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Abstract

We give criteria on the existence of a so-called mark function in the context of marked
metric measure spaces (mmm-spaces). If an mmm-space admits a mark function, we
call it functionally-marked metric measure space (fmm-space). This is not a closed
property in the usual marked Gromov-weak topology, and thus we put particular
emphasis on the question under which conditions it carries over to a limit. We obtain
criteria for deterministic mmm-spaces as well as random mmm-spaces and mmm-
space-valued processes. As an example, our criteria are applied to prove that the
tree-valued Fleming-Viot dynamics with mutation and selection from [5] admits a mark
function at all times, almost surely. Thereby, we fill a gap in a former proof of this fact,
which used a wrong criterion.

Furthermore, the subspace of fmm-spaces, which is dense and not closed, is
investigated in detail. We show that there exists a metric that induces the marked
Gromov-weak topology on this subspace and is complete. Therefore, the space of
fmm-spaces is a Polish space. We also construct a decomposition into closed sets
which are related to the case of uniformly equicontinuous mark functions.
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1 Introduction

A metric (finite) measure spaces (mm-space) is a complete, separable metric space
(X, r) together with a finite measure v on it. Considering the space of (equivalence
classes of) mm-spaces itself as a metric space dates back to Gromov’s invention of the
O,-metric in [11, Chapter 3%]. Motivated by Aldous’ work on the Brownian continuum
random tree ([1]), it was realised in [9] that the space of mm-spaces is a useful state
space for tree-valued stochastic processes, and Polish when equipped with the Gromov-
weak topology. That the Gromov-weak topology actually coincides with the one induced
by the O,-metric was shown in [15].
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Important examples for the use of mm-spaces within probability theory are given by
individual-based populations X with mutual genealogical distances r between individuals.
Here, r can for instance measure the time to the most recent common ancestor (MRCA)
(cf. [5, (2.7), Remark 3.3]), where the resulting metric space is ultrametric. Another
possibility is the number of mutations back to the MRCA (cf. [14]), where the resulting
space is not ultrametric. Finally, there is a sampling measure v on the space X which
models population density. This means that the state of the process is an mm-space
(X,r,v). Such individual-based models are often formulated for infinite population size
(with diffuse measures v) but obtained as the high-density limit of approximating models
with finite populations (where v is typically the uniform distribution on all individuals).

For encoding more information about the individuals, such as an (allelic) type or
location (which may change over time), marked metric measure spaces (mmm-spaces)
and the corresponding marked Gromov-weak topology (mGw-topology) have been intro-
duced in [4]. For a fixed complete, separable metric space (I, d) of marks, the sampling
measure v is replaced by a measure p on X x I, which models population density in
combination with mark distribution.

A natural question in this context is whether or not every point of the limiting
population X has a single mark almost surely, that is, does genetic distance zero
imply the same type/location? Put differently, we ask ourselves if i factorizes into a
“population density” measure v on X and a mark function x: X — [ assigning each
individual its mark. If this is the case, we call the mmm-space functionally-marked
(fmm-space). This property is often desirable, and one might want to consider the
space of fmm-spaces, rather than mmm-spaces, as the state space. Unfortunately, the
subspace of fmm-spaces is not closed in the mGw-topology, which means that limits
of finite-population models that are constructed as fmm-spaces might not admit mark
functions themselves. It is therefore of interest, if the space of fmm-spaces with marked
Gromov-weak topology is a Polish space (that is a “good” state space). Here, we show
in Theorem 2.2 that this is indeed the case. We also produce criteria to enable one to
check if an mmm-space admits a mark function. For limiting populations, they are given
in terms of the approximating mmm-spaces. We derive such criteria for deterministic
spaces (Theorem 3.1), random spaces (Theorem 3.7) and mmm-space-valued processes
(Theorem 3.9 and Theorem 3.11).

An important example of such a high-density limit of approximating models with
finite populations is the tree-valued Fleming-Viot dynamics. In the neutral case, it is
constructed in [10] using the formalism of mm-spaces. In [5], (allelic) types — encoded
as marks of mmm-spaces — are included, in order to model mutation and selection. For
this process, the question of existence of a mark function has already been posed. In [5,
Remark 3.11] and [6, Theorem 6] it is stated that the tree-valued Fleming-Viot process
admits a mark function at all times, almost surely. The given proof, however, contains
a gap, because it relies on the criterion claimed in [6, Lemma 7.1], which is wrong in
general, as we show in Example 4.1. We fill this gap by applying our criteria and showing
in Theorem 4.3 that the claim is indeed true and the tree-valued Fleming-Viot process
with mutation and selection (TFVMS) admits a mark function at all times, almost surely.
We also show in Theorem 4.4 that the same arguments apply to the A-version of the
TFVMS in the neutral case, that is where selection is not present.

Intuitively, the existence of a mark function in the case of the TFVMS holds because
mutations are large but rare in the approximating sequence of tree-valued Moran models.
Hence, as genealogical distance becomes small, the probability that any mutation
happened at all in the close past becomes small as well (recall that distance equals
time to the MRCA). In contrast, in [14], where evolving phylogenies of trait-dependent
branching with mutation and competition are under investigation, mutations happen at
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a high rate but are small which justifies the hope for the existence of a mark function
also for the limiting model. Our criteria are also suited for this kind of situation.

Outline. The paper is organized as follows. In the subsections of the introduction we
first introduce notations and basic results for the Prohorov metric for finite measures.
Then, we give a short introduction to the space IM; of marked metric measure spaces
(mmm-spaces) with the marked Gromov-weak topology, as well as the marked Gromov-
Prohorov metric d,gp on it. We continue with defining the so-called functionally-marked
metric measure spaces (fmm-spaces) INP;Ct C My, and finally investigate the case of
equicontinuous mark functions as an illustrative example. We emphasize that the
restriction of the marked Gromov-Prohorov metric d,,gp to IM§Ct is not complete.

In Section 2, we therefore show that there exists another metric on le,Ct that induces
the marked Gromov-weak topology and is complete. As one sees in Subsection 1.4,
the situation becomes easy if we restrict to a subspace of IM; containing spaces with
uniformly equicontinuous mark functions. We introduce in Subsection 2.2 several related
subspaces capturing some aspect of equicontinuity, and obtain a decomposition of IMfICt
into closed sets. This decomposition is used to prove Polishness of ]Mf,“, and in Section 3
to formulate criteria for the existence of mark functions.

Section 3 gives criteria for the existence of mark functions. Based on the construction
of the complete metric and the decomposition of M!**, we derive in Subsection 3.1
criteria to check if an mmm-space admits a mark function, especially in the case where it
is given as a marked Gromov-weak limit. We then transfer the results in Subsection 3.2
to random mmme-spaces and in Subsection 3.3 to IM;-valued stochastic processes.

To conclude, Section 4 gives examples. We first show that the criterion in [6] is wrong
in general by means of counterexamples. Our criteria are then applied in Subsection 4.1
to prove the existence of a mark function for the tree-valued Fleming-Viot dynamics with
mutation and selection. To this goal, we verify the necessary assumptions for a sequence
of approximating tree-valued Moran models. In Subsection 4.2 we show that a similar
strategy applies if we replace the tree-valued Moran models by so-called tree-valued A-
Cannings models. Finally, in Subsection 4.3, a future application to evolving phylogenies
of trait-dependent branching with mutation and competition is indicated.

1.1 Notations and prerequisites

In this paper, let all topological spaces be equipped with their Borel o-algebras. We
use the following notation throughout the article.

Notation 1.1. For a Polish space E, let M, (E) respectively M¢(FE) denote the space of
probability respectively finite measures on the Borel o-algebra B(F) on E. The space
M (E) is always equipped with the topology of weak convergence, which is denoted by
~s. We also use the distance in variational norm of u,v € M¢(E), which is

lu—vil= sup [u(B)—v(B) (1.1)
BeB(E)

In particular,
AeB(E).
ForY € B(FE) and p € M;(E), denote by p|y, € M;(FE) the restriction of ;1 to Y, that
is ply-(B) :== u(BNY) for all B € B(E). Because |, < u, we have ||u|y —p|| = p(E\Y).
Forp: E — F measurable, with ' some other Polish space, denote the image measure
of i under ¢ by @, := po @~ !. Finally, for the product space X := E x F, the canonical
projection operators from X onto E and F' are denoted by mr and 7, respectively.

ull = w(E), and ||p—v|| = v(E) — u(E) if p < v, that is u(A) < v(A) for all

Definition 1.2 (Prohorov metric). For finite measures po, pt1 on a metric space (E,r),
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the Prohorov metric is defined as
dpy(pto, p1) == inf{e > 0: p;(A) < p1—;(A%) + e VA € B(E), i € {0,1}}, (1.2)

where A® :={x € E:r(A,x) < ¢} is the e-neighbourhood of A.

It is well-known that the Prohorov metric metrizes the weak convergence of mea-
sures if and only if the underlying metric space is separable. The following equivalent
expression for the Prohorov metric turns out to be useful.

Remark 1.3 (coupling representation of the Prohorov metric). Let (E,r) be a separable

metric space and 1, 12 € M;(E). For a finite measure ¢ on E?, we denote the marginals
as & :=¢(- x F) and & := £(F x ). It is well-known (see, e.g., [7, Theorem II1.1.2]) that

dp,(p1, o) = inf{e > 0: 3¢ € My (E?) with £(N.) <e, & = p;, i = 1,2}, (1.3)
where N, := { (z,y) € E? : r(z,y) > ¢ }. We obtain from this equation

dp,(p1, p2) = inf{e > 0: 3¢ € M¢(E?) with &'(N,) =0, & < ps, || — &)l < e, i=1,2}.
(1.4)
Indeed, consider &' := €| 5 respectively & = &' + (1 — [|€']) 7 ((11 — &) @ (p2 — &)
to obtain equality in the above. Following the ideas of the proof of the representation
(1.3) in [7], the representation (1.4) for the Prohorov metric dp, (1o, pt1) is easily seen to
hold true for measures 1, us € M¢(E) as well, which are not necessarily probability
measures.

From (1.4), we can easily deduce the following lemma, which we use below.

Lemma 1.4 (rectangular lemma). Let (E,r) be a separable, metric space, ¢, > 0, and

w1, po € Mi(E). Assume that dp (1, u2) < 6 and there is p} < pq with ||p1 — pi| < e.
Then

Fuy < oz dp, (s pa) <6, (2 — pa] < e (1.5)
Proof. According to (1.4), we find ¢ € M;(E?) with marginals & < p;, i = 1,2, ||ui — & <

0, and £({r > 6}) = 0. Let L be a probability kernel from E to E (for existence see [12,
Theorems 8.36-8.38]) with ¢ = y; ® L and define ¢’ := () A &) ® L. Obviously, & < u}
and ||p) — &1l < |1 — &1 < 6. Now set

py =&y + po — o (1.6)
Then &, < ub, ||ph — &l = ||pe — &2|] < 6 and thus dp, (ue, puh) < § by (1.4). Furthermore,
po < pg and [lpg — psl = (162 — &l < [l — pill < e D

1.2 The space of marked metric measure spaces (mnmm-spaces)

In this subsection, we recall the space M; of marked metric measure spaces, and
the marked Gromov-Prohorov metric d,,gp, which induces the marked Gromov-weak
topology on it. This space, (M, d,gp), will be the basic space used in the rest of the
paper. These concepts have been introduced in [4], and are based on the corresponding
non-marked versions introduced in [9]. In contrast to [4], we allow the measures of the
marked metric measure spaces to be finite, that is do not restrict ourselves to probability
measures only. Because a sequence of finite measures converges weakly if and only if
their total masses and the normalized measures converge, or the masses converge to
zero, this straight-forward generalization requires only minor modifications (compare
[16, Section 2.1], where this generalization is done for metric measure spaces without
marks).

In what follows, fix a complete, separable metric space (7, d), called the mark space.
It is the same for all marked metric measure spaces in IM;.
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Definition 1.5 (mmme-spaces, M;). (i) An (/-)marked metric measure space (mmm-
space) is a triple (X, r, u) such that (X,r) is a complete, separable metric space,
and p € M¢(X x I), where X x I is equipped with the product topology.

(ii) Let x; = (X;, 74, ), @ = 1,2, be two mmme-spaces, and v; := u;(- x I) the marginal
of u; on X;. For a map ¢: X1 — X2 we use the notation

O: Xy x I = Xox I, (z,u)— @x,u):=(o(x),u). (1.7)

We call x1 and x, equivalent if they are measure- and mark-preserving isometric,
that is there is an isometry ¢: supp(v1) — supp(va), such that

Pufi1 = 2. (1.8)
(iii) Finally, define
M; := {equivalence classes of mmm-spaces }. (1.9)

With a slight abuse of notation, we identify an mmm-space with its equivalence
class and write x = (X, r, 1) € M for both mmm-spaces and equivalence classes
thereof.

Next, we recall the marked Gromov-weak topology from [4, Section 2.2] that turns
IM; into a Polish space (cf. [4, Theorem 2]). To this goal, we first recall

Definition 1.6 (marked distance matrix distribution). Let x := (X, r, u) € M; and

N

(3) o
pxn . ) (XxDN - Ry > I7, 1.10
{((mk,uk)k>1) — ((T‘(:L'k,xl;)rlgk<l, (uk)kﬂ)' ( )

The marked distance matrix distribution of x is defined as

v o=l - (RO), ()N € M(BE) 1), (1.11)

The marked Gromov-weak topology is the one induced by the map x — v~.

Definition 1.7 (marked Gromov-weak topology). Let x,x1,x9,... € M;. We say that

(xn)nen converges to x in the marked Gromov-weak topology, x,, mGw, x, if and only if

n—oo

v ¥ (1.12)

n—oo

N
in the weak topology on M; (Rgf) x IN).

Finally, let us recall the Gromov-Prohorov metric from [4, Section 3.2]. It is complete
and metrizes the marked Gromov-weak topology, as shown in [4, Proposition 3.7].

Definition 1.8 (marked Gromov-Prohorov metric, dgp). For x; = (X;,7i, ;) € My, i =
1,2, set

deP(XhXQ) = inf dPr((@l)*Nl?(¢2)*u2)7 (113)
(E,p1,¢2)

where the infimum is taken over all complete, separable metric spaces (E,r) and
isometric embeddings y;: X; — E, and ¢, is as in (1.7), ¢ = 1,2. The Prohorov metric
dp, is the one on M;(E x I), based on the metric 7 = r + d on E x I, metrizing the
product topology. The metric d,gp is called the marked Gromov-Prohorov metric.

A direct consequence of the fact that d,,¢p induces the marked Gromov-weak topology
is the following characterization of marked Gromov-weak convergence obtained in [4,
Lemma 3.4].
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Lemma 1.9 (embedding of marked Gromov-weakly converging sequences). Let x,, =
(X, Tny i) € My forn € NU {oo}. Then (x,)nen converges to x., Gromov-weakly if
and only if there is a complete, separable metric space (E,r), and isometric embeddings
on: X, — E, such that for ¢, as in (1.7),

(Pn)stin — . (1.14)

1.3 Functionally-marked metric measure spaces (fmm-spaces)

Consider an I-marked metric measure space x = (X,r,u) € M;. Since p is a
finite measure on the Polish space X x I, regular conditional measures exist (cf. [12,
Theorems 8.36-8.38]), and we write

p(dz, du) = v(de) - K, (du), (1.15)

in short 1 = v ® K, for the marginal v := u(- x I) € M¢(X), and a (v-a.s. unique)
probability kernel K from X to I.

In the present article we investigate criteria for the existence of a mark function for
x, that is (cf. [6, Section 3.3]) a measurable function x: X — I such that

p(de, du) = v(dz) - 0y (z)(du), (1.16)

or equivalently, K, = d,,(,) for v-almost every x. Obviously, x admits a mark function
if and only if K, is a Dirac measure for v-almost every x. Recall that the complete,
separable mark space (I, d) is fixed once and for all.

Definition 1.10 (fmm-spaces, ]Mﬁ‘“). We call x = (X, r,v, k) an (I-)functionally-marked
metric measure space (fmm-space) if (X,r) is a complete, separable metric space,
v € M¢(X), and k: X — I is measurable. We identify x with the marked metric measure
space (X, r,u) € My, where p satisfies (1.16). With a slight abuse of notation, we write
(X,r,v,k) = (X,r,p) if (1.16) is satisfied. Denote by MI* C M, the space of (equivalence
classes of) fmm-spaces.

A first, simple observation is that ]1\/15Ct is a dense subspace of IM;.

Lemma 1.11. The subspace ]MgCt is dense in M| with marked Gromov-weak topology.

Proof. For x = (X,r,u) € My, define x, = (X x I,7p,Vn,k,) € M with v, = p,
fin(z,u) = u, and 7, ((z,u), (y,v)) = r(z,y) + e " Ad(u,v), for z,y € X, u,v € I. Itis
easy to see that x,, — x in the marked Gromov-weak topology. O

1.4 The equicontinuous case
It directly follows from Lemma 1.11 that the subspace M is not closed in My,

meaning that if x,, GV, + is a marked Gromov-weakly converging sequence in IM;, and
all x,, admit a mark function, this need not be the case for x. In applications, however,
the limit x is often not known explicitly, and it would be important to have (sufficient)
criteria for the existence of a mark function in terms of the x,, alone. An easy possibility
is Lipschitz equicontinuity: if all x,, admit a mark function that is Lipschitz continuous
with a common Lipschitz constant L > 0, the same is true for x (see [17]). More generally,
this holds for uniformly equicontinuous mark functions as introduced below. We briefly
discuss the equicontinuous case in this subsection, because it is straightforward and
illustrates the main ideas.

Recall that a modulus of continuity is a function h: R4 — R4 U{oco} that is continuous
in 0 and satisfies h(0) = 0. A function f: X — I, where (X, r) is a metric space, is h-
uniformly continuous if d(f(z), f(y)) < h(r(z,y)) for all z,y € X. Note that for every
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modulus of continuity h, there exists another modulus of continuity A’ > h which is
increasing and continuous with respect to the topology of the one-point compactification
of R,. Therefore, we can restrict ourselves without loss of generality to moduli of
continuity from

H:={h: Ry = Ry U{oo}|h(0)=0, his continuous and increasing }. (1.17)
For h € H and a metric space (X, ), we define
AR = A = (i, w)imr0 € (X x D)2 d(ur, ug) < h(r(zy,25))} € (X x )% (1.18)

Note that f: X — I is h-uniformly continuous if and only if ((z, f(z)), (v, f(y))) € Ay for
all z,y € X, and that A5’ is a closed set in (X x I)? with product topology.

Definition 1.12 (9). For h € H, let M? C MY be the space of marked metric measure
spaces admitting an h-uniformly continuous mark function.

The next lemma states that a marked metric measure space (X, r, 1) admits an h-
uniformly continuous mark function if and only if a pair of independent samples from p
is almost surely in Aff . Furthermore, if a sequence with h-uniformly continuous mark
functions converges marked Gromov-weakly, the limit space also admits an h-uniformly
continuous mark function.

Lemma 1.13 (uniform equicontinuity). Fix a modulus of continuity h € H.

@) M7 = {(X,r,p) € My : p®2 (A7) = 2|}
(ii) 93?’} is closed in the marked Gromov-weak topology.

Proof. The mmm-space x = (X,r, ) is in 9M” if and only if supp(u) is the graph of an
h-uniformly continuous function. This is clearly equivalent to x®?((X x I)?\ A7) = 0.
Item (ii) is obvious from (i), because Af is a closed set. O

This preliminary result is quite restrictive because of the condition to have the
same modulus of continuity for all occurring spaces. In fact, the mark function of the
tree-valued Fleming Viot dynamic considered in Subsection 4.1 is not even continuous.

At the heart of the following generalisation to measurable mark functions lies the
fact that measurable functions are “almost continuous” by Lusin’s celebrated theorem
(see for instance [3, Theorem 7.1.13]). Here, we give a version tailored to our setup:

Lusin’s theorem. Let X,Y be Polish spaces, i a finite measure on X, and f: X - Y a
measurable function. Then, for every € > 0, there exists a compact set K. C X such that
w(X \ K¢) < e and f|_is continuous.

2 The space of fmm-spaces is Polish

The subspace M is not closed in M; in the marked Gromov-weak topology, and
hence the restriction of the marked Gromov-Prohorov metric d,,gp to ]1\/I§Ct is not complete.
In this section, we show that there exists another metric on ]MflCt that induces the marked
Gromov-weak topology and is complete. This shows that ]MfICt is a Polish space in its own
right.

2.1 A complete metric on the space of fmm-spaces

For a measure £ on I, we define

B ::/I/I(l/\d(u,v)) £(du) £(dv). @.1)
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Note that 8¢ = 0 if and only if ¢ is a Dirac measure. For x = (X,r,u) € M;, with
u=v® K asin (1.15), we define

B(x) ::/XBKz v(dx) :/XXI/I(I/\d(u,U)) Ky (dv) p(d(z,w)). (2.2)

Proposition 2.1 (characterization of ]Mf,Ct as continuity points). Let cont(5) C M; be the
set of continuity points of §: M; — R,, where M; carries the marked Gromov-weak
topology. Then

cont(8) = F71(0) = M, (2.3)

Proof (first part). As seen before, x = (X,r,v ® K) € M; admits a mark function if and
only if K, is a Dirac measure for v-almost every x € X, which is the case if and only
if B(x) = 0. Hence 7'(0) = M. Because M is dense in M; by Lemma 1.11, no
x € M; \ 871(0) can be a continuity point of 3. Thus cont(3) C 371(0).

We defer the proof of the inclusion 371(0) C cont(8) to Subsection 2.2, because it
requires a technical estimate on 3 derived in Proposition 2.7. O

In view of (2.3), we can use standard arguments to construct a complete metric on
]l\/[flCt that metrizes marked Gromov-weak topology. Namely consider the sets

Fo = B71([L,00)) CM;, meN, (2.4)

where the closure is in the marked Gromov-weak topology. Then, due to Proposition 2.1,
F,, is disjoint from M, and M¥* = M; \ {J,,c Fin- Because F,, is also closed by
definition, we obtain

M = () {x € My : dmap(x, Frn) > 0} (2.5)
meN
We consider the metric digp on Mt defined for x,y € Mt by
1 1

d x,Y) = dmap(X,¥) + su 2_""/\‘ — ) 2.6
fGP( ) GP( ) mE% deP(X; Fm) deP (ya Fm) ( )

Theorem 2.2 (]M§Ct is Polish). The space ]Ml;Ct of I-functionally-marked metric measure
spaces with marked Gromov-weak topology is a Polish space. Namely, dicp is a complete
metric on IMfICt inducing the marked Gromov-weak topology.

Proof. First, we show that d¢gp induces the marked Gromov-weak topology on ]Mg‘“. For
m € N, x € M;, define
pm(X) = deP(XaFm>7 (2.7)

with F),, defined in (2.4). Note that p,, is a continuous function on M;. Let x,,x €
]Mf,“. Then p,,(x) > 0 for all m € NN because of (2.5). Therefore, by definition,
digp(xpn,x) — 0 if and only if the two conditions dy,gp(xn, x) — 0 and

n— oo

pm(xn) — pm(X) VYm € IN (2.8)

n— oo

hold. We have to show that the marked Gromov-weak convergence already implies (2.8).
This, however, follows from the continuity of the p,,.

It remains to show that digp is a complete metric on ]MgCt. Consider a digp-Cauchy
sequence (X, ),ecn in 1M§Ct. By completeness of d,,ap on My, it converges marked Gromov-
weakly to some x = (X,r,u) € M;. Furthermore, for every fixed m € N, (2.6) implies
that 1/p,(x,) converges as n — oo, and hence dy,gp(Xp, Fin) is bounded away from zero.
Thus x ¢ F,,. Because M¥* = M; \ U,,,ciy Fin. this means that x € M, and by the first
part of the proof digp(xy,,x) — 0. O

n— oo
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Existence of mark functions in marked metric measure spaces

With B]M’ = {y € My : dugp(x,¥) < 5} we denote the open §-ball in IM; with
respect to deP The following corollary gives formal criteria for a limiting space to
admit a mark function, which are useful only together with estimates on £.

Corollary 2.3. Let (x,)nen be a sequence in M; which converges marked Gromov-
weakly to x. Then the following four conditions are equivalent:

(i) x e M.
(ii) limsup,, ., pm(xn) > 0 for all m € N, with p,, defined in (2.7).
(iii) For every d > 0,

lim sup inf dmcp(Xn,¥) > 0. (2.9)
n—oo YEBT([4,00[)
(iv)
lim liminf  sup  B(y) =0. (2.10)
610 n—oo yEBLMI (%n)

Proof. “(i)< (ii)”: We have p,,(x) = lim, o0 pm (X, ), and p,,(x) > 0 for all m € IN if and
only if x € Mict,
“(ii) < (iii) ”: follows directly from the definition of p,,.

“(iii) & (iv)”: Using monotonicity in § we obtain

(iii) <= Vé > 03e > 0V(¥p)nenw € My with 8(y,) > 6 : limsup dmgp(Xn, Yn) > €

n— oo

(2.11)
< V0 >03e > 0V(¥n)nenw € My : hmmfﬁ(yn) < ¢ or limsup dmgp(Xn,Vn) > €

n—oQ

= Ve > 036> 0Y(¥,)nen € My with ¥, € B (x,) : liminf B(v,,) <& <= (iv),

n—roo

where, in the third equivalence, we renamed 0 to ¢ and ¢ to §. O

2.2 A decomposition of M into closed sets and estimates on j3

In this subsection, we derive some estimates on 5 and use them to complete the proof
of Proposition 2.1. Furthermore, we construct a decomposition of IMEth into closed sets
which are related to the sets 2%,

As we have seen in Subsection 1.4, the situation becomes easy if we restrict to
the uniformly equicontinuous case, that is to the subspace " for some h € H as in
Definition 1.12. We introduce in what follows several related subspaces capturing some
aspect of equicontinuity. In analogy to the definition of Ai( in (1.18), we use for a metric
space (X,r), and J,e > 0, the notation

Agf = A(X7) = { T, U )i=1,2 € (X X I) r(xy,x2) > or d(ug,ug) < (—:} C (X x I)Q.
(2.12)
Note that Agfe is a closed set. For every h € H, using monotonicity and continuity of h,
we observe that
AX = () Ay (2.13)
6>0

Definition 2.4 (M)°, M%<, M}). Let 6,¢ > 0 and h € H. We define

7= (X ) € My p®2 (AR = [lu®?] ), (2.14)
M“- {(X,rp) e My 30 € M(X X T): ! < p, =i <&, (X, 7, p) € ME<),
(2.15)

e
and MY := (", M @,
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The intuition is that for spaces in E)T(?’h(é), the measure behaves as if it admitted an
h-uniformly continuous mark function when distances of order § are observed. The same

holds for the spaces in ]M(;’h(‘s) if we are additionally allowed to neglect a portion h(d) of

mass.
Remark 2.5. (i) Clearly M" C IM". We will see in Lemma 2.8 that IM? C M.
(ii) The space M} is much larger than 9}: while J,,o,, 9} contains only mmm-spaces
admitting a uniformly continuous mark function, we will see in Lemma 2.8 that
every element of Mt is in some IM”?.

(iii) The spaces 9, and IM%* are not contained in M. For instance, consider I = R
5 5
and x = ({0}, 0,(5(0,0) + 5(075)) S mls - MIE.
We have the following stability of 11\/[?’6 with respect to small perturbations in the
marked Gromov-Prohorov metric.

Lemma 2.6 (perturbation of M%¢). Let 6, > 0, x € M and # € M;. Then
§ = dmp(¥,2) < 15— & eMIH (2.16)

Proof. Let x = (X,r, ), # = (X, 7, i). We may assume that X, X are subspaces of some
separable, metric space (E,rg) such that dp (u, i) < ¢’. By definition of ]M‘;’E, there
is ¢/ < pwith ||p— /| < eand &' = (X,r,u) € zm?s. Due to Lemma 1.4, we find
g < powith || — @' < eand dp, (¢, ) < ', where ' = (X,#, /). By the coupling
representation of the Prohorov metric, (1.4), we obtain a measure € on (E x [ )2 with
marginals & < p’ and & < ji’ such that ||/ — & < ¢’ and

¢({((z,u), (#,7)) € (X x I) x (X x I) : rp(x,2) + d(u,a) > §'}) = 0. (2.17)

By definition, (1/)®? is supported by Agfg. Therefore, the same is true for 5?2 and we
obtain

1657 = [1€%2|| = 22 ({(ws, wi, &4, 0)i=1,2 € (X x I) x (X % I1))?: (25,u)iz1,2 € Aﬁfg})
(2.18)
< €92 ({(#i,0)im12 € (X x 1) rp(d1,82) > 8 — 26" or d(iy, ) < € +20'})

$2 (A§(726’ ,e+28 ) ’

where the inequality follows from (2.17) together with the triangle-inequality. Therefore,
(X, 7, &) € MH~2%-572 Now the claim follows from || — & < || — i/ + &/ — & <
e+4. O

Proposition 2.7 (estimates on 3). Let d,e > 0 and consider x = (X,r,u) € M;. Then
the following hold:

() If i’ € M¢(X x I), then B(x) < B((X,r, ")) + 2] — 1|
(ii) If x € MPF, then B(x) < e\
(iii) If x € M3*° and & € M; with dgp(x, 2) < 6, then f(x) < e(||u| + 2) and

BR) < (e +26)(2+ ]l + ). (2.19)

Proof. (i) follows directly from the definition.
(i) If x € X and u,v € [ satisfy ((z,u), (z,v)) € A _, then d(u,v) < € by definition of
A% .. Thus B(x) = [y ; [;(1Ad(u,v)) K. (dv) p(d(z,u)) < el|pl].
(iii) Combining (i) and (ii) yields S(x) < 2¢ + ¢||p||. Let ¢’ = dmgp(x, &). By Lemma 2.6,
we have x € IM?‘;_%/’ “+20" and thus B(2) < (2+]|al)(e+20") < (24| pl|+0)(e+25). O
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In order to complete the proof of Proposition 2.1 with the help of Proposition 2.7,
we first observe that, as a consequence of Lusin’s theorem, every functionally marked
metric measure space is an element of IM? for some h € H. Together with Lemma 2.9
below, this means that we have a nice (though uncountable) decomposition of ]Mf,Ct into
closed sets.

Lemma 2.8 (decomposition of M{*). The following equality holds: M = | J, _,, M¥.

Proof. We have M? C 371(0) = Mt for every h € H. Indeed, the equality was shown in
the first part of the proof of Proposition 2.1. To obtain the inclusion, that is 8(x) = 0 for
all x € M”, recall ]M’} from Definition 2.4 and choose ¢ = h(26) in Proposition 2.7(iii).
Conversely, let x = (X, r,v, k) € M. According to Lusin’s theorem, we find for every
€ > 0 acompact set K. C X, and a modulus of continuity h. € H, such that v(X \ K.) <e¢
and x| K. is h.-uniformly continuous. In particular,
xv e MIOVE e 5> 0. (2.20)

We may assume without loss of generality that ¢ — h.(d) is decreasing and right-
continuous for every § > 0. We define

h(6) :=inf{e > 0: h.(6) <e} € Ry U{oo}. (2.21)

Clearly, h(d) converges to 0 as ¢ | 0 because h. € H. Furthermore, h5)(6) < h(J), and
hence (2.20) with & = h(§) implies x € IM”?. O

Proof of Proposition 2.1 (completion). We still have to show continuity of § in every
point x € 371(0). Due to Lemma 2.8, there is h € H with x € IM”. Now Proposition 2.7
yields for § > 0 the estimate sup{3(®) : £ € B} (x)} < (h(26) +26)(2 + ||u]| + 9), which
converges to 0 as ¢ | 0. O

It directly follows from Proposition 2.7(iii) that the marked Gromov-weak closure of
IM” is contained in M{*. In fact, M” is even Gromov-weakly closed, which will be used
in the proof of Theorem 3.11 below.

Lemma 2.9 (closedness of ]M?). For every 4, > 0, ]M?’E is marked Gromov-weakly
closed in M;. In particular, IM? is closed for every h € H.

Proof. Fix €,§ > 0 and let (x,,)n,en be a sequence in ]Mi’6 converging marked Gromov-
weakly to some x = (X, r,u) € M;. Using Lemma 1.9, we may assume that X,,, n € IN,
and X are subspaces of a common separable, metric space (F,rg), such that u, o

on E x I. By definition of M}°, we find 1/, < pin, ||, — pin| < €, such that (u,)®? is
supported by AEE for all n € IN. Since (u),)nen is tight, we may assume, by passing to
a subsequence, that x/, — y’ for some p/ € M;(E). Obviously, 4/ < pand ||y — /|| =
limy, o0 ||| — llu,|| < . Because Af_ is closed, (u')®? is supported by Af_ and hence
x e MJ”. O

3 Criteria for the existence of mark functions

Based on the construction of the complete metric and the decomposition IME,Ct =
Unew M7 into closed sets obtained in Section 2, we now derive criteria to check if a
marked metric measure space admits a mark function, especially in the case where
it is given as a marked Gromov-weak limit. We then transfer the results to random
mmm-spaces and IM;-valued stochastic processes.
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3.1 Deterministic criteria

Our main criterion for deterministic spaces is a direct consequence of the results in
Section 2. Recall that H is the set of moduli of continuity defined in (1.17).
Theorem 3.1 (characterization of existence of a mark function in the limit). Let (x,,)nen

mGw

be a sequence in M; with x,, —— x € M;. Then x € ]1\/[5,Ct if and only if there exists
h € H such that for every § > 0

Xp € ]M?’h(é) for infinitely many n € IN. (3.1)

In this case, x € M.

Proof. First assume there is h € H such that (3.1) is satisfied. Since ]M‘;’h(‘s) is closed by
Lemma 2.9, (3.1) implies that x € ]M?’h(‘s) for every ¢, that is x € lM’} By Lemma 2.8,
M} C Mt

Conversely, assume x € M*. Then, by Lemma 2.8, we find h € H with x € M},

We claim that (3.1) holds with A replaced by h(6) := h(36) + 2. Indeed, fix § > 0

and observe that x € IM? C ]M‘;’é’h(gé). Lemma 2.6 yields x,, € ]Mi’h(é) for all n with

deP(Xa Xn) < 6. O

We will use Theorem 3.1 in the following form.

mGw

Corollary 3.2. Let x,, = (X, 7, Vn, kin) € M, x, =% ¥ € M;. Let Y, 5 C X,
measurable forn € N, § > 0, and h € H. Then x € Mt if the following two conditions
hold for every § > 0:

lirri}inf Un (X \ Yos) < h(9), (3.2)
VneN, z,y € YVos:rp(z,y) <6 = d(kn(z),kn(y)) < (D). (3.3)

Proof. Let p,, = paly. ., where p, = v, ® d,,. Then (3.3) implies (X,,7n,u;,) €

smi’h(‘” and (3.2) yields ||, — pn|| < h(0) for infinitely many n. Hence we can apply
Theorem 3.1. g

Remark 3.3. To obtain » € M, it is clearly enough to show in Theorem 3.1 and
Corollary 3.2, (3.1) respectively (3.2) and (3.3) only for § = é,,, for a sequence (0., )men
with 4,,, | 0 as m — oo.

We illustrate the role of the exceptional set X, \ Y, 5, and the importance of its
dependence on §, with a simple example.

Example 3.4. Consider X = [0,1] with Euclidean metric r, v = X\ 4 d9, where ) is
Lebesgue-measure, and ,(x) = (nz) A 1. Obviously, x,, = (X, r,v, k,) converges marked
Gromov-weakly and the limit admits the mark function 1 ;. To see this from Corol-
lary 3.2, we choose h(6) = § and Y,, s = {0} U[6 V 1,1]. Note that we cannot choose Y, 5
independent of J.

Remark 3.5 (equicontinuous case). If, in Corollary 3.2, Y,, s = Y,, does not depend on
6, then (3.3) means that x,, is h-uniformly continuous on Y,,. Consequently, the mark
function of x is in this case h-uniformly continuous. If we restrict to Y,, = X, for all n,
we recover part (ii) of Lemma 1.13.

Corollary 3.6. Let x,, = (X, Tn,y Uny bn) € ]Mf,Ct and assume that x, converges to x =
(X,r,u) € M; marked Gromov-weakly. Further assume that for n € IN, § > 0, there are
measurable sets Z,, s C X,,, such that

lim lim inf (V,L(Xn \ Zns) + /

610 n—oo0 Zn.s

(17 diam (s (B (2) 1 Zu5))) yn(dz)> =0, (3.4)
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where diam is the diameter of a set. Then x admits a mark function, that is x € ]Mf,“.

Proof. For § > 0let

g(0) := sup liminf (z/n(Xn \ Zns) —|—/ (1 A dlam(ﬁn (B ()N Z, 5/))) yn(dx))
0<8/<§ M0 Zp 50
(3.5)
By (3.4), lims0 g(d) = 0 and g is increasing with ||g|lcc < ||||. Let h € H be such that

g(6) < M9 (1 A h(6)) for all § > 0. Then

)
vn({2 € Zn 5 : diam(k, (B3 (2) N Zns)) > h(9)}) < % < h(d)/2. (3.6)
Now apply Corollary 3.2 with
Y5 := {x €Zns: diam(/@n (Bg(" ()N Zn75)) < h(6)}. (3.7)

Then (3.3) follows from the definition of Y}, 5 in (3.7), and v,,(X,, \ Y5.5) < v (X \ Zn5) +
h(6)/2 < g(6) + h(8)/2 < h(5) holds by (3.6) and (3.5). O

3.2 Random fmm-spaces

The following theorem is a randomized version of Theorem 3.1. It is our main criterion
for M;-valued random variables.

Theorem 3.7 (random fmm-spaces as limits in distribution). Let (X, ).en be a sequence
of M;-valued random variables which converges in distribution (w.r.t. marked Gromov-
weak topology) to an M;-valued random variable X. Further assume that for every
€ > 0, there exists a modulus of continuity h. € H such that

limsup limsup P({ &, € M?"*}) > 1 -, (3.8)

640 n— oo

Then X admits almost surely a mark function, that is X € ]Ml}Ct almost surely.

If additionally X,, = (X, Tn, Vn, kn) € ]Mf,Ct almost surely for all n € IN, we can replace
(3.8) by existence of random measurable sets Y7 s C X,,, n € N, 6 > 0, in addition to the
h. € H, such that the following two conditions hold for every € > 0:

limsup limsup P({ v, (X, \ Yy 5) <he(6) }) > 1—e. (3.9)
640 n— 00
VnelN,6>0,z,y €Yy r(ry) <d = d(mn(x),/in(y)) < he(0). (3.10)

Remark 3.8. In (3.9), we need not worry about measurability of the “event” B,, 5 :=
{vn(Xn\YS5) < he(0)} due to the choice of Y7 ;. The inequality (3.9) is to be understood
in the sense of inner measure, that is we require that there are measurable sets C,, 5 C
By, 5 with lim sup o limsup,, ,  P(Cps) > 1 —e.

Proof. The second statement follows in the same way as Corollary 3.2. We divide the
proof of the main part in two steps. First, we show X € IME,Ct if, instead of (3.8), even

P( () {Xn € My™"") for infinitely many n}) > 1 - (3.11)
melN
holds for a sequence 6, = d,,(¢) | 0 as m — oo. In the second step, we show that, given

(3.8), we can modify h. to h € ‘H such that (3.11) holds with h. replaced by h

Step 1. By Skorohod’s representation theorem, we may assume that the &), are coupled
such that they converge almost surely to X in the marked Gromov-weak topology. The
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inequality (3.11) implies that with probability at least 1—¢, forallm € N, &), € ]I\/I?”“hs(&”")

for infinitely many n. By Theorem 3.1 and Remark 3.3, this means that the probability
that X admits a mark function is at least 1 — . Because ¢ is arbitrary, this implies
X € Mt almost surely.

Step 2. Let T'(e,8) := limsup,,_,, P({ &, € M{"<” 1) in (3.8). Set
61 :=sup{d € [0,1]: T(¢/4,6) > 1 —¢/2 and h4(5) < 1}. (3.12)

By (3.8) and as h.,4 € H, the set inside the supremum is non-empty. Next define
recursively

S = sup{d € [0,6,,—1/2] : T(e27 ™), 5) > 1 —e27™ and h_y-min (6) < 1/m} (3.13)

for m € IN,m > 2. Again, the set inside the supremum is non-empty by (3.8) and as
heg—(m+1y € H. Moreover, d,, = 0;,(¢) > 0, 0, | 0 for m — oo and hy—m+1) (6) < 1/m
follows. We can therefore set

hg((sm) = h€27(7n+1) (6m) (314)

and extend this to h. € H. Using Fatou’s lemma, we obtain

P (X g M) eventually}) < ° B(timinf 1 X))  (3.15)

meN meN

< Y liminfP({X, ¢ D e (6n) 1)
meN

=Y (1-T(27 ", 5,))

meN

< Z e2™™ =e.

meN

Thus (3.11) holds with &, replaced by A.. 0

3.3 Fmm-space-valued processes

Let J C R, be a (closed, open or half-open) interval and consider a stochastic process
X = (X})tes with values in IM; and cadlag paths, where M; is equipped with the marked
Gromov-weak topology. We say that A" is an le,Ct -valued cadlag process if

P({ X, X_ M forallte J}) =1, (3.16)

where X;_ is the left limit of X at t (X,_ := A} if ¢ is the left endpoint of J). In the
following, we give sufficient criteria for X to be an MgCt-valued cadlag process. We are
particularly interested in the situation where X is the limit of IMf,Ct-valued processes X™.

Unsurprisingly, if the set of P-measure smaller or equal to ¢ in Theorem 3.7 is
independent of ¢, the result is true for all ¢ simultaneously, almost surely. The modulus
of continuity may also depend on ¢ in a continuous way; or be arbitrary if the limiting
process has continuous paths:

Theorem 3.9. Let J C R, be an interval, and X" = (X}")ics, n € N, a sequence of
IM;-valued cadlag processes converging in distribution to an My-valued cadlag process
X = (X¢)tes. Assume that for every t € J, € > 0, there exists h, . € H such that

limsup limsup P({ &7 € M} vt e J}) >1-e. (3.17)

640 n— o0

Then X is an IM?Ct-valued cadlag process, that is (3.16) is satisfied, if at least one of the
following two conditions holds:
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(i) X has continuous paths a.s.
(ii) ¢t~ hy(9) is continuous for every ¢, > 0.

If additionally X" is ]M‘}Ct-valued almost surely for all n € N, (3.17) can be replaced by
existence of random measurable sets Y,". ; C X', in addition to the h:. € H, satistying
the following two conditions for every € > 0:

lim sup lim sup ]P({ v (X7 &75) < ht(6) Vt € J}) >1-—c, (3.18)

610 n—o00

VnelN,teJ, 6 >0, z,y€Ys:rm(z,y) <d = d(kn(®),n(y)) < hee(d).  (3.19)

Proof. Due to the Skorohod representation theorem, we may assume that X" — X
almost surely in the Skorohod topology. For condition (i) respectively (ii) we obtain

(i) If X has continuous paths a.s., the convergence in Skorohod topology implies
uniform convergence of X/*(w) on J a.s. with respect to d,gp. Hence we have

X mGw, X, for all t € J, almost surely, and we can proceed as in the proof of

n—oo

Theorem 3.7.
(ii) There are (random) continuous w™: J — J, converging to the identity uniformly on
compacta, such that ngn(t) — X, for all t € J, almost surely. We can use the moduli
of continuity fzt,g(é) := hy¢(6) + ¢ and proceed as in the proof of Theorem 3.7. Note
here that, due to continuity of h, .(d) in ¢, there is for every compact subinterval J

of Jan Ny . s € N such that h; . (6) > hyn(),(6) foralln > Ny .sandt € J.
The same arguments apply for left limits with w™ such that ng w X O

To use Theorem 3.9, we have to check in (3.17) or (3.18) a condition for uncountably
many ¢t simultaneously, which is often much more difficult than for every ¢ individually.
One situation, where it is easy to pass from individual ¢ to all ¢ simultaneously is the case
where the moduli of continuity %, . actually do not depend on ¢ and ¢ (see Corollary 3.13).
The independence of ¢, however, is a strong requirement. Therefore, we relax it to not
blowing up too fast as ¢ | 0, where the “too fast” is determined by the following modulus
of cadlagness of the limiting process.

Definition 3.10 (modulus of cadlagness). Let J be an interval, (E,r) a metric space,
and e = (e¢)tes € Dgr(J) a cadlag path on J with values in E. Following [2, (14.44)], set

w” (e, ) := sup min{r(e(t),e(t1)), r(e(t2), e(t))}. (3.20)
tt1,to€J:t1 <t<ta,ta—1t1<8
We say that e admits w € H as modulus of cadlagness if w”(e,d) < w(d) for all § > 0.

Theorem 3.11. Fix an interval J C R;. Let X = (X;)tey and X" = (X]*)tes, n € N, be
IM;-valued cadlag processes such that X™ converges in distribution to X. Furthermore,
assume that there is a dense set () C J and w, h. € H, such that for all € > 0

limsup P({X7 e MO >1-¢  vs>0,teqQ, (3.21)

n— 00
P({t — X; admits w. as modulus of cadlagness w.r.t. dn,gp}) > 1 — ¢, and (3.22)
lip in hes(2w-(6)) = 0. (3.23)

Then X is an ]Mf,Ct -valued cadlag process, that is (3.16) holds.

Recall the decomposition My \ M¥* =, .y Fin with F,, defined in (2.4). The basic
idea of the proof is to use the following lemma about cadlag paths to show that, almost
surely, the path of X avoids F,,,. The assertion of the lemma follows easily using the
triangle-inequality.
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Lemma 3.12. Let J be an interval, (E,r) a metric space, and e¢ = (e;)tcy € Dg(J) a
cadlag path admitting modulus of cadlagness w € H. Let F C E be any set, 6 > 0, and
Q C J such that for allt € J there isti,to € Q witht; <t <ty <ty + . Then

rle, F) >w(() Ve Q = e ¢Fande_ ¢F Vtell (3.24)

Proof of Theorem 3.11. Because M"< = Ns>0 M‘;’hg((;) is closed by Lemma 2.9, the Port-
manteau theorem and (3.21) imply

P{X, ¢ M} <e VteQ, e>0. (3.25)

Due to the Skorohod representation theorem, we may assume that X" — X almost
surely in Skorohod topology. In order to simplify notation, we assume J = [0,1] and @ =
Uren @k With Q = {i27% : i = 0,...,2"}. It is enough to show for every ¢ > 0, m € N
and F;, as defined in (2.4) that

pm=P{3te[0,1]: Xyor X, € F,, }) < 3e. (3.26)

To show (3.26), fix e > 0 and m € N, and let X; = (X, r+, ut). Because X has cadlag
paths, we find K = K(g) < oo such that

P({ sup [ml|> K —-3}) <e. (3.27)
te0,1]

According to (3.23) and (3.25), we can choose k € IN big enough such that for h := h_o—*
we have

h(2w.(27%)) < (Km)™' —2w.(27%)  and P({X; ¢ M}}) <275 (3.28)

Assume without loss of generality that w.(27*) < 1. Now Proposition 2.7(iii) implies that,
whenever &; € M? and ||| < K — 3, we have

dmap (X, Frn) > we(275). (3.29)
Combining (3.22) and Lemma 3.12, we obtain
Pm < e+P({3t € Qk : dmer(X, Fr) <w-(27%)1). (3.30)
Using (3.27), (3.29), and (in the last step) (3.28), we conclude

Pm < 2 +2F sup P({|lpl <K -3, X ¢ M} }) < 3e. (3.31)
teQr

Thus (3.26) holds for all e > 0, and P({3¢t € [0,1] : X; ¢ IM?“}) = SUP,,eNPm = 0
follows. O

If, in Theorem 3.11, we can choose the modulus of continuity . = h € H, independent
of ¢, such that (3.21) holds, we do not need to check (3.22) and (3.23).

Corollary 3.13 (c-independent modulus of continuity). Assume that X" = (X{")ic,
converges in distribution to an IM;-valued cadlag process X, and Q C J is dense. Then
X is an M!**-valued cadlag process if, for some h € H,

limsupP({X" e M) =1  VteQ. (3.32)

n—oo
Proof. Let h € ‘H be such that (3.32) is satisfied and set h. := h. Then (3.23) is satisfied
for every choice of w. € H, ¢ > 0. For every cadlag process, in particular for X, there

exist moduli of cadlagness w, such that (3.22) holds (cf. [2, (14.6),(14.8) and (14.46)]).
Thus, Theorem 3.11 yields the claim. O
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4 Examples

The (neutral) tree-valued Fleming-Viot dynamics is constructed in [10] using the
formalism of metric measure spaces. In [5], (allelic) types — encoded as marks of
marked metric measure spaces — are included, in order to be able to model mutation and
selection.

In [5, Remark 3.11] and [6, Theorem 6] it is stated that the resulting tree-valued
Fleming-Viot dynamics with mutation and selection (TFVMS) admits a mark function at
all times, almost surely. The given proof, however, contains a gap, because it relies on
the criterion claimed in [6, Lemma 7.1], which is wrong in general (see Example 4.1).
The reason why the criterion may fail is a lack of homogeneity of the measure v, in the
sense that there are parts with high and parts with low mass density. Consequently, if
we condition two samples to have distance less than ¢, the probability that they are from
the high-density part tends to one as ¢ | 0, and we do not “see” the low-density part.
This phenomenon occurs if v has an atom but is not purely atomic. We also give two
non-atomic examples, one a subset of Euclidean space, and the other one ultrametric.

Example 4.1 (counterexamples). In both examples, it is straight-forward to see that
(X,r, 1), with 4 = v ® K, satisfies the assumptions of [6, Lemma 7.1], but does not admit
a mark function. The mark space is I = {0,1}.

(i) Let A4 be Lebesgue measure of appropriate dimension on a set A. Define X :=
[0,1]? U [2, 3], where [2, 3] is identified with [2, 3] x {0} C R?,

3(60 +01), x€0,1]%

4.1
50, xr € 5 ( )

V.= %()\[071]2 + )\[2’3]) and K, := {

(ii) In this example think of a tree consisting of a left part with tertiary branching
points and a right part with binary branching points. The leaves correspond to
X := AU B with A = {0,1,2}" and B = {3,4}", and we choose as a metric

7 ((Zn)new; (Yn)new) = maxe™" - Lo, 2y, (4.2)
Note that (X, r) is a compact, ultrametric space. The measure v is constructed as
follows: choose the left respectively right part of the tree with probability % each.
Going deeper in the tree, at each branching point a branch is chosen uniformly.
That is, let v4 and v be the Bernoulli measures on A and B with uniform marginals
on {0,1,2} and {3,4}, respectively. Define

%(50 +51), x € A,

(4.3
o, r € B. )

vi=1(va+vp) and K,:= {

4.1 The tree-valued Fleming-Viot dynamics with mutation and selection

In the following, we prove the existence of a mark function for the TFVMS by verifying
the assumptions of Theorem 3.9 for a sequence of approximating tree-valued Moran
models. Due to the Girsanov transform given in [5, Theorem 2], it is enough to consider
the neutral case, that is without selection.

We briefly recall the construction of the tree-valued Moran model with mutation
(TMMM) with finite population Uy = {1,..., N}, N € NN, and types from the mark space
I. For details and more formal definitions, see [5, Subsections 2.1-2.3]. In the underlying
Moran model with mutation (MMM), every pair of individuals “resamples” independently
at rate v > 0. Here, resampling means that one of the individuals (chosen uniformly at
random among the two) is replaced by an offspring of the other one, and the offspring
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Figure 1: Graphical construction of the MMM for N = 10 for the time-period [to, ], and the
resulting process (M. to, N )sclto,t)- Resampling arrows are drawn at points of nk?, and mutation
dots at points of ¥ .

gets the same type as the parent. Furthermore, every individual mutates independently
at rate ¥ > 0, which means that it changes its type according to a fixed stochastic kernel
B(-,-) on I. Denote the resulting type of individual z € Uy at time ¢t > 0 by ¥ (z). To
obtain the tree-valued dynamics, define the distance ] (z,y) between two individuals
x,y € Uy at time t > 0 as twice the time to the most recent common ancestor (MRCA)
(cf. [5, (2.7)]), provided that a common ancestor exists, and as 2t + rév (z,y) otherwise.
The TMMM is the resulting process X¥ = (Uy,r",vn, k), with sampling measure
VN = % 25:1 Sk It is easy to check that, by definition, (Uy, ") is an ultrametric space,
provided that the initial metric space (Uy,7{’) is ultrametric. This explains the name
tree-valued (cf. [5, Remark 2.7]).

Next recall the graphical construction of the MMM from [5, Definition 2.2]. A
resampling event is modeled by means of a family of independent Poisson point processes
{nkl: k0 € Uy} on R, where each n¥ has rate v/2. If t € 5%, draw an arrow from
(k,t) to (£,t) to represent a resampling event at time ¢, where ¢ is an offspring of k.
Similarly, model mutation times by a family of independent Poisson point processes
{nk . : k € Un}, where each 0¥, has rate 9. If t € n¥;, draw a dot at (k, ) to represent
a mutation event changing the type of individual k (see Figure 1).

Let (M*™),5,, M{*N C Uy with Mtto“N = ) be the process that records the indi-
viduals of the population at time ¢ with an ancestor at a time ¢y < s < ¢ involved in a
mutation event. By a coupling argument, this process can be constructed by means of
the Poisson point processes (n%¢,nk ., k, ¢ € Uy) as follows (compare Figures 1-2):

MY U {¢} if there is an arrow from k € M/*" to ¢ € Uy at time ¢,
MZO’N = Mfﬂ’N U{k} if there is a mutation event at k € Uy at time ¢,

MM\ {0y if there is an arrow from k ¢ M to ¢ € Uy at time .
(4.4)
Let &Y = %#Mfg;ﬁ be the proportion of individuals at time ¢y +¢,¢ > 0 whose ancestors
have mutated after (the for the moment fixed) time ¢;.

Lemma 4.2. Let C := 19(20 + 7). Then for all a,5 >0

1imsup]P( sup ftN > a) < Ca262. (4.5)
N—oco t€[0,d]
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1 2 3 4 5 6 7 8 9 10 1 4 2 B 6 [ B 7 [010

to

Figure 2: Tracing the ancestor backwards in time in Figure 1: This dual construction is also known
as the coalescent backwards in time. Reverse the arrows to see for instance that 3 at time ¢ is an
ancestor of 8 at time t. The elements of Mtt 0N C Uy are highlighted by boxes in the right part of
the picture.

Proof. By definition, (¢)
fév = 0 and transitions

+>o 1s a (continuous time) Markov jump process on [0, 1] with

{I 2z —1/N atrate IN?z(1 — =), (4.6)

z—x+1/N atrate IN%z(1 —z) + IN(1 — z).

This process converges weakly with respect to the Skorohod topology to the solution
(Z)i>0 of the stochastic differential equation (SDE)

dZ, = 9(1 — Z,)dt + \/vZ,(1 — Z;)dB,, Zo = 0. 4.7)

Indeed, to establish tightness use [7, Theorem I11.9.4]. Note that, as [0, 1] is compact,
it suffices to show the convergence of the generators applied to a set of appropriate
test-functions. For existence and uniqueness of solutions to (4.7) reason as for the
Bessel SDE in [19, (48.1) and below]. Moreover, Z; € [0, 1] is a bounded non-negative
right-continuous submartingale. Hence, with Doob’s submartingale inequality (see for
instance [7, Proposition 11.2.16(a)]), we obtain

P(sup Z; >a) =P(sup Z} >a®) <a *E[Z]]. (4.8)
te(0,9] t€0,0]

As Z, € [0,1], we further deduce using It6’s formula that for all ¢ > 0,

E[Z:] <9t and (4.9)
t
E[Z%] = E[/ 2Z,9(1 — Zs) +7Zs(1 — Zs) ds| < Ct2. (4.10)
0
Then
limsup]P( sup f,N > a) < IP( sup Zy > a) < Ca 26 (4.11)
N—oo t€[0,4] t€0,9]
follows. O

As the construction of the TFVMS in [5] is only given for a compact type-space
I, we make the same assumption. Note, however, that our proof itself does not use
compactness and is therefore valid for non-compact I, provided that the TFVMS is the
limit of the corresponding Moran models, and there exists a Girsanov transform allowing
us to reduce to the neutral case.

EJP 20 (2015), paper 73. ejp.ejpecp.org
Page 19/24


http://dx.doi.org/10.1214/EJP.v20-3969
http://ejp.ejpecp.org/

Existence of mark functions in marked metric measure spaces

Theorem 4.3 (the TFVMS admits a mark-function). Let I be compact and X = (X;);>¢
be the tree-valued Fleming-Viot dynamics with mutation and selection as defined in [5].
Then

P(X, € ME forall t > 0) = 1. (4.12)

In particular, (X;);~0 is an M!**-valued cadlag process.

Proof. By [5, Theorem 2], there exists a Girsanov transform that enables us to assume
without loss of generality that selection is not present. In this case, according to [5,
Theorem 3], X is the limit in distribution of TMMMs XV = (X}V),>, as discussed above.
Let XY = (Uy,7Y,vn,kY) with Uy = {1,..., N} and vy the uniform distribution on
Uy. Let § > 0 be fixed for the moment, and recall that the distance r¥ (r,y) between
two individuals z,y € Uy at time ¢ > §/2 is twice the time to the MRCA. Hence, if
rN(z,y) < 4, then z and y at time ¢ have a common ancestor at time ¢ — §/2. Further
recall that (M*"),5,,, with M{*" C Uy and Mttg’N = (), records the individuals of the
population at time ¢ with an ancestor at a time s € (¢, t| involved in a mutation event (cf.
(4.4)).

Fix an arbitrary time horizon 7" > 0 and ¢« € IN, 4 < 27/6. Using the notation of
Theorem 3.9, for ¢ € [i6/2, (i + 1)6/2), let Y, 5 := UN\Mt(i_l)é/g’N, independent of € > 0.
Set Yt{\;ﬁ = for t < 6/2. We claim that (3.19) is satisfied for any choice of h; € H.
Indeed, if z,y € th\;é satisfy ri\’(:z, y) < ¢, then they have a common ancestor at time
to:= (i —1)6/2 <t — /2, and after this point in time no mutation occurred along their
ancestral lineages. In particular, d(x} (z), Y (y)) = 0, and (3.19) is obvious. Moreover,
XN s ll\/[f,“-valued by construction, and X has continuous paths by [5, Theorem 1].
According to Theorem 3.9, it is therefore enough to find moduli of continuity h;. € H
such that (3.18) holds for every € > 0.

By Lemma 4.2, we obtain a constant C' > 0 such that for every a > 0,

limsupIP( sup VN (UN \ Yt]\; 5) > a) < Ca™262. (4.13)
N—oo te[i6/2,(i4+1)5/2) ”
After summation over i € {1,...,|27/0|}, we obtain
lim supIP( sup vy (UN\Yt{\Ef’(;) > a) < 2TCéa"2. (4.14)

N—oo te[6/2,T)

For € > 0 arbitrary, we use this inequality with a := vVe~12T'C4, together with ||vy| <1
fort < 0/2, to see that (3.18) is satisfied for h; . € H with

ht,g((S) >V e~ 12TC6 + ]l[Qt’oo[((s) (4.15)
O

4.2 The tree-valued A-Fleming-Viot process

Let A be a finite measure on [0, 1], and recall the A-coalescent, introduced in [18]. It
is a coalescent process, where each k-tuple out of N blocks merges independently at
rate

1
ANk ::/ Y21 — )N R A(dy). (4.16)
0

For fixed N, it is elementary to construct a finite, random (ultra-)metric measure space
encoding the random genealogy of the A-coalescent, where the distance is defined as
the time to the MRCA (recall the construction of Figures 1-2 and see Figure 3). In[9,
Theorem 4], existence and uniqueness of a Gromov-weak limit in distribution, as N — oo,
is proven to be equivalent to the so-called “dust-free"-property, namely fol y~t A(dy) = oo.
The resulting limit is called A-coalescent measure tree.
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1 4 2 3 6 8 5 7 9 10

Figure 3: Tracing the ancestor backwards in time: The A-coalescent allows for one parent to have
more than one child.

Now, replace the tree-valued Moran models considered in Subsection 4.1 and [5]
by so-called tree-valued A-Cannings models with A satisfying the dust-free-property.
That is, leave the mutation- and selection-part as it is and change the resampling-
part of the Moran models as follows: For k = 2,..., N, at rate (];X))‘N,k a block of &
individuals is chosen uniformly at random among the N individuals of the population.
Upon such a resampling event, all individuals in this block are replaced by an offspring
of a single individual which is chosen uniformly from this block. Note that the genealogy
(disregarding types) of the resulting A-Cannings model with N individuals is dual to
the A-coalescent starting with NV blocks. We call any limit point (in path space) of the
tree-valued A-Cannings processes, as N tends to infinity and A is fixed, tree-valued
A-Fleming-Viot process (TLFV). In the neutral case, existence and uniqueness of such a
limit point follows as a special case of the forthcoming work [8]. Here, we show that,
whenever limit points exist, all of them admit mark functions.

Theorem 4.4 (the TLFV admits a mark-function). Suppose there is no selection, that is
a=0,and X = (X,);>¢ is a tree-valued A-Fleming-Viot process with mutation. Then

P(X, € ME forall t > 0) = 1. (4.17)

Proof. By passing to a subsequence if necessary, we may assume that the A-Cannings
models converge in distribution to X. We proceed as in Subsection 4.1. Again, let
(Mtt“’N)tZtO, Ml*N C Uy with Mtté’N = () be the process that records the individuals of
the population at time ¢ with an ancestor at a time ;5 < s < ¢ involved in a mutation
event and & := L #M,°] be the proportion of individuals at time #, + ¢, > 0 whose
ancestors have mutated after (the for the moment fixed) time ¢y. By definition, (&) >0
is a (continuous time) Markov jump process on [0, 1] with £ = 0 and generator -

QN f)(x) =IN(L —2)(f(z + 1/N) — f(2)) (4.18)
N (Nz)Ak Na N(l _ x)
+ A
Yo 3 (W) (W)
< (P74 (b= m)/N) = f(@) + S (= mN) — @)

where z € [0,1], N -z € NU {0}, f € CZ([0, 1]). Due to Taylor’s formula, there is xfmk’N €
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[,z + (k—m)/N], x, , x € [x —m/N,z] with

QY f)(z) =IN( —2)(f(z+1/N) — f(z)) (4.19)
. iA (Ni““ (Nx) <N(1 = x))
N,k
k=2 m=0 m k—m
F'@h e n) mk—m)2 (@, ) (k —m)m?
X( 5 e T 5 kN2 )
N
=91 —x)f (2) + O(N"") +2(1 - 2) Y AvsAn(z),
k=2

where, using (7) = ﬂ(’f__ll) fori>1,

K3

(Nz)A(k—1)

Nz—-1\/N(1l—-z)—-1 / k—m ,, m

An(z) = Z (m_1>< kf—m)—l >(f (I;,k7N)7+f(mkN)2k>
" (4.20)
Recall that ¢ _ (4)(M=4) = (1) and Any = [, 4F72(1 — y)N % A(dy) with a finite

measure A on [0, 1] to see that
N N k—2
Nx—1\/N(1—-=z)-1
A rdm 4.21
> lava(o)l < 17" ZmZ_( S (it IRCE

1" / ( S )= )Y A
1l AL,

Therefore,
(QVf)(z) =91 — ) f'(x) + O(N ") + 2(1 — 2)O(1). (4.22)

Use f(z) = x,z € [0,1] in (4.19) to see that (£}V);>0 is a non-negative right-continuous
submartingale with ¢ = 0 and E[¢}¥] < 9t. Use f(x) = 22 to deduce from (4.22) that

E[(&Y)?] < C+O(N M. (4.23)

Now reason as for the TFVMS in the proofs of Lemma 4.2 and Theorem 4.3 to complete
the claim. O

4.3 Future application: Evolving phylogenies of trait-dependent branching

In [14] the results of the present paper will be applied in a context of evolving
genealogies to establish the existence of a mark function with the help of Theorem 3.9.
These genealogies are random marked metric measure spaces, constructed as the limit
of approximating particle systems. The individual birth- respectively death-rates in the
Nt -approximating population depend on the present trait of the individuals alive and
are of order O(N). At each birth-event, mutation happens with a fixed probability. Each
individual is assigned mass 1/N. The metric under consideration is genetic distance: in
the N th-approximatiru_:; population genetic distance is increased by 1/N at each birth
with mutation. Hence, genetic distance of two individuals is counted in terms of births
with mutation backwards in time to the MRCA rather than in terms of the time to the
MRCA.

Because of the use of exponential times in the modeling of birth- and death-events
in this therefore non-ultrametric setup the analysis of the modulus of continuity of the
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trait-history of a particle in combination with the evolution of its genetic age plays a
major role in establishing tightness of the approximating systems and existence of a
mark function. In [13, Lemma 3.9], control on the modulus of continuity is obtained
by transferring the model to the context of historical particle systems. In a first step,
time is related to genetic distance by means of the modulus of continuity. The extend of
the change of trait of an individual in a small amount of time (recall (3.9) and (3.3)) can
then be controlled by means of the modulus of continuity of its trait-path in combination
with a control on the height of the largest jump during this period of time. This can in
turn be ensured by appropriate assumptions on the mutation transition kernels of the
approximating systems.
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