. (X)Ir g X[ r Gromov-weakly for Lebesgue-almost all R > 0.

4. There ex’;;swa sequence Ry — 00 such that (X;)[g, —= X[ g, Gromov-weakly for all

k e N.
5. dp (X, X) —— 0.
n—>0oo
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Proof. The implications “1. = 2. = 3. = 4”. are trivial.

“4. = 17. is a consequence of the Portmanteau theorem. Indeed, assume that (X;,)[g, ——
n—oo

X|g, Gromov-weakly along a sequence Ry — oo, and fix R > 0. Choose k € N large
enough such that Ry > R. Then, for every m € N, v, ((X,)[g,) = vm(X[g,). The first
n— oo

row of the m-point distance matrix v, contains, by definition, the distances to the root. Hence
Vi ((AXn)[ ) is equal to the restriction of vy, ((X,)[g,) to the set of matrices with no entry in the
first row exceeding R. The set of these matrices is closed, hence, by the Portmanteau theorem,
the condition /J,(S, (p, R)) = 0 implies the claimed convergence.

“3. & 57. follows directly from the fact that dgp induces the Gromov-weak topology, the
definition of dép in (2.5), and the dominated convergence theorem. [J

We are now in a position to define the Gromov-vague topology.

Definition 2.7 ((Pointed) Gromov-vague Topology). We say that a sequence (&)),en in X
converges to X € X Gromov-vaguely if the equivalent conditions of Lemma 2.6 hold.

Note that usually localized convergence is not strictly a generalization of the original one,
because parts can “vanish at infinity” in the limit. For example, consider Gromov—Hausdorff
convergence of (pointed) compact metric spaces, and a sequence of two-point spaces, where the
distance between the two points tends to infinity. Such a sequence does not converge. In the
localized Gromov—Hausdorff topology, however, it converges to the compact space consisting of
only one point. A similar phenomenon arises for the Gromov-vague topology.

Remark 2.8 (Gromov-vague Versus Gromov-weak). Consider the subspaces Xg, and X of X,
consisting of spaces X = (X, r, p, u) where u is a finite measure, respectively a probability.
Then on X, the induced Gromov-vague topology coincides with the Gromov-weak topology.
On Xjp, and even on X, however, this is not the case, because the total mass is not preserved
in the Gromov-vague convergence. In fact, for ¥ = (X, r, p, ), X, = (Xu, 1, Ons n) € Xfin,
The Gromov-weak convergence X, — X is equivalent to &, — X Gromov-vaguely and
M (Xn) > n(X). O

For a given metric space (X, r), denote by dlﬁf”) the Prohorov-metric on the space of all finite
measures on (X, B(X)), i.e.,

A5 (w, W) = infle > 01 w(A) < 1/ (A%) + &, W(A) < u(A®) +¢& VA closed},
(2.6)

where A® = {x : d(x, A) < e} is the closed e-neighborhood of A. Recall that the Prohorov
metric induces weak convergence.

We conclude this section with a simple stability property of Gromov-vague convergence

under perturbations of the measures in a localized Prohorov sense. We will illustrate this later in
Section 7 with Example 5.15.

Lemma 2.9 (Perturbation of Measures). Consider X = (X, r, p, ), X, = (Xu, Fn, Pns n) €
X, and another sequence of boundedly finite measure i), on X,,, n € N. Assume that X,, ——>
n—oo

X Gromov-vaguely, and that there exists a sequence Ry — 0o such that for all k € N,

lim dS™ (1l g, g, ) = 0. 2.7

n—oo

Then X, .= (X, Fn, pn, U,,) converges Gromov-vaguely to X .
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Proof. Notice that for every fixed k,n € N,

. (Xnsrn)
Jim dp " (al ks inl ) = 0. 238)

We may therefore assume w.l.o.g. that (2.7) and (X,)[r, —— X Ry> Gromov-weakly, hold
n— o0

k
along the same sequence (Ry)xeN- Thus for any fixed k € N,

(X)IR, —= Xk (2.9)

Gromov-weakly, by Theorem 5 of [20]. This, however, implies the claimed Gromov-vague
convergence. [

3. The lower mass-bound property

In this section we introduce the local and global lower mass-bound properties, and use them
to characterize compact spaces and Heine—Borel spaces, respectively. These properties are for-
mulated in terms of the following lower mass functions on the space of metric boundedly finite
measure spaces. For §, R > 0, we define mg: X — Ry U{oo} as

mf (X, r, p, ) = inf{ u(B,(x.8)) : x € Br(p. R) Nsupp() }. 3.1)
with the convention that the infimum of the empty set is co (which may happen if p & supp(u)).
Furthermore, set

: R _ R
mg = lim mg = inf my . 3.2)
8 R—o0 8 R>0 8

The following property plays an important role at several places in later arguments.

Definition 3.1 (Lower Mass-bound Property). A set K C X of metric boundedly finite measure
spaces satisfies the local lower mass-bound property if and only if

inf mX(x) >0, (3.3)
XeK

forall R > § > 0. It satisfies the global lower mass-bound property if and only if
inf my(X) > 0, 34
Anf 5(X) (3.4)

for all § > 0. We say that a single metric measure space X € X satisfies the local/global
mass-bound property if and only if K := {X'} does.

Notice that in the definition of mg, we could have replaced the closed ball by an open ball
and/or the open ball by a closed ball without changing the conditions (3.3) and (3.4). We made
our choice such that m§ is upper semi-continuous, which will be convenient in some proofs.

Lemma 3.2 (Upper Semi-continuity). For every R, § > 0, the lower mass functions m§ and m
are upper semi-continuous with respect to the Gromov-vague topology.

Proof. Fix R,6 > 0, and let X, = (X,,, 1y, pn, ) — X = (X, r, p, ) be a Gromov-
vaguely converging sequence in X. Then we can choose R’ > R + § such that X = X, [
converges Gromov-weakly to X’ := X|p. By Lemma 5.8 of [20], we can assume w.l.0.g. that
X, X1, X2, ..., are subspaces of some metric space (E,d), and u, = [, [E(p,R’) converges
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weakly to u' = mE(p,R’) on (E, d). We can then find for every x € supp(n) N B,(p, R) a
sequence x, — x with x,, € supp(u,) for all n € N. Thus

n(B(x,8)) = gng W (B(x,8+¢))

> inf liminf u), (B(x, 8 + ¢))

e>0 n—>o0

> liminf w, (B (x4, 8))
n—>oo

> mf (X)), 3.5

where we have applied the Portmanteau theorem in the second step, and used in the last
step that x, € B(p,, R) for large enough n. Hence mf is upper semi-continuous. Therefore,

my = infg-g m§ is also upper semi-continuous. [

Corollary 3.3 (Lower Mass-bound Property is Preserved Under Closure). If K C X satisfies
the global or local lower mass-bound property, the same is true for its Gromov-vague closure K.

Lemma 3.4 (Characterization of Compact mm-spaces). Let X € X. Then X is a compact
metric finite measure space if and only if it has finite total mass, and satisfies the global lower
mass-bound property.

Proof. “=” Assume that X = (X, r, p, ) is compact. Then X is bounded, and hence u is a
finite measure. For every § > 0, the function x +— /L(B(X, 8)) is lower semi-continuous. There-
fore, it attains its minimum on the compact set supp(x), and thus the global lower mass-bound
property holds.

“«” Assume that p is finite, and that the global lower mass-bound property holds. Then for
all § > 0, we can cover supp(u) with finitely many balls of radius 2. To see this, notice that we
can choose an at most countable covering {B(x, 28); x € S € X} of supp(u) with the property
that the points in S have mutual distances at least 26. As {B(x,6); x € § C X} then consists
of pairwise disjoint sets, each carrying u-mass at least mg(X'), the total mass of w is at least
my(X) - #S. As u is a finite measure, {B(x, 28); x € § € X} must be a finite set. Since supp(u)
is complete, this means that supp(u) is actually compact. [

Lemma 3.5 (Characterization of Heine—Borel mm-spaces). Let X € X. Then X is a
Heine—Borel locally finite measure space if and only if it satisfies the local lower mass-bound

property.
Proof. Given R > 0, A satisfies m§ (X) > 0 for every § > 0 if and only if X[y satisfies
the global lower mass-bound property. Hence by Lemma 3.4, X[, satisfies the global lower

mass-bound property if and only if X[ is compact. Obviously, X[ is compact for all R > 0 if
and only if X is Heine—Borel. [

Corollary 3.6 (Xygp and X. are Measurable). Both Xyp and X, are measurable subsets of X
with respect to Borel o-field generated by the Gromov-vague topology.

Proof. Notice that
Xug = () [V U{X e X: mfx) = al. (3.6)

ReN§>0a>0



S. Athreya et al. / Stochastic Processes and their Applications 126 (2016) 2527-2553 2537

by Lemma 3.5. Since the lower mass functions are upper semi-continuous by Lemma 3.2,

Apsa = {X € X : mg(é\?) > a} is closed for all §, R > 0. Hence Xyp is measurable.
The measurability of X, follows analogously by noticing that
Xe= [ UtX eXimy) za, nX) <a™'), 3.7)
§>0a>0

by Lemma 3.4. O
4. Embeddings, compactness and polishness

Recall that weak convergence of finite measures on a complete, separable metric space is
induced by the complete Prohorov metric (see, (2.6)). In the same spirit, the Gromov-weak
topology is induced by the complete Gromov—Prohorov metric, which is defined for two metric
finite measure spaces X = (X, r, u) and X’ = (X', r’, u’) by

dop(X, X') = infdiy O ('), .1

where the infimum is taken over all metrics d on X U X’ that extend both r and r’, and U denotes
the disjoint union (see [20, Theorem 5]).

The fact that dgp induces the Gromov-weak topology immediately implies the following em-
bedding result: for every Gromov-weakly convergent sequence, ((Xy, 7n, Un))neN, there exists
a common complete, separable metric space (E, d) in which all (X,, r,) can be isometrically
embedded such that (the push-forwards of) the measures p,, converge weakly to a measure (& on
(E, d) (compare [20, Lemma 5.8]).

In this section we show that an analogous statement (Proposition 4.1) is true for the Gromov-
vague topology and, if the sequence satisfies the local lower mass-bound, (E, d) can be chosen
as Heine—Borel space. We will apply this to characterize compact sets in X (Corollary 4.3),
and to show that X is Polish (Proposition 4.8), while X and Xyp are Lusin spaces but not Polish
(Corollary 4.9). We also prove a tightness criterion for probability measures on X (Corollary 4.6).

We start with the embedding result.

Proposition 4.1 (Characterization via Isometric Embeddings). For each n € N U {00}, let
Xn = (Xu, s Pns n) € X Then (X,)neN converges to Xoo Gromov-vaguely if and only if there
exist a pointed complete, separable metric space (E, d, p) and isometries ¢, : supp(u,) — E
such that ¢, (p,) = p for n € NU {00}, and

((‘Pn)*l/«n)rﬁd(je,p) = ((‘Poo)*ﬂoo)[ﬁd(]g,p), 4.2)

n—oo

for all but countably many R > 0. Furthermore, if {X, : n € N} satisfies the local lower
mass-bound property, then X, € Xyp and E can be chosen as Heine—Borel space. In this
case, (4.2) is equivalent to

(@n)sttn —> (Poo)slhoos (4.3)

vag
where —> denotes vague convergence of Radon measures on E.

Before we give the proof, we illustrate with an example that the local lower mass-bound
property cannot be dropped without replacement in the second part of the proposition, even if the
limit is assumed to be compact.
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Example 4.2 (E is not Heine—Borel Without Lower Mass-bound). Consider X, = ([O, 11", ry, O,
"7_160:1 + %)\n) where r, is the Euclidean metric, 8¢ is the Dirac measure in 0" = (0, ...,0) €
[0, 11", and A, is the n-dimensional Lebesgue measure. Then A}, is compact and obviously
converges Gromov-vaguely (and Gromov-weakly) to the compact probability space consisting
of only one point, but the embedding space (E, d) cannot be chosen as Heine—Borel space. [J

Proof of Proposition 4.1. It is easy to see that (4.2) implies the Gromov-vague convergence, and
that if E is a Heine—Borel space, (4.2) is equivalent to (4.3).
Conversely, assume that X;, —— & Gromov-vaguely, and abbreviate X = X0, 7 = Foo
n—oo
and p = peo- Let (Rr)ken be an increasing sequence of radii with limg_,oc Ry = oo and

M(Er (o, R) \ Br(p, Rk)) = 0. Using that the Gromov—-Prohorov metric metrizes the Gromov-
weak topology by [20, Theorem 5], we can construct for n, k € N a metric d, x on X, U X

extending both r;,, and r such that forall/ € {1, ..., k},
. X,UX,dy,
Jim g™ gy 1lg) =0, (44

where we use the abbreviation

KR = 1lg,,.R) - (4.5)
It is easy to check that we can do it such that p, and p are identified. Using Cantor’s diagonal
argument, we can find a subsequence (k,) such that d,, = d,, x, satisfies lim,_, dl(,f”ux’d")

(1nlRys lR,) = 0, for every k € N. Let E := I—lneNU{oo} X, d the largest metric on E which
extends all d,, and ¢, : X, — E the canonical injection. Then it is easy to check that (E, d) is a
complete, separable metric space and (4.2) is satisfied.

Now assume that { X, : n € N} satisfies the local lower mass-bound property. Then it is
also satisfied for { X, : n € NU {oo} } by Corollary 3.3. Due to Lemma 3.5, we may assume
that X,, and X are Heine—Borel spaces. We have to show that E is a Heine—Borel space as well.
To this end, we show that every bounded sequence (x;);cn in E has an accumulation point. If
infinitely many x; are in a single X,, n € N U {oo}, this follows from the Heine—Borel property
of X,,. Therefore, we can assume w.l.o.g. that x, € X, N By(p, Ry) for all n and some k. By
(3.3) together with (u,)[g, = ilg, on E, we obtain d(x,, X) — 0. Hence there is y, € X
with d(x,, y») — 0 and, by the Heine—Borel property of X, (y,),en has an accumulation point,
which is also an accumulation point of (x,),eny. O

From here we can easily characterize the relatively compact sets.

Corollary 4.3 (Gromov-vague Compactness). For a set K C X the following are equivalent:

1. K is relatively compact in X equipped with the Gromov-vague topology.

2. For all R > 0, the set of restrictions K[ = {X[R X e K} is relatively compact in the
Gromov-weak topology.

3. K[, is relatively compact in the Gromov-weak topology for a sequence Ry — 0.

Furthermore, a set K C Xy which satisfies the local lower mass-bound property is relatively
compact in Xyp equipped with Gromov-vague topology if and only if the total masses of large
balls are uniformly bounded, i.e., for all R > 0,

sup ;L(Br(,o, R)) < 00. 4.6)
(X,r,p,m)eK
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Remark 4.4 (Gromov-weak Compactness). Criteria for relative compactness in the Gromov-
weak topology are given in Theorem 2 and Proposition 7.1 of [20]. [

Remark 4.5 (Convergence Without the Lower-mass Bound Property). As we have seen in
Example 4.2, a Gromov-vaguely convergent sequence in Xyp does not have to satisfy the local
lower mass-bound property. Hence the local lower mass-bound property is not necessary for
relative compactness in Xygg. [

Proof of Corollary 4.3. “1=2" Assume that K is relatively compact. Let R > 0, and consider

a sequence (Xn = (Xu,"ns Pn, ,u,,))nGN in K. Then it possesses a Gromov-vague limit point

X € X, and, by passing to a subsequence, we may assume w.l.o.g. that X;, —— X Gromov-
n— oo

vaguely. By Proposition 4.1, we can assume that X, € FE for some separable metric space
E, and u, = wulpp gy = Ulp(p gy = W' for some R" > R. By the Prohorov theorem,
’ n—oo ’

the sequence (u),)nen is tight. Thus (M,, {E( 0 R))n eN is also tight. We can conclude once more

with the Prohorov theorem that (un B¢ o R))n oy s relatively weakly compact. Consequently,

(Xul R)nen has a Gromov-weak limit point.

“2=-3” is obvious.

“3=1" Let (X,)nen be a sequence in K. By passing to a subsequence, we may assume that
Xl g, converges Gromov-weakly to some metric finite measure space X' *®) for all k. Now it is
easy to check that X O = x® [r, Whenever R; < Ry and that we can therefore construct X € X
with X[p, = X ® for every k € N. By definition, X, — X in Gromov-vague topology.

Now assume that K € Xpyp satisfies the local lower mass-bound property and (4.6). Fix
R > 0. Then for every ¢ > 0 we can find N = N(¢,K) € N such that for every
X = (X,r, p, ) € K, we can cover B,(p, R) by N balls of radius e. Hence K[ is relatively
compact in Gromov-weak topology by Proposition 7.1 of [20]. Therefore, K is relatively compact
in X with Gromov-vague topology. As also K satisfies the local lower mass-bound property by
Corollary 3.3, K € Xygg by Lemma 3.5. O

Having a characterization of compactness at hand, we can also characterize tightness of
probability measures on X. Denote by Xg, the subspace of metric finite measure spaces.

Corollary 4.6 (Tightness of Measures on X). Let I" be a family of probability measures on X,
and consider for each R > 0 the restriction map ¥g: X — Xgp given by X +— X|g. Then the
following are equivalent:

1. I' is Gromov-vaguely tight.
2. The set (Yr)«(I") is Gromov-weakly tight for all R > 0.
3. Forall R, & > 0, there is a § > 0 such that

sugP{(X, rop,n) € X: u(Br(p,R) > 1} <e, 4.7)
Pe

sup P{(X,r,p, ) € X: u{x € Bo(p, R) : u(B,(x,8)) <8} > ¢} <e.

Pel’

Remark 4.7 (Gromov-weak Tightness). A characterization of Gromov-weak tightness of
probability measures of metric finite measures spaces is given in Theorem 3 in [20] (compare also
[20, Remark 7.2(ii)]). O
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Proof of Corollary 4.6. “only if” Assume that the family I" is Gromov-vaguely tight. Then we
can find for all ¢ > 0 a compact set K, with P(K;) > 1 — ¢ for all P € [I'. In particular,
by Corollary 4.3, the sets K[z are Gromov-weakly relatively compact for all R > 0. Because
WRrR)«(P)YXKlp) = P(K,) > 1 —eforall P € I', the set (Yg)«(I") is Gromov-weakly tight.

“iff” Conversely if, for all e, R > 0,K, g are Gromov-weakly compact sets satisfying
(WR)«(P)(Keg) = 1 —¢, thenforall e > 0,K, == {X € X : X|, € Ky, Vn € N} is
a Gromov-vaguely relatively compact set which satisfies P(K;) > 1 — ¢ forall P e I'.

The equivalence of (4.7) now follows from Theorem 3 in [20]. O

Constructing a complete metric on X that metrizes the Gromov-vague topology is now
standard.

Proposition 4.8 (X is Polish). The space X of metric boundedly finite measure spaces equipped
with the Gromov-vague topology is a Polish space.

Proof. One possible choice of a complete metric is

dép(X.Y) :=/R dR e ®(1 Adgp(X[ g, VIg))- 4.8)

Indeed, that dgp induces the Gromov-vague topology is shown in Lemma 2.6, and separability
is obvious. To see completeness, consider a Cauchy sequence (X,),en in X. Then X[ is a
Cauchy sequence with respect to dgp for Lebesgue-almost all R > 0. By completeness of
dgp, { Xulr : n € N} is relatively compact in the Gromov-weak topology for these R > 0.
By Corollary 4.3, this implies relative compactness of { &, : n € N} in the Gromov-vague
topology. Hence the sequence converges Gromov-vaguely. [

Unfortunately, the subspaces Xyp and X are not Polish, and hence it is impossible to find
a complete metric inducing Gromov-vague topology on them. They are, however, Lusin spaces.
Recall that a metrizable topological space is, by definition, a Lusin space if it is the image of a
Polish space under a continuous, bijective map.

Corollary 4.9 (Xyp and X; are Lusin). The space Xyp of Heine—Borel locally finite measure
spaces, equipped with the Gromov-vague topology, is a Lusin space but not Polish. The same is
true for the space X of compact metric finite measure spaces.

Proof. Xyp and X, are measurable subsets (Corollary 3.6) of the Polish space X. Hence they are
Lusin by Theorem 8.2.10 of [10].

To see that Xyp is not Polish, note that it is a dense subspace of X, and using Lemma 3.5 we
see that its complement, X \ Xgg, contains a countable intersection of open dense sets, namely
G = Mu0.acp{ ¥ € X : m[(X) < a}. Such a subspace cannot be Polish by standard
arguments (see also [31, Remark 4.7]), which we recall for the reader’s convenience. Assume
for a contradiction that Xyp is Polish. By the Mazurkiewicz theorem [10, Theorem 8.1.4], it
is a countable intersection of open sets, Xyg = ﬂneN U,, say. Obviously, the U, have to be
dense, because Xyp is. Now Xygp N G is also a countable intersection of open dense sets, hence
it is dense by the Baire category theorem [10, Theorem D.37]. This is a contradiction, because
G C X\ XgB.

The same reasoning also applies to X, hence X is also not Polish. [
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5. The Gromov-Hausdorff-vague topology

In this section we introduce with the Gromov-Hausdorf{f-vague topology a topology which is
stronger than the Gromov-vague topology. The need for such a topology can be motivated by
situations as in Example 4.2, and by the fact that there are sequences of finite measures (i, )neN
on a common compact space (E, d), such that u, = pu, as n — oo, but their supports do
not converge. The convergence of supports, however, plays a crucial rdle for the convergence
of associated random walks to a Brownian motion on the limit space (see [5]). We define the
stronger topology based on isometric embeddings, discuss its connection to the related measured
(Gromov-)Hausdorff topology and to the Gromov—Hausdorff—Prohorov metric known from the
literature, state a stability result, and characterize compact sets. A main result of this section is
Polishness of the Gromov—Hausdorff-weak and -vague topologies (Propositions 5.5 and 5.12).
Interpreted in terms of the Gromov—Hausdorff—Prohorov metric as used in [34], this means that
the subspace of metric measure spaces with full support of the measure is Polish although it is
not closed (Corollary 5.6).

We cannot, of course, build such a strong notion of convergence on the notion of sampling
alone, and therefore rather use an isometric embedding approach (compare Proposition 4.1).
Recall that the Hausdorff distance between two closed subsets A, B of a metric space (E, d) of
bounded diameter is defined by

dH(A, B) = inf{e >0: A* DB, and B* D A}, (5.1)

where once more A® .= {x € A : d(x, A) < &} denotes the closed e-neighborhood of A. Recall
that Xg, denotes the space of metric finite measure spaces.

Definition 5.1 ((Pointed) Gromov—Hausdorff-weak Topology). Let for eachn € NU {00}, X}, :=
(Xn, Tn,s Pns Un) € Xgn. We say that (X,),en converges to Xy in Gromov—Hausdorff weak
topology if and only if there exists a pointed metric space (E, dg, pg) and, for each n € NU{oo},
an isometry ¢, : supp(u,) — E with ¢,(p,) = pEg, and such that in addition to

(@n)xitn n_)zgo(ﬁl’oo)*l/«oo’ 5.2)
also
dy (<pn (supp(itn)), ¢oo (supp(uoo))) —0. (5.3)

A very similar topology for compact metric measure spaces was first introduced in [17]
under the name measured Hausdorff topology (often referred to as measured Gromov—Hausdorff
topology) and further discussed in [16,34]. The definition of this topology is exactly the
same as that of the Gromov—Hausdorff-weak topology, except that supp(u,) is replaced by
Xu,n € NU {oo}. The consequence is that, when comparing compact metric measure spaces,
the geometric structure outside the support is taken into account, while it is ignored by our
definition. It is important to note that this leads to different equivalence classes, i.e., the measured
Hausdorff topology is not defined on X, but rather on a space of equivalence classes with respect
to the following equivalence relation. We say that two metric measure spaces (X, r, p, u) and
(X', 7', o', ') are strongly equivalent if and only if there is a surjective isometry ¢: X — X’
such that ¢ (p) = p’ and ¢4 (1) = w'. Define

X, = { strong equivalence classes of compact metric measure spaces }. 5.4)
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it is well-known that the measured Hausdorff topology is induced by the so-called Gromov—
Hausdorff-Prohorov metric defined on X, as follows. For X = (X,r,p,un), X' =
(X/a r/7 10/’ /“L/) € xC?

darp (X, X') z= inf dgy D, i) + di P XL XD+ d (o, o), (5.5)

where the infimum is taken over all metrics d on X U X’ that extend both r and r’. Note that
(X%¢, dgap) is a complete, separable metric space (see [34, Proposition 8]).

Now we can easily identify X with the subspace of X, that consists of all (strong equivalence
classes of) compact metric spaces with a measure of full support, i.e. with

X ={(X.r.p.p) € Xc 1 X = supp(n) | (5.6)

by choosing representatives with full support from the larger equivalence classes of X, i.e. via
the injective map

[ XC - %i'uppa (Xa r, 107 /'L) = (Supp(l’l’)’ra 105 I’L) (57)

It is obvious that ¢ is a homeomorphism if we equip X with the Gromov—-Hausdorff-weak and
X2"PP with the measured Hausdorff topology. Its inverse :~! can naturally be extended to all of
X., but this extension looses continuity, as we show in the following remark.

Remark 5.2 (Support Projection). Equip X, with the measured Hausdorff topology and X, with
the Gromov—Hausdorff-weak topology. The support projection

TP X — X2 (X, pop) > (supp(w). 7, p, i) (5.8)

is an open map, but neither continuous nor closed. In particular, associating to a strong equiv-

alence class of metric measure spaces in X, the corresponding equivalence class in X is not a
. . .. . Su

continuous operation, although it induces a homeomorphism from %" onto X..

Remark 5.3 (Full Support Assumption). The requirement that the measure on a metric space has
full support is not unnatural. It plays, for instance, a crucial role for defining Markov processes
via Dirichlet forms (a particular example is [5]), and is even included in the definition of “Radon
measure” in [18]. [

Note that X3P is not closed in X, hence transporting the Gromov—Hausdorff-Prohorov
metric dgyp with ¢ back to X, does not yield a complete metric. The following proposition shows,
however, that we can find a different, complete metric for the Gromov—-Hausdorff-weak topology
on X.. This also implies that, although (f{iupp, dgap) is not complete, it can still be used as a
Polish state-space, because the induced topological space is Polish. To define the complete metric
on X, we use the global lower mass function my from (3.2), the Gromov—Hausdorff—Prohorov
metric dgyp from (5.5), and the homeomorphism ¢ from (5.7). Recall that mg > 0 on X, for
every § > 0 by Lemma 3.4.

Definition 5.4. For X, X’ € X, let

1
my(X)  my(X)|

1
dsgup(X, X') = danp(1(X), (X)) + /O ds 1 A (5.9)

We call dygyp the support Gromov—Hausdorff—Prohorov metric.
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Proposition 5.5 (X, dsgup) is a Complete Metric Space). The metric dsgup induces the
Gromov-Hausdorff-weak topology on X.. Furthermore, (X¢, dsgup) is a complete, separable
metric space.

Proof. Let (&})neny and X be in Xc. Then my(X) > 0, for all § > 0. Thus by definition,
dscup (X, X) —— 0if and only if
n—>0oo

daup (1(Xn), L(X)) —— 0, (5.10)

and for almost all § > O,

my () —— my(X). (5.11)

Because ¢ is a homeomorphism, (5.10) is equivalent to the Gromov—Hausdorff-weak convergence
X, —— X. We have to show that this already implies (5.11), i.e. that X is continuity

n—oo
point of my w.r.t. Gromov—Hausdorff-weak topology for almost all § > 0. To see this, recall

that m; is upper semi-continuous w.r.t. Gromov-vague topology (Lemma 3.2), and a fortiori
also w.r.t. Gromov-Hausdorff-weak topology. Assume that all X, = (X, s, o, 4n) and
X = (X, r, p, n) are embedded in some common space (E, d, p) such that u, converges weakly
to 1 and supp(u,) in Hausdorff metric to supp(u). Then, for every § <sandn sufficiently large,
every d-ball around some y € supp(u,) contains a $-ball around some x € supp(u). Therefore,
liminf, 0 my(A,) > m, (X). This means that my is Gromov—Hausdorff-weakly lower semi-
continuous in X for every § > 0 with mg(X) = supg_g mg(X). Because § — my(X) is an
increasing function, this is the case for almost all § > 0. This means that (5.11) is implied
by Gromov—Hausdorff-weak convergence, and hence dsgpyp induces Gromov—Hausdorff-weak
topology as claimed.

That (X, dsgup) 1s a separable metric space is obvious, and it remains to show its complete-
ness. Consider a dsgpp-Cauchy sequence (X)), ey in Xc. Then, by completeness of dgyp on X,
the sequence (L(X,,))nEN converges in measured Hausdorff topology to some YV = (X, r, p, ) €
X,.. We have to show Y € 1(X.) = X3 PP, Assume for a contradiction that this is not the case,
i.e. there exists x € X \ supp(u). Then there is a § > 0 with B(x, 2§) N supp(n) = @. By the
measured Hausdorff convergence and the fact that ((X,) € X.** for all n, this clearly implies
my (X)) —= 0. This, however, cannot be the case because (X,),en is a Cauchy sequence

w.r.t. dsggp. U

Corollary 5.6. The set X;"™ of (strong equivalence classes of) compact metric full-support
measure spaces with the topology induced by the Gromov—Hausdorff—Prohorov metric dgup is a
Polish space (although dgup restricted to XPP s not complete).

Corollary 5.7 (Gromov-Hausdorff-weak Compactness). A set K C X is relatively compact in
the Gromov—Hausdorff-weak topology if and only if the following hold

1. The set of the total masses is uniformly bounded, i.e.,

sup n(X) < oo. (5.12)
(X,r,p,)eXc
2. For all ¢ > O there exists an Ngr ¢ € N such that for all (X, r, p, u) € K, supp(u) can be
covered by Ng . many balls of radius ¢.
3. K satisfies the global lower mass-bound property.
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Proof. From Proposition 5.5, the definition of dygyp, and the fact that dgyp induces the measured
Hausdorff topology, we see that K is Gromov—Hausdorff-weakly relatively compact if and only
if ((K) is relatively compact in measured Hausdorff topology, and 1/my is bounded on K. The
latter is obviously equivalent to the global lower mass-bound 3. If K € X, the measured
Hausdorff relative compactness of ¢(K) is equivalent to 2 by [16, Proposition 2.4] together with
[8, Theorem 7.4.15]. It is therefore easy to see that it is in general equivalent to 2 together with 1
(compare [20, Remark 7.2(i)]). O

In the same way as we used the Gromov-weak topology to define the Gromov-vague topology,
we also define the Gromov—Hausdorff-vague topology on X based on the Gromov—Hausdorff-
weak topology on Xgp.

Definition 5.8 ((Pointed) Gromov-Hausdorff-vague Topology). Let for each n € NU{o0}, X, :=

(Xu, s Pny y) be in X. We say that (X};),en converges to X in Gromov—Hausdorff vague

topology if and only if (X,)[p —— (Xoo)[ g Gromov-Hausdorff-weakly for all but countably
n—>oo

many R > 0.

The following embedding result and its corollary about Gromov-Hausdorff-vaguely compact
sets are proved in the same way as Proposition 4.1 and Corollary 4.3.

Proposition 5.9 (Isometric Embeddings; Gromov—Hausdorff-Prohorov Metric). Let for each
n € NU{oo}, X, .= (Xy, 7, On, n) be in Xyp. The following are equivalent:

1. &, —— X, Gromov-Hausdorff vaguely.
n—od

2. There exists a rooted Heine—Borel space (E, dg, pg) and for each n € N U {oo} isometries
©n 2 supp(u,) — E with ¢, () = pE, and such that in addition to (4.2), also

dit(9n (suppin) N By (0. ). poc(suppiics) N By (05, B)) —— 0. (5.13)

for all but countably many R > 0.
3. dfGHP(Xn, Xso) —> 0, where for X, X' € Xys,
b n— oo

disup (X, X)) = /dR e R(1 A dsoup(XTg, X'TR))- (5.14)

Corollary 5.10 (Gromov—Hausdorff-vague Compactness). For a set K C X the following are
equivalent:

1. K is relatively compact in X equipped with the Gromov—Hausdorff-vague topology.

2. For all R > 0, the set of restrictions K| = {X[R X e K} is relatively compact in the
Gromov—-Hausdorff-weak topology.

3. KT, is relatively compact in the Gromov-Hausdorff-weak topology for a sequence Ry — oo.

Remark 5.11 (Gromov-Hausdorff—Prohorov and Length Spaces). Under the name Gromov—
Hausdorff—Prohorov topology, the measured Hausdorff topology was recently extended in [1]
to the space of complete, locally compact length spaces equipped with locally finite measures.
The extension was done with the same localization procedure that we use. Note the following:
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1. Complete locally compact length spaces are Heine—Borel spaces and well suited for applica-
tions concerning R-trees. The assumption of being a length space and thereby path-connected,
however, is too restrictive in general. For example, in Theorem 1 of [5] we establish con-
vergence in path space of continuous time random walks on discrete trees to time-changed
Brownian motion on R-trees (appearing as the Gromov—Hausdorff-vague limit of the dis-
crete trees), where the underlying trees are encoded as metric spaces and jump rates and/or
time-changes are encoded by the so-called speed measure. Since we need the speed measure
to have full support, the situation is incompatible with a connectedness requirement.

2. In a general setting, the name Gromov—Hausdorff—Prohorov topology might be a bit mislead-
ing, as “Prohorov” suggests weak convergence, while the localized convergence is vague in
the sense that mass can get lost. Also note that, if we drop the assumption of being length
spaces, the localized convergence is not really an extension of measured Hausdorff conver-
gence any more (compare Remark 2.8). [

Proposition 5.12 (Xyp with Gromov-Hausdorff-vague Topology is Polish). The space Xyp
of Heine—Borel boundedly finite measure spaces equipped with the Gromov—Hausdorff-vague
topology is a Polish space.

Proof. We follow the proof of Proposition 4.8 and define

diup(X,Y) = / dR e ®(1 A dsgup(XTg, V). (5.15)
R4

We know from Proposition 5.9 that dfGHP induces the Gromov—Hausdorff-vague topology. Sep-

arability and completeness follow from the corresponding properties of dsgyp (Proposition 5.5)

and the compactness criterion given in Corollary 5.10, in the same way as in the proof of Propo-

sition 4.8. [

Even though the Gromov—Hausdorff-vague topology is nice (i.e. Polish) on Xyp and defined
on all of X, it appears to be too strong to be useful on the larger space.

Remark 5.13 (Gromov-Hausdorff-vague Topology is Non-separable on X). The spaces X and
X1, equipped with the Gromov—Hausdorff-vague topology, are not separable. In particular they
are not Lusin spaces. Indeed, we can topologically embed the non-separable space /{° into X
as follows: forn € Nand a € Ry, let A2 := {n} x [0, a]", and u!} some measure on A with
full support and total mass 27". Define ¥ : [Y° — X by ¥ (a) = (UneN AL ST 05 D neN '“Zn)’
where p = (1,0), and r is the supremum of the discrete metric on the first component and
the Euclidean metric on the second component. It is straightforward to check that v is a
homeomorphism onto its image. [l

We know from Propositions 4.8, 5.5 and 5.12 that X with Gromov-vague topology, X. with
Gromov—Hausdorff-weak topology, and Xyp with Gromov—Hausdorff-vague topology are Pol-
ish spaces. Furthermore, it is known from [20, Theorem 1] that X; and Xg, with Gromov-weak
topology are Polish. In the case of X, this is also true for the Gromov-vague topology, although
X is not Gromov-vaguely closed in X (see Remark 2.8). On the other hand, Corollary 4.9 proves
that X, and Xygp with Gromov-vague topology are Lusin but not Polish. Similar arguments
also show that Xg, with Gromov-vague topology and X, with Gromov-weak as well as with
Gromov—Hausdorff-vague topology are Lusin and not Polish. Gromov—Hausdorff-vague topol-
ogy is not even separable on X and X by Remark 5.13. We summarize the situation in Fig. 1.
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| X XuB X Xn X XcNXy
Gv Polish  Lusin Lusin  Lusin Polish Lusin
Gw - - Lusin  Polish Polish Lusin
GHv | non-sep. Polish Lusin non-sep. non-sep. Lusin
GHw - - Polish non-sep. mnon-sep. Polish

Fig. 1. The table shows topological properties of different spaces of metric measure spaces in different topologies.
Entries: “~” means not defined; “non-sep”. means non-separable; “Lusin” means Lusin but nor Polish. Spaces: the
spaces are defined in Definition 2.2 and Remark 2.8. Topologies: Gv = Gromov-vague, Gw = Gromov-weak, GHv
= Gromov-Hausdorff-vague, GHw = Gromov-Hausdorff-weak.

We conclude this section with the following stability property, which is the analogue of
Lemma 2.9. It is an immediate consequence of the definition of the Gromov—Hausdorff-vague
topology by means of isometric embeddings. The proof follows the same lines as the proof of
Lemma 2.9 and is therefore omitted.

Lemma 5.14 (Perturbation of Measures). Consider X = (X, r, p, ), Xn = (Xu, rn, Pn> n) €

X, and another boundedly finite measure |, on X,,n € N. Assume that X, —— X
n— o0

Gromov-Hausdorff-vaguely, and that there exists a sequence Ry — oo such that for all k € N,

Xn’n Xn,n
dgy""™ (il pes ) —=> 0. and di; ™™ (supp(pa] ). suPP(ity | ) —— 0.
(5.16)

Then (Xp, rn, pn, i4),) converges Gromov—Hausdorff-vaguely to X.

Example 5.15 (Normalized Length Measure Versus Degree Measure). Consider a graph
theoretic tree T’ which is locally finite, i.e. deg(v) < oo for all v € T’, where deg is the degree
of a node. Equip T’ with the graph distance r’, i.e. the length of the shortest path, and fix a root
p' € T'. Recall the notion of R-tree from Example 2.3. It is well known that (7’, r) can be
embedded isometrically into a complete, locally compact R-tree (7', r) in an essentially unique
way. Denote the image of o’ by p and the image of T’ by nod(T"). On T’, we consider two natural

measures. The node measure ,uf}‘?d, which is just the counting measure on the nodes (except the

root), and the degree measure ,uc;%g, which is proportional to the degree of the node. The push-
forwards on T are given by

/Lr}(’d = Z 8, and /L(;eg = % Z deg(x) - 8. (5.17)
xenod(T)\{p} xenod(T)

Note that (7, ¢/, p’, ,u(;e;g) =(T,r, p, M(}eg), and similarly for the node measure. On T, there is
also a third natural measure, namely the length measure A = A(r ), which is the 1-dimensional
Hausdorff measure on 7'\ If(T"), where If(T) = {x € T : T \ {x}is connected} is the set of
leaves of T. Note that Az (T) = p1°(T) = p8(T).

Now consider a sequence (7,),en of locally finite, graph theoretic trees, and the rooted
R-trees (7, ry, pn) constructed as above. We assume that there are two sequences (o, ),eN and
(Bn)nen of positive numbers, both of which converge to 0, such that

(Tn, ®Unlns Pn, ﬁn)h(Tn,r,,)) m X, (5.18)

Gromov—Hausdorff-vaguely for some X = (T, r, p, u) € Xy, which is necessarily an R-tree.
Such a convergence can often be deduced via convergence of excursions, see Proposition 7.5 and



S. Athreya et al. / Stochastic Processes and their Applications 126 (2016) 2527-2553 2547

Example 7.6. We claim that in this case, the length measure can be replaced by the degree mea-
sure or the node measure, i.e. that (5.18) implies the Gromov—Hausdorff-vague convergences

d
(T, cnlns ons ﬂn,uTig) — and (T, nFn, Pn, ﬂ,,,u,'}:d) — X (5.19)

00 n—00
Indeed, we have supp(;ﬁ}id) = supp(u(}:g) = nod(Ty), supp(A(r,.r,)) = T, and, for every
R >0,

dy(n0d(T,) N B(pa. R). B(pn. R)) < et — 0. (5.20)
n—oo
For the Prohorov distance, assume first that the diameter of 7;, is smaller than R. Then

Tns n d T’l’ n
d;(>r " )(MTig, ATy ) < %Otn and dl(ar " )(,U«r}fd, AMTra)) < Qp. (5.21)

In the general case, we have to take boundary effects into account. Using the annulus S°(pn, R)
= B(p,, R + %8) \ B(pn, R — %s), we obtain

nstn d n
o™ (WS Ry At R) < 3V Bu - Aty (S (pn. R)). (5.22)

and a similar estimate for /ﬂ}fl’d instead of /ﬁ;ig. Using (5.18) we see that ByA(7,.r,) (S* (on, R))

tends to zero for all R with M(S (p, R)) = 0. Therefore the claimed Gromov-Hausdorff-vague
convergences (5.19) follow from (5.22), (5.20) and Lemma 5.14. [

6. Closing the gap

In this section we prove the main criterion for convergence in Gromov—Hausdorff-vague
topology. We shall use notation used in (1.2), (1.3) and the definitions of the lower mass functions
m§ and m from (3.1) and (3.2), respectively.

In order for a sequence (X")neN = (Xu:Tn» Pns n),,cpy OF compact metric finite measure
spaces to converge in Gromov—Hausdorff-weak topology to a space X = (X,r, p, n) € X,
it certainly has to converge in the weaker Gromov-weak topology. This is a kind of “finite-
dimensional convergence”, which is expressible in terms of sampling finite sub-spaces:

2

_ <k+l)
1. Forallk e N,and g € C(R} ~ )

J R I (Gt T

—— | n®dx, . x0) @((F (i, X)) o<i<j<k) (6.1)

n—oo
where we put x;j := p and xp := p.

We show in Theorem 6.1 that, given 1, Gromov—Hausdorff-weak convergence follows from a
simple “tightness condition”, which is given in terms of the lower mass function:

2. Forall § > 0, liminf,, o mg(Xy,) > 0.

Note that for checking 1 and 2, we do not have to find any embedding into a common metric
space. We actually show that 1 and 2 together are even equivalent to Gromov—Hausdorff-weak
convergence, and this characterization even holds if the &}, are not compact (but &’ is).
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Theorem 6.1 (Gromov-weak Versus Gromov—Hausdorff-weak Convergence). Let X =
X,r,p, ) and X, = (Xn, n, Pn, Un),n € N, be metric finite measure spaces. Then the
following are equivalent.

1. (Xy)nen converges in Gromov-weak topology to X, and for all § > 0,
liminfmg(A},) > 0. 6.2)
n—o0

2. X is compact, and (X,)neN converges in Gromov—Hausdorff-weak topology to X.

If X, is compact for all n € N, the following is also equivalent:

3. (Xp)neN converges in Gromov-weak topology to X, and { X, : n € N} satisfies the global
lower mass-bound property (Definition 3.1).

Proof. “2=>1" Assume (supp(itn), "ns Pns tn) — (supp(w), r, p, ) Gromov—Hausdorff-

weakly. W.lLo.g. we may assume that X = supp(u), X,, = supp(u,), and that X, and X are
embedded into a complete, separable metric space (E, d) such that
(E.d) (E.d)

dPr (Mn, ,bL) m O, and dH (Xn, X) m 0. (63)
Furthermore let (X, r) be compact. We need to show (6.2). Assume to the contrary that there
exist § > 0 and x, € X, such that liminf,_, o ptn (B (x4, 28)) = 0. Due to (6.3) we can find
yn € X with d(x,, y,) —— 0. Moreover by (6.3),

n—o0

liminf u(B(yn, 8)) < liminf s, (B(xy, 26)) = 0. (6.4)
n—oo n—o0

A

As X is compact, we may assume w.l.0.g. that y, converges to some y € X. Then ,u(B(y, 8))
lim infu(B(yn, 8)) = 0, which contradicts X = supp(u).

“1=2” Assume that A, —— & Gromov-weakly, and w.l.o.g. that X = supp(u), X, =
n—0o0

supp(un), and that X, and X are embedded into a complete, separable metric space (E, d) such
that df(,rE’d) (p,,,, /,L) —— 0, and that (6.2) holds. Then, for all ¢ > 0, we can find ng = ng(e) € N
n—oo

such that for all n > ny,
(E,d) . — . —
dp. " (n, 1) < € A ylen)g,, tn(B(y, €)) A xnel)f(u(B(x, &), (6.5)

where we used that

inf 1(B(x, ) = liminf inf 11, (B(y, 1e)) > 0. (6.6)
X€

n—o0 yeX,

Then, for all y € X,, E(y, g) N X% # ¢, and thus also E(y, 2¢) N X # (. Similarly,
B(x,28) N X, # () for all x € X, and hence dl({E’d)(Xn, X) < 2e.

Compactness of X follows directly from (6.6) and Lemma 3.4.

“341” Obviously, the global lower mass-bound is equivalent to (6.2) together with m(X;,) >
O foralln € N and 6 > 0. The last condition is satisfied for compact spaces by Lemma 3.4. [J

The following corollaries are now obvious.
Corollary 6.2 (Gromov-vague Versus Gromov-Hausdorff-vague Convergence). Let X =

X,r,p,n) and X, = (Xn, n, Pns Un), n € N, be metric boundedly finite measure spaces.
Then the following are equivalent.
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1. (X,)nen converges in Gromov-vague topology to X, and for all § > 0 and R > 0,
liminfmZ(&,) > 0. 6.7)
n— oo

2. supp(u) is Heine—Borel, and (Supp(iin). In, [n), .y COVverges in Gromov-Hausdorff-vague
topology to (supp(), r, ).

If X, is Heine—Borel for all n € N, the following is also equivalent:

neN

3. (Xy)neN converges in Gromov-vague topology to X, and { &,, : n € N} satisfies the local
lower mass-bound property (3.3).

Corollary 6.3 (Polish Subspaces). Let K C Xyp be a space of Heine—Borel locally finite
measure spaces satisfying the local lower mass-bound property (3.3). Then its closure K in
X (w.rt. the Gromov-vague topology) is a Polish subspace of Xup. Furthermore, the Gromov-
vague topology and the Gromov—Hausdorff-vague topology coincide on K.

Corollary 6.4 (Topologies Agree up to Exceptional Sets). Let X = (X,r,p,u) and X, =
(Xns Tns Pn> Un),n €N, be in X. Then the following are equivalent:

1. X, —— X, Gromov-vaguely.

2. Foreachn € N there is Ay Xy such that jiy (A 1 By, (on, R)) —— Oforall R > 0, and

(Xn\An»rnvpna /Lan,,\A,,) — A&, (6.8)

n—od
Gromov-Hausdorff-vaguely.
3. Foreachn € N thereis A, C X, such that j1,(A, N B, (py, R)) —— 0 forall R > 0, and
n—>oo

(6.8) holds Gromov-vaguely.
7. Application to trees coded by excursions

In this section we consider encodings of trees by means of excursions. To be in a position
to consider locally compact rather than just compact R-trees we consider possibly transient
excursions, and conclude from uniform convergence on compacta of a sequence of excursions
that the corresponding rooted boundedly finite R-trees converge Gromov—Hausdorff-vaguely
(Proposition 7.5). As an example we present a representation of the scaling limit of a size-biased
Galton—Watson tree (Example 7.6).

Definition 7.1 ((Transient) Excursions). A continuous function e: Ry — Ry is called
(continuous) excursion if e(0) = 0 and e is not identically 0. We refer to ¢(e) = sup{ s >
0:e(s) > 0} as the excursion length, and to I, := [0, ¢(e)) as the excursion interval. If the
excursion length is finite, we call the excursion compactly supported. If lim;_, o, e(s) = 00, the
excursion is called transient.

Let
&= {e: Ry — R, | e is a continuous excursion}. (7.1)

Given e € £, we define the pseudo-metric ré by letting for all 0 < s <t < ¢(e),
ré(s, t) :=e(s)+e(t) —2 inf e(u). (7.2)
u€(s,t]

We write s ~, t if (s, t) = 0. Obviously, s ~, ¢ is an equivalence relation.
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Definition 7.2 (Glue Map). The glue map g: £& — X sends an excursion to the complete,
separable, rooted measure R-tree

g(e) = (Tea e, 1067 H’E)i (73)

where T, := I,/ ~,, and re, (L., p. are the push-forwards of r,, the Lebesgue measure Aj,, and
0, respectively, under the canonical projection 7, : I, — To.

Lemma 7.3 (Excursions and Associated R-trees). Let e € £.

1. If e is compactly supported, then g(e) is a pointed compact finite measure R-tree, i.e. g(e) €
Xe.

2. If e is transient, then g(e) is a pointed Heine—Borel boundedly finite measure R-tree,
i.e. g(e) € Xys.

3. If e is neither compactly supported nor transient, then g(e) ¢ Xys.

Proof. 1. Follows from Lemma 3.1 in [16].

2. Assume that e is transient. Then for all R > 0, §,(R) = sup{s > 0 : e(s) < R} < o0, and
Ag = {s €[0,00) : e(s) < R} isaclosed subset of [0, & (R)], and hence compact. Note
that continuity of e implies continuity of the projection .. Therefore, B(p, R) = m,(AR) is
also compact. Moreover, (. (E (p, R)) < £(R) < oo. As any closed and bounded subset of
(T., r) is a closed subset of a closed ball B(p, R) for some R > 0, it is compact as well.
Thus g(e) € XysB.

3. Assume that e is such that {(e¢) = oo but a := liminf;,e(f) < o0, and define
b = limsup,_, ,, e(t). In the case b > a, (T, r.) is not Heine—Borel (and therefore not
locally compact). Indeed, there is an € > 0 with a + 3¢ < b, and an increasing sequence (#;)
in Ry with e(#,) € [a + 2¢, a + 3¢] and inf,¢(s, 1,,,1€(®) < a + ¢ for all n € N. This means
that x,, := m,.(t,) defines a sequence of points in §(,0, a + 3¢) with mutual distances at least
e.In the case b = a,

ue(ﬁ(p,b+l))=)»{seR+:e(s)§b+l}=oo, (7.4)
which means that p, is not boundedly finite. In both cases g(e) € Xgg. U

Denote the space of continuous, transient excursions on R by
Ewans = {e: Ry — Ry | e is continuous, e(0) =0, lim e(x) = oo}, (7.5)
X—> 00

and let for e € Erans and R > 0,
E(R):=sup{s >0: e(s) < R} <00 (7.6)

denote the last visit to height R > 0.

Remark 7.4 (R-trees Under Transient Excursions). Let e € Eyans. Then g(e) is a Heine—Borel
boundedly finite measure R-tree with precisely one end at infinity, i.e., there is a unique isometry
¢: [0, 00) = T, with ¢(0) = p,. Indeed, the map ¢, := m, 0&, is such an isometry. Assume that
¥ is a further such isometry and fix R > 0. We show that ¢/ (R) = ¢.(R). Choose ¢ € R} with
7w (t) = Y (R). Because ¢ is an isometry, we have e(f) = R, and consequently ¢ < &,(R).
Choose S > sup,cjo,(ry ) and s € ne_l(w(S)). Note that s > &,(R) and e(s) = S.
Therefore S — R =r, (w(S), w(R)) = S+ R — 2inf,¢; 51 e(u), and hence inf, [ ¢, (r)) €(u) >
inf, (1,5 e(u) = R. This implies re (¥ (R), 9(R)) = 2R — infyef g, ryye(w) =0. O
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Proposition 7.5 (Continuity of Glue Map). The glue map g: Eygans — X{B Iis continuous if
Etrans IS equipped with the topology of uniform convergence on compacta, and Xyp with the
Gromov-Hausdorff-vague topology.

Proof. Let (¢,),en and e in Eqans be such that e, —> e uniformly on compacta. Put
Wi ={R>0: AMs = 0: e(s) = R} > 0}. Standard arguments show that W is at
most countable. Recall &,(R) from (7.6) and note that for all R > 0, the map e — &.(R) is
continuous with respect to the uniform topology on compacta. Thus for all R € [0, c0) \ W,
enl[0.6, (R 752 el0.& R .7

n—o0

which in turn implies that g(e,)[r — g(e)[p Gromov-Hausdorff-weakly (see, for
example, [2, Proposition 2.9]). Therefore g(e;,) —— g(e) Gromov—Hausdorff-vaguely by
n—oo

Definition 5.8. O

We illustrate the usefulness of Proposition 7.5 with an example about the scaling limit of a
size-biased branching tree (compare [26,19] for a probabilistic representation of this tree).

Example 7.6 (Kallenberg—Kesten Tree). Consider a (discrete time) Galton—Watson tree with
a finite variance, mean 1 offspring distribution p = (pp)nen,. Let T’ be the so-called
Kallenberg—Kesten tree, which is a random graph theoretic tree that is distributed like this
Galton—-Watson tree conditioned on survival. The simple, nearest neighbor random walk on 7”,
and scaling limits thereof, are of interest because of the “subdiffusive” behavior (see [27,6]).
The random walk is associated to the degree measure, defined in Example 5.15, as “speed mea-
sure” (see [5, Section 7.4]). As in Example 5.15, we construct the (equivalent) rooted, measured
R-tree (T, r, p, /L(}eg), corresponding to 7”. In the particular case of a geometric offspring distri-
bution, i.e., p, = 2-U4) foralln Np, we can code the tree with the length measure instead
of the degree measure as follows:

L ~
(T,r, p, A,r) =g(W), (7.8)
where £ denotes equivalence in law and, for all r > 0, W; = — 2infsefo,1) Wi, with a simple
random walk path (W;,),en linearly interpolated. We refer to 7 geom(l/ 2) =T,r,p,uy g) as the

discrete Kallenberg tree with geometric offspring distribution.
As W converges, after Brownian rescaling, weakly in path space towards standard Brownian
motion B, we have

(n'Wa2,),n0 = (B1) 20 (1.9)

120 60
where B, = B; — 2infy¢(o,¢] Bs. It is shown in [35] that (f?,),zo equals in law the unique strong
solution of the stochastic differential equation

X, = Xlldt +dB,, t >0, Xo=0. (7.10)

Note that this solution is a three dimensional Bessel process (i.e. the radial path of a three dimen-
sional Brownian motion). We refer to g(X) as the _continuum Kallenberg—Kesten tree, Tx.

Because, almost surely, a realization e ;== n~ W 2, has slope £n almost everywhere, we have
e = n’lk(re,,e). Hence, by Proposition 7.5, (7.9) implies

_ — L —1F
(T.n7'rop o han) Zg(n™ W) = 8(X) = Tk, (7.11)
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Gromov—Hausdorff-vaguely. By Example 5.15, this also implies
(T,n7'r, p,n 2ug®) = Ty, (7.12)
n— o0

Gromov—Hausdorff-vaguely. In words, if we consider the discrete Kallenberg—Kesten tree and
rescale the edge length to become n~!, and then equip it with the measure which assigns
mass %n_z deg(x) to each branch point x, then this discrete measure tree converges weakly
with respect to the Gromov-Hausdorff-vague topology to the continuum Kallenberg—Kesten
tree. This implies that the simple, nearest neighbor random walk on the rescaled discrete
Kallenberg—Kesten tree converges, if sped up by a factor of n3, to the Brownian motion on 7,
according to Theorem 1 of [5]. See also Section 7.4 there. [
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