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Abstract

Motivated by various applications, we describe the scaling limits of bivariate Markov chains (X, J) on
Z4 x {1,...,k} where X can be viewed as a position marginal and {1, ..., k} is a set of « types. The
chain starts from an initial value (n,i) € Z4 x {1, ..., «}, with i fixed and n — oo, and typically we will
assume that the macroscopic jumps of the marginal X are rare, i.e. arrive with a probability proportional to
a negative power of the current state. We also assume that X is non-increasing. We then observe different
asymptotic regimes according to whether the rate of type change is proportional to, faster than, or slower
than the macroscopic jump rate. In these different situations, we obtain in the scaling limit Lamperti
transforms of Markov additive processes, that sometimes reduce to standard positive self-similar Markov
processes. As first examples of applications, we study the number of collisions in coalescents in varying
environment and the scaling limits of Markov random walks with a barrier. This completes previous results
obtained by Haas and Miermont (2011) and Bertoin and Kortchemski (2016) in the monotype setting. In
a companion paper, we will use these results as a building block to study the scaling limits of multi-type
Markov branching trees, with applications to growing models of random trees and multi-type Galton—
Watson trees.
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Introduction

Let (X(k), J(k)), kK > 0) be a Markov chainon Z x {1, ..., k} for some integer « > 1, with
transition probabilities p, ;(m, j) such that the first component (X (k), k > 0) is non-increasing,
ie.

pni(m, j)=0, whenm > n.

We view the marginal X as the position component of the chain, and J as its type. When the
process starts from (n,i) € Zy x {1, ..., k}, we will refer to it as (Xfli), J,fi)). Since the process
X is non-increasing and Z -valued, it is absorbed after a finite (random) time, denoted by A®.
Our goal is to give conditions on the transition probabilities under which a suitable rescaling of
the process

(X)), 1 = 0), AL) N

has a non-trivial limit as n — oo (for all 7).

This question has already been studied in the monotype setting (x = 1), see [19] for the
non-increasing case and [10] for more general cases. Several applications to random walks with
a barrier, Bessel-type random walks, exchangeable coalescence or fragmentation-coalescence
processes, random trees and random planar maps have since then been developed [19,10,20,9].
Still in the monotype setting, there is also a series of papers describing the behavior of the
absorption time only, under various assumptions on the transition probabilities, see e.g. [25]
and [4] and the references therein.

Our goal is to extend the results of [19] to the multi-type setting. With this, we aim at
developing new applications. One important application will concern the description of the
scaling limits of multi-type Markov branching trees, with in turn applications to growing models
of random trees and multi-type Galton—Watson trees, see the upcoming work [23]. Roughly, a
family of random trees is said to satisfy the Markov branching property if, for each tree of the
family, the subtrees above a given height are independent, with distributions that depend only on
their sizes. This property arises in several natural situations, see e.g. [1,8,12,21,20,22] and the
survey [18]. It turns out that multi-type versions of such families also arise naturally, with strong
connections with multi-type fragmentation processes and trees as developed in [7,32]. This will
be developed in the forthcoming work [23]. At the end of the present paper, we develop other
applications of the asymptotic study of (1), to models of coalescents in varying environment and
to multi-type random walks with a barrier.

Let us now briefly recall the results of [19]. In that case we remove any notation referring to
the type and denote (p,(k)) the transitions probabilities of the chain (X,). When (X,,) is non-
increasing, it has been shown that if for all continuous functions f : [0, 1] = R

k k
n’ x Yy f (—) (1 - —) pat) — [ fOu(d) @)
k=0 n n n—=00 Jig 1]
for some y > 0 and some non-zero, finite, non-negative measure y on [0, 1], then
X, (|n"t
(Brd o) o x,
n n—o00

for the Skorokhod topology on the space of cadlag functions from [0, c0) to [0, 00), where X
is a positive y-self-similar Markov process which is absorbed at 0 in finite time. Note that (2)
means that starting from 7, the probability to do a jump larger than ¢n is of order c,n™", where
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¢, increases as ¢ decreases, and possibly tends to 400 as ¢ tends to 0. Background on positive
self-similar Markov process will be recalled in Section 1.2, in particular their connection to Lévy
processes via the Lamperti transformation. Roughly, the point is that any positive self-similar
Markov process can be written as the exponential of a time-changed Lévy process. For our
process X, the time-change is guided by the parameter y and the Lévy process is the opposite
of a subordinator whose Laplace transform is defined for A > 0 by

d
v = O+ i+ [ (1=

0,1) 1—x

It is also known from [19], that jointly with the previous convergence, the absorption time
A, = inflk : X,(j) = Xu(k),Vj > k}

satisfies

Ay @ .
— —> inf{r > 0: X () =0},

nY n—oo

and that this limit is distributed as

[) exp(—yé&,)dr,

where £ is a subordinator with the above Laplace transform 1. Bertoin and Kortchemski have
in [10] extended these results to non-monotone chains. They obtain similarly positive (non-
monotone) self-similar Markov processes in the scaling limit.

Coming back to the multi-type setting, we focus here on non-increasing chains X. This
is to simplify our approach, but we believe that similar results may hold in a non-monotone
framework. In order to describe the scaling limits of (1), we will need Lamperti transform
Markov additive processes (MAP), as a generalization of Lamperti transform Lévy processes.
In general, a MAP is a Markov process ((§;, K;), t > 0) taking valuesin R x {1, ..., k} for some
integer k > 1 such that forall r € R and all (x,i) e R x {1,...,«}

((($,+s —&,Ki5),s >0) | (&, Ky),u < t) under PP, ;) has distribution P g,).

Later we will more generally consider MAPs that may possibly be killed (with & reaching then
+00). See Section | for background, references and the notion of Lamperti transform. Of course,
when « = 1, the first marginal & reduces to a standard Lévy process and its Lamperti transform
to a positive self-similar Markov process.

In the multi-type setting, we will observe three different regimes in the limit. Let us explain
this very roughly here and postpone precise statements to the core of the paper. As in the
monotype setting, we will always assume that macroscopic jumps of the X-marginal are rare,
with a rate of order n™, y > 0 when (X, J) is in the state (n, i), for all types i. We will further
assume that the rate of type change is of order n~#,B > 0 when (X, J) is in the state (n, i), for
all types i. We will then have to accelerate time by a factor n” in the process (1) to observe a
non-trivial limit. The nature of the limit will depend on the relative positions of 8 and y:

e If B = y (critical regime), the limiting process is a Lamperti transform MAP involving at
most k types.

e If B < y (mixing regime), the limiting process is a positive self-similar Markov process,
whose distribution is a mixture of the contributions of the different types, depending on
the stationary distribution of the types.
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e If B > y (solo regime), the limiting process is a positive self-similar Markov process,
whose distribution depends only on the initial type.

The third case, when the changes of types occur at rates slower than the macroscopic jumps is
the most simple one: in that case the chain will not change type at all in the scaling limit, and we
are left with the standard monotype case. In the critical regime, the rescaled chain will locally
behave as if it was monotype, until the type changes (after a strictly positive time). Our study
in that situation will consist in studying monotype processes on the type-constancy intervals of
the chain and then “gluing” all these processes together. In the mixing regime, the types will
change quickly and will give rise in the scaling limit to a stationary distribution, which is used
to combine contributions from each type. This is the most technically heavy part of paper. The
formal assumptions corresponding to each of those three cases are given in Hypotheses (H,)
(Section 3, for the critical regime), (Hyix) (Section 4, for the mixing regime) and (Hy;) (Section 5,
for the solo regime). In each of these three situations, we will also describe the scaling limit of
the absorption time of the marginal X,,.

In the critical regime, our results give explicit Markov chain approximations of Lamperti
transforms of MAPs. As examples of applications, beyond positive self-similar Markov pro-
cesses, this gives approximations of real-valued self-similar Markov processes, which are known
to be in one-to-one correspondence with a family of Lamperti transform MAPs with two types
[13,26]. These approximations should be generalizable to self-similar Markov processes taking
valued in cones of R, which have recently be shown to be Lamperti transform MAPs with
multiple types (possibly infinitely, even uncountably many) [2].

1. Markov additive processes and their Lamperti transforms

This section concerns the continuous-time processes that will arise in the scaling limits of the
bivariate Markov chains under consideration.

1.1. Generalities on Markov additive processes

We give here some background on Markov additive processes and refer to Asmussen
[5, Chapter XI] for details and applications.

Definition 1.1. Let ((§;, K;), t > 0) be a Markov process on R x {1, ..., x} U ({+00} x {0}),
where ¥ € N, and write [P, ;) for its distribution when starting at a point (x, ). It is called a
Markov additive process (MAP) if for all t € R, and all (x,7i) e R x {1, ..., «},

((Er4s — &, Kigs)y s =2 0) | (&4, Ky),u <1, & < 00) under P, ;) has distribution P k),
and {+o0} x {0} is an absorbing state.

Note that MAPs are closely related to Lévy processes. When k = 1, £ is clearly a standard
Lévy process. In the general case, the chain (K, t > 0) is a continuous-time Markov chain, and
on its constancy intervals, the process & behaves as a Lévy process, whose dynamics depend
only on the value of the chain K. Jumps of K may also induce jumps of £. As in the discrete
setting, we will sometimes refer to £ as the position marginal, and K as the type marginal. In this
paper, unless otherwise stated, we always consider MAPs such that £ is non-decreasing. The
distribution of such a process is then characterized by three families of parameters:
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_____ «2,i; of the chain (K;, 7 > 0)

AAAAA «12,i; Of distributions on [0, +00) : B; ; is the distribution of the
jump of & when K jumps from i to j

o triplets (k©), ¢V, IT®), where k), ¢® > 0 and IT"”) are o-finite measures on (0, co) such
that f(O,oo)(l A x)ITD(dx) < oo, 1 < i < k. The triplet (k©, ¢®, ITD) corresponds to
the standard parameters (killing rate, drift and Lévy measure) of the subordinator which &
follows on the time intervals where K = i. We call (/;);¢(1,... «) the corresponding Laplace
exponent, that is, fori € {1,...,«x},g >0

Vilg) =k + Vg + / (1 — eIV (dx).
0

If & is killed at a time ¢, then by convention & = +o00 and K; = 0 for s > «.

Asymptotics. In most circumstances, we will exclude the cases where the process (&, ¢ > 0) may
be absorbed in a constant state after a certain time. Typically this cannot happen, with probability
one, as soon as for each typei € {1, ...,«}:

(a) either one of the parameters kD D 1D s not trivial or 3 VE
such that A; ; > 0 and B; ; # & (the type i may induce a jump)
(b) or3j # i satisfyinga)andapathi; =1i,ip,...,i, =j 3)

for some integer p > 2 such that A >0foralll <k <p-1

ikobet1
(in all irreducible components of types, there is at least one type satisfying (a)).

We then note the following simple law of large numbers-type lemma which we will need in what
follows. We point out that the limit is not deterministic in general, specifically it depends on
which irreducible component the Markov chain of types lands into.

Lemma 1.2. Assume (3) for each type i € {1,...,«k}. Then, ast — 00, the random variable
t7'& has a Py ig)-almost-sure limit, which is strictly positive (and possibly infinite), for all
(x,ip) e Rx{1,...,k}

Proof. If the process is killed, then of course the wanted limit is +0o. Thus in the following we
condition K on arriving into the irreducible component of a type i, such that k/) = 0 for all j in
this component. By (3) we can assume that i satisfies (a). If i is the sole element of its irreducible
component, then £ behaves as a subordinator starting from the time at which K hits i, and the law
of large numbers of Lévy processes gives us what we want. If the irreducible component is not a
singleton, then let (7,,, n € N) be the successive return times to i. By the law of large numbers,
both 7,,/n and &7, /n have strictly positive limits a.s. as n tends to infinity (possibly an infinite
limit for &7, /n). For t > 0, we then let n(z) be the unique integer such that T,y <t < Ty)+1,
and if we write

ETn(t) < i < ETn(r)-H
Ta(y+1 t Taq)

both bounds converge to the same limit, ending the proof. [l

)

1.2. Lamperti transform MAPs

The Lamperti transformation is a time-change used by Lamperti [27,28] to give a one-to-one
correspondence between Lévy processes and non-negative self-similar Markov processes with a
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fixed index of self-similarity. We give here a generalization to multi-type self-similar processes.
Let ((&, K;),t = 0) be a MAP (exceptionally here & is not supposed monotone) and y > 0O be
a number we call the index of self-similarity. Let also Z, = e~% for t > 0. We let p be the
time-change associated to Z and y by:

o) = inf{u > 0,/ (Z)Vdr > t} ,
0
and call Lamperti transform of (&, K;),t > 0) the process ((X;, J;), t > 0) defined by
Xi=Zpwy, I = Kpw)- )

Here, by convention, p(f) = oo if t > fOOO(Z,)Vdr and we let X, = 0 and J, = 0 for such times
t. Note that, while J is cadlag on [0, fOOO(Z,)Vdr), it does not have a left limit at fOOO(Z,)Vdr
(whether this integral is finite, or not) in general.

When k = 1, € is a standard Lévy process, and the marginal X is a non-negative self-similar
Markov process. Conversely, any such Markov process can be written in this form, see [28].
In general, for any «, one readily checks that the process ((X;, J;),t > 0) is Markovian and
y-self-similar, in the sense that ((X;, J;), t > 0), started from (x, i), has the same distribution as
((xX;,yz, J;,Vt),t > 0), where ((X’, J),t > 0) is a version of the same process which starts
at (1,7). We point out that recently, [13,26] gave a one-to-one correspondence via Lamperti
transformation between a family of MAPs with two types and real-valued self-similar Markov
processes with initial condition different from zero, generalizing the initial result of Lamperti
[28]. This was later extended to self-similar Markov processes in a cone of R4 [2], which can be
interpreted as Lamperti transforms of MAPs with a non-necessarily finite set of types, namely
subsets of S;_1, the sphere of R¢.

1.2.1. Some properties of the time-change

We give here a few properties of the Lamperti-type time-change introduced above which we
will need at various places in the paper. We place ourselves in a more general framework and
let f be a non-increasing and cadlag function from [0, co) to [0, co) such that f(0) = 1. We
introduce the notation

To(f) = inf{r > 0, f(1) = 0}.

Let also « € R. We then call the Lamperti time-change (associated to f and «) the function t
defined for t > 0 by

(1) = inf{u >0, /u F(H)%dr > t} ,
0

and then call the function g defined by g(¢) = f(t(¢)) the Lamperti transform of f, where by
convention inf{J} = oo and f(oco0) = 0. Note that

To(f)
To(g) = /O FlrYdr

and that t induces a bijection between [0, Ty( f)) and [0, To(g)). For t > Ty(g), T(¢) is constantly
equal to Ty(f), whereas for t < Ty(g),
(1)

fr)dr =1,
0
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which implies that 7 is left and right-differentiable everywhere on [0, Ty(g)), with T/(t%) =
F(x(®)®)™®. This means informally that t corresponds to a local rescaling of time by a factor
f(z(#))~“. This also explains why, if we let p be the Lamperti time-change associated to g and
—a, then p is the inverse bijection of t from [0, Ty(g)) to [0, To(f)).

We will need the following lemma which shows that the Lamperti transformation, when
a < 0, behaves well with the J;-Skorokhod topology:

Lemma 1.3. Let (f,)uen be a sequence of non-increasing and cadlag functions from [0, 00)
to [0, c0) and assume that f, — f in the Skorokhod sense. Let « < 0 and t,, T, g,, g be the
respective Lamperti time-changes and Lamperti transforms of f,, f (with respect to o). Then

(i) t, converges uniformly to T on compact sets.
(ii) g, converges to g in the Skorokhod sense.

We leave the proof of this lemma to Appendix A.1.

1.2.2. Absorption time
Consider (¢©, K) a MAP starting from (0, i) (with £ non-decreasing) and satisfying (3) for
all types. Let (X, J®) be its Lamperti transform defined as in (4) and

) *° 0)
1o :=/ e V5 dr
0

denote the time at which X is absorbed at 0. By Lemma 1.2, I') < 0o a.s.

Continuity of X at time 7. When X® is a standard self-similar Markov process (x = 1), it
is well-known and simple to check that it is absorbed continuously at 0 if and only if £ is not
killed. We will use this on several occasions. Note that this generalizes easily to the multi-type
setting. In particular, when there is no killing in the MAP (¢, K®), the process X© is absorbed
continuously at 0. This leads to the following fact, which we will use later on: let (7% (p), p > 1)
be the successive jump times of the type marginal J@, with the convention that T (p) = I? if
there is strictly less than p type changes. Hence either there is some killing in the MAP or the
type is asymptotically constant, in which cases T®(p) = IV for p large enough, or there is no
killing and no type is absorbed and the type changes infinitely often. In this last case, p(T“(p))
is the pth jump time of a Markov chain and thus tends to infinity as p tends to infinity, hence
T®(p) tends to I, and X is absorbed continuously at ). So finally in all cases,

X(i)(T(i)(p)) p:; 0. (5)

2. Details on the bivariate Markov chain (X, J)

We fix here some conventions and notations on the Z, x {1, ..., x}-valued Markov chain
(X, J) introduced in the Introduction. First we assume from now on that

K>2

since the monotype case has already been well-studied. We also recall that the (p, ;(m, j)) denote
the transition probabilities of the chain and that (X{, J(") refers to the chain starting from (n, i).
Absorption time. For all types i and all integers n, let A" be the first time when the chain X
is absorbed, i.e.

A = inf{k > 0: X,)(K) = X, (k) for all K’ > k} “
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Since the chain is Z-valued and non-increasing, A" is finite. We decide in the following that
once absorbed the chain cannot change its type. This implies that the chain can be absorbed in a
state a (for some initial configuration (n, 7)) if and only if there exists a type j € {1, ..., k} such
that

Pajla, j)=1.

We call such a state a an absorbing state. Note that clearly O is absorbing, and our convention
implies that po ;(0, j) = 1 for all types j.

Type transition matrix. We let P,(i, j) be the probability to move from type i to type j when
the position X is in n, i.e.

n
Po(i, )= puilm,j), Vi, je{l,... k}. @)
m=0
Position transition probabilities. On the other hand, we let p{)(m) be the probability to switch
from position n to position m when the type J isin i, i.e.

pPmy=">" puim, j), ¥n,meZ. ®)

3. Critical regime

This section is devoted to the case where the macroscopic jump rate and the type change rate
of the chain (X, J) are of the same order. This, in general, will give in the scaling limit a Lamperti
transform MAP with several types. To simplify, we restrict ourselves to cases where the limiting
MAP is not eventually constant (hence (ii) in the following hypothesis). Formally, we assume
throughout the following

( A
Hypothesis (H.,). (i) Foralli, j € {1, ..., «}, there exists finite measures /) on (0, 1] such
that for all continuous functions f : [0, 1] — R,

- m m
n? (—)(l——1=l> ,”-m,' —_—>
mXZ(:)f p =) Puilm, J) ——
(ii) Moreover, for all i € {1, ..., «}:

(a) either u%9(0, 1]+ > et

Fopt(dx).
0,1]

iy 1000, 1) >0

.....

(b) or there exists a type £ # i satisfying (a) and a path from i to £, iy =i, i, ...,i, = ¢
such that u@*+0(0,1] > Oforall 1 <k < p — 1.

- J

Let us first comment on this hypothesis. Point (i) is similar to (2) in the monotype setting,
and comes naturally. Note that it implies that the probability P,(i, j) (defined in (7)) gives
asymptotically

n’ P(i, j) — p 00, 10), j #i,

in particular, starting from the position n and type i, the probability of changing type is
asymptotically

oy w01 >0
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(the strict positivity comes from Point (ii)). Concerning large jumps, the probability, starting
from position # and type i, to do a jump larger than ne is asymptotically, for a.e. ¢ > 0,

(@i0)
Y w0, 1 — e+ / G2l

Jello e\ i} 01— 1—x

hence of the same order of the type change rate for at least one type and ¢ large enough. Note
that the later quantity is finite but may tends to oo when & — 0 and f(o,l)(l — ) u®D(dx) is
infinite.

Point (ii) ensures that the MAP that will arise in the scaling limit of our bivariate Markov chain
satisfies (3)-hence that the position marginal is not eventually constant and that the position
marginal of the Lamperti transform MAP is absorbed at O in finite time a.s. This is not very
restrictive and facilitates the proof. We will discuss this in a little more detail after having
introduced the characteristics of the MAP from the limiting quantities arising in (H.;).

The limiting process. From the measures /) appearing in (H,), we construct the following
characteristics of a MAP:

; i Q)
o foralli € ({l,....«} ¥i(g) = n"({1)g + [io,,(1 = xHEGEL, g >0,
o foralli,je{l,....,khi#j, AijBi; =pn® o(—log)~".

Clearly, with these notations, assumption (ii) (a) means that either the function ; is not
constantly null or that there exists j # i such that B; ; > 0, while (ii) (b) means that there
exists a path from i to a type £ # i satisfying (a), iy = 1,i3,...,i, = £, such that A >0
forall 1 <k < p — 1. Hence (3).

Changing time. In order to slow down time in (X", J{)) and observe in the scaling limit a
regular MAP, we introduce the following time-change:

u g
() = inf{u >0: / (M) dr > t} : ©))
0

We then define a new cadlag process (Z) by

XO(nr{(n)])
" ,

‘We can now state the main result of this section.

sl 1

ZW(t) = > 0. (10)

Theorem 3.1. Under assumption (He), for all types i,
xX® vt . . .
(0 ) 20) 2 o0,
n n—oo

where —log(Z®) is the position component of a MAP starting from (0, i) with the characteristics
V. Aji, B defined above, and X = Z(p¥(-)) with

Pt = inf{u >0: /M(Z(i)(r))ydr > t}.
0

The topology is the product topology on D ([0, 00), [0, 00))?, where D ([0, 00), [0, 00)) is the set
of non-negative cadlag functions defined on [0, 00), endowed with the Skorokhod topology.

Remark on the convergence of types. It is possible to incorporate types in the above
convergence, however this point involves some subtleties (in the limit, the type process is
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not cadlag in general). We refer to the forthcoming Lemma 3.3 and Corollary 3.4, where the
convergence of types is proved on time-intervals involving a finite number of type-changes.

Next, we want to compare the absorption times. This will be essential for the applications. We
emphasize that it is not a direct consequence of the previous theorem. Let I®) be the absorption
time at 0 of X and recall that it is finite a.s.

Theorem 3.2. Additionally to (H.;), assume that for all types i, there exists a type j such that
wD((0, 1)) > 0. Then, jointly with the previous convergence,
A @ 7@
n?Y n—oo ’

and for all a > 0, E[(I(i))u] < 00 and

()]

Remark (Possible Extensions). 1. The additional assumption of Theorem 3.2 is not necessary.
Note that it means that the position marginal of the limiting process may jump whatever the type
marginal. Together with (H,) (i) this implies the existence of r € (0, 1) such that the probability
that X(1) < |rn] is asymptotically larger than cn~7 for some ¢ > 0, whateveri € {1, ..., «}.
With this in hand we can couple the bivariate Markov chain with a monotype chain to prove that
for all @ > 0 the moments E[(n~" A")?] are uniformly bounded in n (Lemma 3.5), which is
enough to conclude. Other variants of Theorem 3.2 are possible but we will not treat them here.
2. We believe that the two theorems above remain valid if we more generally assume that the
measures /) are supported by [0, 1], instead of (0, 1]. This more general setting includes cases
where the limiting MAP may be killed. However, in this situation, the proofs require more work
than the unkilled cases. Since we will not really need this generalization in applications, this fact
is left as a remark and we focus here on cases where the measures /) are supported by (0, 1].

Before entering the proofs of Theorems 3.1 and 3.2, we start by noticing in Section 3.1 that we
can do additional assumptions on the model, without loss of generality. Incorporating them, we
show in Section 3.2 that for all positive integers p, the rescaled version of the process (X, J(®)
killed at its pth type-change time converges to the process (X, J@)killed at its pth type-change
time, as well as related quantities. To see this, we use the results of [19] to study the monotype
processes on the type-constancy intervals and then “glue” these processes together. Section 3.3

is devoted to the proof of Theorem 3.1 and Section 3.4 to that of Theorem 3.2.
3.1. Foreword: additional assumptions

To simplify the proofs, we will do some additional assumptions on the model, without loss of
generality.
On absorbing states. The marginal X of the process (X, J) may have different absorbing states.
Note however that under (H,,) its set of absorbing states is finite, otherwise there would exist a
type i such that u®/((0, 1]) = 0 for all j € {1, ..., «x}. Now, consider the process defined by

(@), —y® :
X\k) = X, (k)l{kgAﬁ,’)}’ Vk € N.

Then (X9, J®) is a Markov chain with transition probabilities defined by g ;(m, j) =
pr.i(m, j) for each integer k that is not absorbing, and then all types i, j and all integers m,
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and q,;(0,i) = p,.i(a,i) for all absorbing states a and all types i (recall that by convention,
a is absorbing if there exists a type i such that p,;(a, i) = 1). Clearly, X9 is absorbed at 0
at time A® or AD + 1, and sup,. (| X\ (k) — XD(k)| < max{a : a is absorbing}. Moreover,
(H.;) is clearly satisfied for the transition probabilities (g, ;(m, j)) if it holds for the transition
probabilities (p, ;(m, j)). Consequently, if Theorem 3.1 and Theorem 3.2 are proved for the
process (X9, J1), they will also hold for (X, J®).

Hence, in the forthcoming proofs, we can and will assume that X") is always absorbed at
0, with no loss of generality.

On absorbing types in the limit. Let

A = i e (l, ... k}: Z w00, 1)) = 0

be the set of types that are absorbing in the limiting MAP with characteristics v;, A; ;, B; ;. If
AYP is not empty, then the upcoming Lemma 3.3 will fail. In order to overcome this difficulty,
we can create phantom types in that case. We detail the idea when A%P® is reduced to one type
and note that it generalizes immediately to the cases where AYP® contains more types. So assume
that AYP® = {iy}, create a new type « + 1 and set for all integers n, m:

Prig(m, i0) = (L —n"7")py o (m, io)

Prigm, & + 1) = n77 py iy (m, io)

Phio(m. ) = Puig(m. ) for j # ig, ke + 1

P esrim k+1) =1 =n"")p, ;(m,io)

P 1(m,io) = n=7 py i (m, io)

p:yk.;_](ma .]) = pn,io(m’ .]) fOI'j # i, k + 1

Py m, j) = pui(m, j)fori # i,k +1andall types j € {1, ..., k}.

O 0O O 0O O O ©o

Note that these new transition probabilities are very similar to the original ones, except that now
the type, instead of remaining constant upon reaching iy, may jump to the new type « + 1 with a
probability roughly of order n™" when in position n, and after reaching « 4 1, it will in turn either
remain constant or jump back to iy, also with a probability roughly of order n~7 when in position
n. One can clearly couple the construction of (X9, J() with that of a Z, x {1, ..., k +1}-valued
Markov chain (X, J*©) with transition probabilities (p;; ;(m, j)) and such that X = X
These new transition probabilities satisfy (He) with u* @) = p@9) forall i # ig,k + 1, j < «,
M*,(ioqj) — M*,(Kﬂ-lqj) — M(ioqj) = 0forall j # iy, k + 1, M*q(ioqio) — M*,(K-H,KH) — M(io»io) and
finally p*tox+D = ;*G+lio) — §  Hence the set of absorbing types in the limiting MAP is
here empty, and clearly, if Theorem 3.1 and Theorem 3.2 hold for the x-model, they also hold
for the initial model.

Hence, in the forthcoming proofs, we can and will always assume that A"YP° is empty,
with no loss of generality.

3.2. Truncation

Before proving, strictly speaking, Theorem 3.1, we first study the asymptotic behavior of the
process (n~' XW([n”-])) killed at the first time when it changes type, then killed at the second
time when it changes type, and so on (we do here a slight abuse of language by saying that the
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X-marginal, instead of the process (X, J), changes type; we will reiterate this several times to
lighten notation.) To this end, recall the definition of the absorption time A% in (6) and consider

TO) = inflk > 0: JV(k) #i} A AD
the first time where either the process X changes type or is absorbed at 0, and let X |, be X"
killed at time 7.)(1), i.e.:

XDy (k) = ij)(k)]l{ k>0.

k<t )
We then define recursively Trfi)(p) the pth time at which X changes its type (with the
convention that it is equal to A% if it reaches 0 before a pth type change) and

o _ yv® .
X, p(k) = X, (k)ﬂ{ano)(p)}, k>0.

Lastly, we define similarly the quantities 7 (p), X|, for the limiting process X*. Note in
particular that X|; is the Lamperti transform of a standard subordinator with Laplace exponent

y . i
Vil = Y uOPO )+ 1 (g + / (1200,

Je{l,. i}, j#i ©,1)

The goal of this section is to prove the following lemma. We recall that we have assumed that
the set AYP® of absorbing types in the limit is empty.

Lemma 3.3. Forall typesi € {1, ..., «k} and all integers p > 1
<Xff)|p(LnV-J) X1 — 1) XP(1P) (Tn("kk) k< )
9 9 9 p 9

n n ’ n nY

(@0 w0) k< p) )

ﬂ) (X(i)|p, X(i)(T(i)(p)—), X(i)(T(i)(p)), (T(i)(k),k < p)’

(J(TPW), k < p)).
Moreover,
Q) a
E |:(T”n—§m> :| - E [(T(i)(p))a] foralla > 0.

Before proving this lemma, we note that it implies the convergence of our rescaled process,
including the types, on compact intervals providing that the type-component jumps a finite
number of times on these intervals. Specifically:

Corollary 3.4. Forall typesi € {1, ..., «}, all integers p > 1 and all reals t > 0 which are not

atoms of (the distribution of) T"(p),
(@) . @)
(X"—(W 2, Jé”unH)) given {f . T—(p)}

n nY

converges in distribution for the Skorokhod topology on D([0, 00), [0, 00)) towards

(xD, J®) given {t < TO(p)).
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Proof. This is a direct consequence of the above lemma and the two following observations on
Skorokhod convergence:

(O If £, f : [0,00) — [0, co) are cadlag, piecewise constant functions jumping exactly p
times, with #,,(1) < £,(2) < - -+ < t,(p) the jump times of f, and similarly (1) < 1(2) < --- <
t(p) the jump times of f, then f, — f on D([0, 00), [0, 00)) if and only if #,(k) — t(k) and
Ju(t, (k) — f(t(k)) for all k.

2) If g, — g on D([0, c0), [0, 00)) then g, — g on D([0, ¢], [0, 00)) for each continuity
point # of g ([11, Theorem 16.2]). O

Proof of Lemma 3.3. We proceed by induction on p. For p = 1, the proof relies essentially on
Theorems 1 and 2 in [19]. The induction then uses the Markov property of the process (X, J(®).
o First, let p = 1 and note that (for all types i) the transition probabilities of the chain X¥|; are

q\(m) = pyi(m,i) form #0

and
g (0) = poi(0, 1)+ DY puilm, j).
J#i m=0
By (Hcr)’
k k . iy .
Yy f <7,) (1 - ;) ay (k) — . SR () + £©0) Y p((O, 10).
=0 n—o00 ©,1] o

Consequently, X|; is a monotype Markov chain whose transition probabilities satisfy the
hypothesis of Theorem 1 and Theorem 2 in [19] and we get that

<<X3)'1(L””D,, . O>’ 7(1)
n Y

) % o)

together with the convergence of all positive moments of n™" Tn(i )(1) towards those of T®(1).
e Second, we would like to apply Lemma A.2 to get that

((xsm(mm) I>O> 1) X?(TJ“(D—I))

n nv n
L (X0, 7O, XO(00)-)). n

The proof is not immediate because it is not clear that we are always in situations (i) or
(i) of Lemma A.2. We need to introduce another Markov chain (X{) on Z. with transition
probabilities

Pu(m) = ppi(m, i) form # SJ

(3 = (3))+ DT

and

Jj#i m>0

Roughly, this chain behaves as X when in type i and jumps from n to |n/2] with the probability
that X, when in position n and type i, changes its type. Let Afl’z denote its absorption time. By
(Her) and Theorem 1 and Theorem 2 in [19], (X (|n”]) /n, AP /n") converges to (X©, 1))
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where X is a self-similar Markov process with characteristics

~ .. 1 — x4 L. 1 .
Vilg) = ({1} + / 5 a0 + 5 30 (. 118 @) |
©,1) 1—x 2 i 2

and 1 is the time at which it is absorbed at 0. In fact, clearly, one can construct a joint version
of the pair (X];, X) such that

X = X001, o)

Together with the convergence of the rescaled process X V|, settled above, this implies that

((Xg)h(Ln”tJ)’t 2 0) ), (X,a”qnw,t § O) | A_“>
n nv n ny

converges in distribution towards a quadruplet (X, 1,X, 1 ), where (X, X) is a coupling of
y -self-similar Markov processes such that X (¢) = f((t)]l{,d} forall7 > 0,and I < I a.s. To see
that I < I a.s., note that if (§(#)1 ;<7 + 00lys>7}, t > 0) denotes the underlying subordinator of
X, which is killed at rate 3 ; ., u/((0, 1]) > 0, then the underlying subordinator of Xis€E+&
where € is a subordinator independent of & whose first jump arises at time 7'. Next, assume,
using Skorokhod’s representation theorem, that the convergence of the quadruplet holds a.s. We
then get that, a.s.,

XO(TO(1) — 1 XO(TO(1) — 1
liminf—”(" O )zliminf—" (G -1

n—00 n n—00 n

> X(I) > 0. (12)
This, together with Lemma A.2 indeed gives (11).
e Third, we immediately have by the Markov property of (X, J), together with (H,), that
conditionally on (7,1)(1), X¥(k), k < T"(1) — 1), and since X{(TV(1) — 1) LS (by (12)),
that
XDrdH ) ) . )
(it 2 ) 2 (5w s (),

X (T,"(1) — 1) n o
where the law of the limit is given by
_ Zj;éi f(O,l] fx, j):u(i'j)(dx)

> a1y
Together with (11), and the convergence of all positive moments of n~7T (1) already

mentioned, this finally proves the lemma for p = 1.
e Now assume that the lemma is proved for all ¢ < p and fix a type i. In particular, we have that

E[f (Sx. /(TOM))]

(@) @) (@) _ @) (7@ @)
C, = <<M,Qo>’xn (T9(p) 1), XP(T, (p))’ (Tn (k>’k§p>7
n n n n?
(sapwni <))

converges in distribution towards

C = (XV1,, X2(Tp)-), X(TO(p)), (TVh), k < p), (J(TVhK)), k < p)).
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Set also
(i) (@) 14 (@) _ 70
D, = X 1 (LT,"(p) +n tJ),t >0). T,”(p+1—T, (p)’
n - nv
XITO(p+1)—1) XNTD(p+1 N
n ( n (l:/l ) ) n ( nn(l? ))71,51)(T,§I)(P+1))> ’

and for all types j
P = ((XOTOEnX 1 (XO (@) 7 1) 1 2 0), (XOT ) TV ),
X(i)(T(i)(p))f(j)(T(j)(l)—), X(i)(T(i)(p))Y(j)(T(j)(l)), 7(])(7(1')(1)))

with (70), 7(j)) independent of (X, J@) and distributed as (X@, JD).
Then apply the strong Markov property at the stopping time 7,")( p) together with the fact that
the lemma holds for ¢ = 1 and that C,, converges in distribution towards C, to get that

(d) JOTD(py))
D D! ).
(Cn, Dy) r:?o (C’ )

Here we have used the fact that X(T(p)) L oo, which is due to the convergence in
distribution of this quantity divided by n to XO(T®(p)), which is a.s. strictly positive, since
the limiting MAP changes its type infinitely often since AYP® = J and there is no killing. Lastly,
gluing the pieces thanks to Lemma A.1 leads to the statement of the first part of the lemma for
p+1

It remains to prove the convergence of all positive moments of n~” (Tn(")( p+ l)). Since we
already know that this r.v. converges in distribution to 7”(p + 1), the convergence of moments
will be proved if we check that

TO(p+1)\"]
supE <M) <00, Va=>0.

n>1 nv

This is a direct consequence of the induction hypothesis and the fact that

T DAY T a
sup < 2P+ )) - (SHPE[( p (p)) }
n>1 nY n>1 nv
T® =T “
+SupE[< D(p+1)— T (p)> D
n>1 nv

for some finite c,. Indeed, on the right-hand side the first supremum is finite, applying the
induction hypothesis at p. And the second supremum is also finite, by the Markov property
and the induction hypothesis applied at the initial rank 1. O

3.3. Proof of Theorem 3.1: scaling limits of the position marginal

Let

XP(lnt)) XP1p(n7e))

Y9O(t) == and Y| ,(1) ==

and note that the second process can be interpreted as YD killed at its pth type change, which is
denoted by 7.V (p) (and equal to T,)(p)/n?).
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Proof of Theorem 3.1. e Consider any Lipschitz function f : D([0, c0), [0, o0)) — [0, 00),
say with Lipschitz constant c s, where for distance on D([0, c0), [0, 00)) we consider the classical
distance metrizing the Skorokhod topology, see formula (16.4) in Billingsley [11] for a precise
definition. We denote this distance by dsy, and recall that it is smaller than the uniform distance
on [0, 00). Our goal is to show that

ELf (] — ELF(X)].

If proved for any Lipschitz function f, this will ensure that
y® 9 x@
i .

n—oo
So fix f, let & > 0 and take an integer p so that E[X)(T)(p))] < & (such a p exists, by
dominated convergence and since X O(TD(p)) converges to 0-see (5)). Then by Lemma 3.3, we
have that E[Y,(T,"®(p))] < 2¢ for all n large enough, say for n > n, ,. Thus,
B[ = FOP1)]| < /B [dsio(Y,, ¥71,)]
crE[YUT)D(p))] < 2¢pe, forn > n, .

IA

(The second inequality is due to the fact that dg, is smaller than the uniform distance on
[0, 00) and the fact that ¥, Y\"|, coincide on [0, 7,""(p)), together with Y|, is null on
[TV (p), 00) and YV is non-increasing.) Similarly, we get that

E[f(XD) = FXD1)]| < cre.
This entails that
IE[f(rD) — f(XD)]| < 3ere + |E[£XP1) — £XD1)]]

Besides, by Lemma 3.3, Y|, — X®|, in distribution, so finally, we have proven that for all
& > 0 and then all n large enough,

[E[fr) = f(XD)]| < Bey + De.
e The convergence of the pair (Y, Z¥) to (X, Z®) is then a consequence of Lemma 1.3. [

3.4. Proof of Theorem 3.2: scaling limit of the absorption time

We start by proving the following lemma, using a coupling with a monotype Markov chain,
and then turn to the proof of Theorem 3.2.

Lemma 3.5. Assume (H.;) and that for all types i € {1,..., Kk}, there exists a type j such that
w0, 1)) > 0. Then for all typesi € {1, ...,«k} and all a > 0,

ADON
supE |:< 1 ) < 00.
neN nv

In particular, the sequence (n_VAff)) istight, Vi € {1,...,k}.

Proof. Since the number of types is finite, our additional assumption implies the existence of
r € (0, 1) such that

Z w0, r)) >0, foralltypesi € {1,...,«}.
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By (H,,), this in turn implies the existence of ¢ € (0, 1) and ny € N such that
Lrn] ‘ c
YR = —, Ynzn Vie(l,... k) (13)
n
k=0

(we recall that P;(f k)= jell, )P, i(k, j) is the transition probability of the position marginal
X when its type is ). Besides, the chain X is assumed to be always absorbed at 0. Hence, for all
Lell,... o — 1} and all types i € {1, ..., k}, there exists a non-negative integer k,; < £ — 1
such that p’ (k) > 0. We let

PP (ki) > 0. (14)

= mi
@,i)e(l,...ng—1}x{1,...k}

Consider now a Z. -valued Markov chain Y with transition probabilities
, no
o QH(I.rnJ) =cn’ VYn=> [—1
r
o gun)=1—cn? ¥n>[2]
-
o gun—1)=d Y1<n<[2
-
o guny=1—-d VY1<n<[2
-

(and go(0) = 1) and let Y,, denote a version of the chain Y starting from n. Fix a type i. Using
(13), (14) and the fact that n — cn™7 is decreasing, it is easy to see that one can couple the
construction of the chains (X, J()) and Y,, such that

XD(k) < Y,(k), forallk € Z,.
Note that the chain Y, is necessarily absorbed at 0, so we also have that

Ai,i) = AY,n

where Ay, is the absorption time of ¥,,. Moreover, clearly,

n X:(:)f () (1= %) qulm) — et =rf )

for all continuous functions f : [0, 1] — R. So we are exactly in the conditions of the monotype
setting studied in [19, Theorems 1 and 2]. In particular, we know that there is a positive r.v. Iy
with all positive moments finite (Iy is the absorption time of the self-similar process arising as
scaling limit of Y,) such that
AY,n ﬂ) IY and EI:(AYJI) j| — E[(Iy)a]

nv n—o0

nY n—oo

Since A% < Ay, for all n, this leads to the statement of the lemma. [

Proof of Theorem 3.2. The initial type i is fixed. Theorem 3.1 together with Lemma 3.5 imply
the tightness of

XO(| . AD
(M,Z;ﬂ’i>’ n>1. (15)
n nvY

Consider then a converging subsequence, indexed, say, by (¥(n)), that converges to a limit
denoted by (X, Z®" @), Since Theorem 3.1 is already proven, the only thing we have to
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check is that 0@ = I® as., with I® the extinction time of X®. Indeed, if this holds for all
converging subsequences, this will

(1) imply the convergence in distribution of (15) to (X©, Z®, 1®)

(2) imply the convergence of all positive moments of n=" A% to those of IV (which are then
necessarily finite), by using the convergence of n=” A% to 1) together with the bounds of
Lemma 3.5.

So, now, consider the converging subsequence indexed by (y(n)). By the Skorokhod representa-
tion theorem, we may assume that the convergence holds almost surely. Then, note that

A(i) 00 . y
Yn) @)
v(n)r __/0 (an)) (r)dr.

Hence we have in the limit, by Fatou’s lemma, that 0 > 1@ = fooo (Z(”)y(r)dr a.s.
To prove that o) = [ as., it is now sufficient to show that E[c¥] < E[/”]. Note that, by
Fatou’s lemma again,

. AD AD
Ef¢?] < liminfE | —“L | <limsupE | =%
n w(n)y n nv

so it is actually enough to show that the latter lim sup is smaller than E[]. Recall that we have
assumed that the set of absorbing types AYP® is empty. Fix ¢ > 0 and then p large enough so that

E [(X(i)(T(i)(p)))y] <

(recall that T)(p) is the pth time of type change in X and recall (5)). By Lemma 3.3, we know
that n=' X9 (T (p)) converges in distribution to X© (7% (p)), which implies

O (70 14
limsup E [(M) :| < 2e. (16)
n

n

By Lemma 3.3 again, the expectation of n7T.?(p) converges to that of T/ (p) which
implies

7O

n

E [#} <e+E[TO(p))<e+E[IP], foralln large enough. a7
n

Then, the Markov property at (the stopping time) 7)(p) implies that
. , - @)D
@) _ @) — Adn T (p))
A = TP = Ao oy
where given (X(T(p))

JO(TD(p))) = (m, j), the r.v. in the right-hand side is distributed as
A Note that

*Yn

{0 () T T () ST
Xy | _ XG0 (X(TV(p))
= Xy .
n (X (T (p)) nY

< c2e
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for all n large enough, where ¢ = sup,,cy jeqi,.., K}E[m’VAS,{)] is finite, by Lemma 3.5. Then,
writing AV = AD — T (p) + TV (p) and recalling (17), we get

A 76 .
E|: s ] < 2ce +E|:"—(p)] < Qc+ e +E[IY]
nv nY

for n large enough, which leads to the expected limsup E[n 7 A"] < E[/?]. O

4. Mixing regime

In this section, we assume that the rate of type change is much larger than that of macroscopic
jumps. We recall the notations P, and p{(m) introduced in Section 2 for the type transition
matrix and for the position transition probabilities of the chain (X, J). We recall also that a
Q-matrix on {1, ..., x} is a k X k matrix Q such that the diagonal coefficients are nonpositive,
the coefficients outside the diagonal are nonnegative and the sum of each line is 0. These matrices
serve as generators for continuous time Markov chains on {1, ..., x}. A Q-matrix is said to be

irreducible if the associated Markov chain is irreducible.
' )

Hypothesis (H,ix). Assume that there exists 0 < 8 < y such that:

(i) There exist finite measures (u®,i € {1,...,«}) on [0, 1], at least one of which is
nontrivial, such that, for all continuous functions f : [0, 1] - R,

nY mX:;)f <%) (1 - %) pD(m) = - FoouDdx).

(ii) Moreover, there exists an irreducible Q-matrix O = (¢; ;)i je(1,...«} Such that
(P, — 1) — Q.
n— 00
- J

In this regime, we will observe that the types asymptotically “mix”. Precisely, Point (i) means
again that we have to accelerate time by n” in the bivariate Markov chain to obtain a non-
trivial limit for the position marginal. Point (ii) implies that, at the n” scale, the type of the
chain changes instantly since < y. The chain will then act in the limit as if its type was
a weighted combination of all types, given by the invariant measure of the matrix Q. We let

m = (m,i € {l,...,k}) be the unique invariant probability measure for Q, which exists by
irreducibility. We let also fori € {1, ..., k}, ¥; be the Laplace exponent corresponding to the
measure 1, that is
(@)
i i u(dx)
¥i() = nOOH + 2 + | (A= T——,
.1 -X
and ¢ the mixed Laplace exponent:
Yoy =) (). (18)
i=1
We define
) xX® vt . . .
YOy = XU 206y = vy, r =0,
n

where 70(t) = inf {u > 0: [((YO(r)7dr > t}.
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Theorem 4.1. Under assumption (Hpix),

(i)
<<w,zg>m),r30> 9D (x, 7y,

n—00

where (—log(2)) is a subordinator with Laplace exponent = Z';:lnj ¥, X = Z(p(-)) and

p(t) = inf{u >0: /u (Z(r)Ydr > t} .
0

The topology is the product topology on D ([0, 00), [0, 00))>.

Recall that A" is the absorption time of X! and let / be the absorption time of X (which has
positive moments of all orders since the Laplace exponent i is not trivial).

Theorem 4.2. Assume, in addition to (Hmiy), that the measures (W\,i € {1,...,k}) are all
nontrivial. In this case, jointly with the previous convergence, we have

AV
nY n—oo

and for all a > 0,

[()]eor

Remark (Possible Extensions). 1. As for Theorem 3.2, we believe that the convergences stated
in Theorem 4.2 are still true without the additional assumption that the (u”,i € {1,...,«})
are all nontrivial. This assumption means that in any type, the position marginal of the limiting
process cannot a.s. remain constant when in this type. This leads to the control (25) for generating
functions associated to the probability transitions of the bivariate Markov chain, which in turn
leads to a fairly simple proof of Theorem 4.2. Therefore we will keep this assumption in the
following.

2. It is probably possible to write versions of Theorems 4.1 and 4.2 for matrices Q which are
not irreducible, and in fact one could also have intermediate results between the mixing and
critical regimes, where we have several groups of types, inside of which the rate of type change
is of order n=#, but the rate of changing group is of order n~7. We will not consider such
generalizations, the current subject matter already being quite complex.

’

The proofs of Theorems 4.1 and 4.2 are partly inspired by the ones of [19] in the monotype
setting. The differences come from the multiplicity of types and their mixing, which significantly
complicates the proofs. We start below by implementing a series of preliminaries in Section 4.1,
and then turn to the proofs of Theorems 4.1 and 4.2 in Sections 4.2 and 4.3 respectively. The
proof of a key point on the mixing of types, Proposition 4.6, stated in Section 4.1.4, is postponed
to Section 4.4.

4.1. Preliminaries
We set up in this section key steps to prove the statements of Theorems 4.1 and 4.2. In all

the statements below, it is implicit that we work under (Hy,x) (although this hypothesis is not
necessary at every step).
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4.1.1. Generating functions and bounds
Here are a few simple results on some generating functions which we will need later on. For
neNandi e {l,...,«}, welet Ggf) be the function defined by for A > 0 by

o A
GP(\) =E [<¥> } . (19)

By assumption, we know that, for all A > 0,
n?’(1-GP0) = v (20)

We then have the existence of a finite constant ¢(A) such that, for all n € N and i €
{19 LR K}7

1—GP0) <n7e). (21

4.1.2. Tightness and different time scales
Proposition 4.3. The sequence of processes (Yrgi), n € N) is tight in D ([0, 00), [0, 00)) .

Proof. Our proof is essentially the same as that of Lemma 1 in [19], adapted to the multi-
type case. We use Aldous’ tightness criterion for the Skorokhod topology. Namely, since Y is
bounded, we need to prove

lim limsup  sup sup P[|Y(T) — Y(T +6)| > €] =0 (22)
60—0 n—soco TeJ(Gy),T<t 0<6<6,
forall > 0 and ¢ > 0, where 7(G,) is the set of stopping times for the filtration G, which is

the natural filtration of the process (Y?).
To do this, we make use of the martingale M,, = (M, (k), k > 0) defined for k > 0 by

Q) Akl @\ .
= (K00) 5 (DY (1),
=0

n xPay

where X is any real number greater than 1 Vv y. To be precise, M,, is a martingale for the natural
filtration of the process (X, J), as is easily deduced from the relation
_ Y 0) A\ U ) )
M,k 4+ 1) — M, (k) = n ((xn (k+ 1) = (X)) G )

for all k > 0, and the definition (19).

Given that YV is non-increasing and A > 1, we have |Y(T) — Y(T + o) < Y O(T))» —
(Y(T + 6))* for & > 0 and T a bounded stopping time. Using the optional stopping theorem
and the fact that . > y, we obtain

Y (T+6)]—1 .
. . . (i)
E[(yOM)" — (O +0) ]=nE| Y (xP0) (1~ Gty )
I=n¥T| "

[n? (T+6)]—1
<com™E| > (xDay)

I=n?T|
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[nY (T+6)]—1

<c(MnE Z n*r

I=(n?T]
<c()@+n""),
and (22) is then a consequence of the Markov inequality. [J

One may expect from this tightness that the natural scale of time to see macroscopic changes
in X fj) is the scale n”. The following lemma reinforces this, and shows that the scale of time to
see a change of J¥ is much smaller.

Lemma 4.4.

(i) Let (T, n € N) be any sequence of random times such that n=" T,, converges in probability
t0 0. Then n=' X(T,,) converges in probability to 1.
(i) Forn e Nand ¢ > 0, let

T, =inf{k > 0: XV(k) < ne}.

Then, for any a < y, n=%T, . tends to infinity in probability, in the sense that, for all u > 0,
P(T, ¢ > un®) converges to 1. A
(iii) Forn € N, let S, = inf{k € N, J,i’)(k) #i}. Then n=7 S, converges in probability to 0.

Proof. For point (i), let ¢ > 0, and take > 0 and n € N such that P(7,, > nn?) < e. We then
have, for all p > 0,

P(XO(T) = (1 = pin) < & +P(XO(Lpn? ) < (1 = o).

By Proposition 4.3,' if 5 is small enough, then this will be smaller than 2¢ for n large enough.
Point (ii) is a consequence of point (i), since P(7;, . < un®) = P(X,(lun*)] < ne) tends to 0.
For point (iii), let « € (8, ¥), and choose any ¢ € (0, 1). Write

P(S, > n*) =P(S, > n*, T, > n*)+P(S, > n* T, <n%).

Noticing that the second term tends to O by (ii), showing that the first also does will be enough
to prove (iii). By (Hpix), we know that there exists some constant C > 0 and ny € N such that,
for all n > ng, n?(1 — p, (i, i)) = C. Now taking n > &~ 'ng, we have for all k,

P(J O+ 1) #i | XPk) > ne, IV(k) = i) > CnP.
One then deduces by induction that

P(S, > k, T, > k) < (1 — Cn~P),
and thus

P(S, > n® T, > n%) < (1 —Cn )",

which tends to 0 because « > B. The proof is then ended since y > «. Note that this argument
in fact shows that n=%S,, tends in probability to O for all « > B, but we will not need this
improvement. [

From now on, to free up some notational space, we will also drop all references to the original
type in the notation, and thus refer to the processes as X,,, J,, and so on.

.1 Specifically, there is a compact subset K of D ([0, 00), [0, 00)) which, with probability greater than 1 — &, contains
Y,f') for all n, and using Theorem 12.3 from [11], f(n) — f(0) converges to 0 as n tends to 0, uniformly in f € K.
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4.1.3. Moving to continuous time

Inspired by [10], we introduce a transformation which embeds our processes in continuous
time, making them easier to manipulate. We do this by considering a standard Poisson process
(N(1), t > 0) which is independent of all the X, and J,, and letting for alln € Nand 7 > 0,

Xo@t) = X,(N(2)) and  JS(1) = J,(N(2)).

The process ((XZ(t), JS (t)), t > 0) is thus a Markov process with transition rates given by the
(P@,iy(m, j)). The functional law of large numbers ensures us that limit results for (X,, J,) are
equivalent to the same for (X§, J)). Specifically, we have the following:

Lemma 4.5.

(i) Let f, be the function which maps t > 0 to n=? N(n"t), and g, a generalized inverse
defined this way:

gn() =inf{s = 0: fu(s) =n""[n"1]}.

Then both f, and g, converge a.s. uniformly on compact sets to the identity function.
(ii) Forall integers k, there exists a constant ¢, such that E [(J\f )k ] < ci(t* V1), forallt > 0.

Proof. For point (i) we use classical arguments: since the considered functions are monotone and
the limit we are looking for is continuous, we only need to prove a.s. pointwise convergence for,
say, rational ¢. First for f,,, n7% N'(n” 1) a.s. converges to ¢ by the law of large numbers. The same
then becomes true for the inverse: if any subsequence of (g, (¢), n € N) convergesto s € [0, +00]
then, given that f,(g,(t)) = n~Y |n”t], and that f, is non-decreasing and converges uniformly
on compacts to the identity function, we get that s = 7. Point (ii) is a standard result on moments
of the Poisson distribution. [J

Now, since we have X, (|n”t]) = X (n” g,(t)), Lemma 4.5 implies that

e Theorem 4.1 (and 4.2) can be proven by showing that X, (and its absorption time, as well
as its moments) has the wanted scaling limit.
e Proposition 4.3 and Lemma 4.4 also apply to X and J¢, with obvious modifications.

We adapt all the previous notation, defining

, X:(nt) . . . : :
Yi(t) = "T, Zy@) =Y(r;(®), and K (t):=J;(n"ti(t)) t=>0,

where 7,/ () = inf{u >0: fg(Y,f(r))’Vdr > t} . We now aim at proving Theorems 4.1 and 4.2
for the continuous-time process (X§, J5).

The tightness from Proposition 4.3 implies that (Y) will converge to X in distribution
if every converging subsequence of (Y,') has X as limiting distribution. We consider such
a converging subsequence, and using Skorokhod’s embedding theorem, suppose that this
subsequence converges almost surely to a process Y'. We will only work on this subsequence
from now on, omitting sometimes to mention it. By Lemma 1.3, this implies in fact that the
pair (Y, Z$) converges a.s. to (Y’, Z’), where Z’ is the Lamperti transform of Y': for t > 0,
Z'(t) = Y'(z(t)) where t(¢) = inf{s > 0, ff)(Y/(r))‘Vdr > t}. What we want to do is to show
that (— log(Z/)) is necessarily a subordinator with Laplace exponent ¢ defined in (18), which
will be done by proving that (Z'(¢)*e'¥™, t > 0) is a martingale for all A > 0.
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We introduce some more notation: if f € D([0, 00), [0, 00)) satisfies f(0) = 1 and ¢ > O,
then we let

T.(f) =inf{t > 0, f(t) < &}.

Note then that, by Skorokhod convergence, for all ¢ > 0 except a countable set, T.(Y;) and
T.(Z¢) converge a.s. to T,(Y') and T.(Z’), and the stopped processes (Y, (t A Te(Y,)), t > 0)
and (Z$(r A Te(Z5)),t > 0) converge in the Skorokhod sense to (Y'(t A T.(Y’)),t > 0) and
(Z'(t ANT,(Z)),t = 0). This is explained in the proof of Lemma 3 of [19]. We will now only
work with such ¢.

4.1.4. About the mixing of types

The following proposition formalizes how the types mix in (X¢, J;,).
Proposition 4.6. For alli € {1,...,«x} and ¢ > 0, we have the following convergence in
probability of measures:

®)
Ls<rzonLixso=nds —> Lis<r.zymids.

The meaning of Proposition 4.6 is that the types spread themselves out evenly, and that we
have each type i a proportion 7; of the time. As the proof will show, we must stop at time 7:(Z;)
in order to use (Hpix).

Remark. Convergence in probability implicitly refers to the Prokhorov metric for measures.
Some of its elementary properties are provided in Appendix A.2.

Since the proof of Proposition 4.6 is very involved and contains most of the difficulty, we
postpone it to Section 4.4, and first use it to prove Theorems 4.1 and 4.2.

4.1.5. Some martingales

Lemma 4.7. Let . > 0 and n € N, and define a process M by

MP (1) = (%)A exp( / | (1- 65 ™) @)
0

if XS(t) # 0, while MM(t) = 0 if X<(t) = 0. Then MV is a martingale in the natural filtration
of (XE, JO). As a consequence, the time-changed process M defined by
N n¥ (1) Je
MP @) = MDY Te(0) = (25(1)) exp( / (1 — G;g((j)”(x)) ds) (23)
0 n

is also a martingale.

Proof. The martingale property of M is a direct consequence of that of M* and that the
stopping time t¢(¢) is smaller than ¢ for all # > 0. We thus focus on M». Notice first that, for
s < t,if X{(s) > 0, then

MP() = M(’\)(s)<wy exp< / 1(1 — G(Jf(”))(/\)> du). (24)
n n X}L1 (S) P Xp(u)
By the Markov property, conditionally on the past up to time s, the last two terms form a copy

of (M;?C)(Y))/(t — s), where (M;?C)(g))/ is an independent version of the same martingale when the
LAS LAS
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process starts at (X(s), J¢(s)). Thus we are reduced to showing that E[M*(t)] = 1 for all
t > 0, and we will do this by showing that the right derivative of this function is O at all points.
Lett > 0O and & > 0, we have

—h

00 k c
B+ ] = 3 e[ (B

x exp( / r+h(l — GYG)) ds) | NG+ 1) = N () = k}

wh¢re, by convention, the term inside the expectation is 0 if X:(f) = 0. Since we have
G;j )() > 0 for all j and k, MM (1) < e’ and X, is nonincreasing, we have

> e~hpk ¢ t+h
e "h Xe(t + h)\* T
- *) n B <
X:: 0 E[Mn (t)<—X;(t) ) exp(/t (1 GX’%) (A)) ds) | N(t + h)
— N = k]
o —hpk
e"h t+h
=2 &
k=2
= 0 (W%
h—0
Since, for the k = 0 term, (X}, J;') does not jump between ¢ and ¢ + /2, while, for the k = 1 term,

it jumps exactly once, at a time uniformly distributed between ¢ and ¢ + &, we now have

N 1—G(1§.(t))()~)
E[MP( +h)] = e "E [Mf,”(f Je (-esfir)
) Xn(j\/(l‘) F I h (JE@))
" Wy (22T 2 ~ Ok
+ he 'R [Mn (’)< X:() ) h /0 P (S (1 Ui (M)
=9 (1= GENR®) ) as]
+ O(h?).

For the same reasons as explained earlier, we can write out the asymptotic expansion of the
involved exponential functions and safely integrate the O terms and take them out of expected
values, and thus

E[MP(t+h)] = (1 —E [Mi”(t)(l + (1~ G;j;;((tt;)(’\)))]

h
s [1\4,9(;)(%2)“))A [ a+ 0w+ on - s))ds]
n 0
+ 0(h?)
—E[MP@)(1 = hGVE® )y ( Xn VO + D2
=E[MP@(1 -Gy 6)) | + hE [Mn 0)( Y0 )

+ Oh®).

A
Since the conditional expectation of (%) given (X,(N(1)), J,WN (1)) = (X50), JE(D))
(J5(@®)

XE0) (1) by definition, we end up with no term of order %, and a derivative equal to

is equal to G
Oatr. O
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4.2. End of the proof of Theorem 4.1: scaling limit of the position marginal

From Section 4.1.3, it is sufficient to prove a version of Theorem 4.1 for the continuous-time
process (X¢, J). Moreover, relying on the tightness established in Section 4.1.2, it was noticed,
still in Section 4.1.3, that such a version of Theorem 4.1 will be proved if for any possible limit
Y’ of a subsequence of (Y), the process ((Z'(1))*e'V™, ¢ > 0) is a martingale, where Z’ denotes
the (—y)-Lamperti transform of Y’. It was also noticed that there is not loss of generality in
assuming that the convergences are almost sure. To simplify the notation below, we let (Y7, Z:)
denote a subsequence that converges (almost surely) to (Y’, Z’), with a slight abuse in the indices
notation.

Our aim is therefore to show that the martingale M introduced in (23) converges to the
process ((Z’(t))*e’ vt > 0) in a strong enough sense for the latter to also be a martingale. To
do so, we first fix an & > 0 with the properties required at the end of Section 4.1.3, and stop M®
at time 7,(Z¢), and show that the process (MMt A To(Z5)), t > 0) converges in probability for
the Skorokhod metric to (Z’(t A To(ZH)Y exp(Yr (W)t A T(Z)))), t > O). Recalling the definition
(23) of the martingale M) and that (Z¢) converges a.s. in the Skorokhod sense to Z’, it only
remains to check that the term

nY (L (AT (YE) -
(J5 ()
exp( /0 (1= Gy (’\))ds>

converges in probability uniformly on all compact sets to exp(t/f(k)(t A TE(Z’))). By a variation
of a classical argument (using subsequences to bring ourselves back to almost-sure convergence,
see the proof of Lemma A.6 for a similar reasoning), since these functions are nondecreasing
and the limit is continuous, we only need to show pointwise convergence in probability.

Write, forn > &~ !,

WY (G UATL (V) ) T (Z) (KE() v
/ 0-aa = [0 - ) ez
0 0

X5(s) nZy(r)
We split the integrand according to the different types. For all j € {1, ..., x}, we have by (20)
(1= G W) Z ) = ;)

almost surely, and this is uniform in 7 as long as we stay before time 7.(Z), since we then have
nZ:(r) > ne. This lets us write

tNTe(Zf) ) tATe(Z5)
/0 (1 = G,e (s W) Zy()) Ligg=ppdr = /O V(M) Likgy=j)dr

tNT(Zp) 0
J c
+ /O ((1 — ang(r)(x))(nzn(r))y — w,(x)) Lixe(ryjydr.

The first term of the right-hand side converges in probability to v ;(A)m;(t A T.(Z')) by
Proposition 4.6 and the second to 0 by the aforementioned uniform convergence.

Uniform integrability arguments will then transfer the martingale property of Mﬁl") to
(Z'(t)* exp(¥(M)t), t > 0). Specifically, note first that, for n > e !, using (21), we have

nZgy(r)

INTe(Z5) K¢
MP(t ATA(ZE)) < exp< / nZ:r) (1 -G "(’”(x))dr)
0

< ec()\)t ,
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and thus, for fixed 7, (MY A T.(Z5),n > &7') is uniformly integrable, implying by
[14, Example 7, p. 362], that the limit process (Z’(t AT (ZH)* exp(w(k)(t A TE(Z/))), t > 0) is a
martingale. Similarly, for fixed ¢ and for all ¢ > 0, Z'(t AT.(Z"))* exp(l//(k)(t A TS(Z’))) < eV
and we therefore have uniform integrability as ¢ tends to O, preserving the martingale property
for the limit. [

4.3. Proof of Theorem 4.2: scaling limit of the absorption time

We assume here that foralli e {1, ..., x}, the measure u© of hypothesis (Hpix) is nontrivial.
As a consequence, for all A > 0, there exists ¢/(A) > 0 such that, for n which is not an absorbing
state,

1=GOW) =n7d (), Yie(l,... k) 2

Also, as in Section 3, we now make the extra assumption that the only absorbing state for X is
0. Just as in that section, proving Theorem 4.2 under this assumption is enough to deduce the
general case. Thus inequality (25) becomes true for all n € N.

Our goal is to show that jointly with the convergence of (Y7, Z¢) towards (X, Z) proved in the
previous section, the absorption time A{, of Y7 (or X)) at 0 satisfies A{,/n” — I in distribution,
and that there is also convergence of all positive moments. We recall that / denotes the absorption
time at O of the process X. We start with a preliminary lemma.

Lemma4.8. Foralln e N, A > 0, and t > 0, we have
E[(Zy)] < e ™,

where ¢’ (A) was introduced in (25).

Proof. Recall that when Z:(f) > 0

n¥ (1) e(s
0

where (M(P(t), > 0) is a martingale. Using (25), we have, still when ZS(1) > 0,

n? (1) e n¥ Ti(r) '
/ (G — 1)ds < —'(V) f X5(s) 7 ds < —c'(0) / ds.
0 ~ 0 0
Hence (Z5(1))* < MW(t) exp(—c’(A)t) in any case. We can then take the expectation. [

The rest of the proof of Theorem 4.2 goes as the one of Theorem 2 in [19], so we only sketch
it: since the only absorbing state is 0, we have

AC o0 )
=g /0 (25 dr, 26)

and thus the expectations of n~" Ay are uniformly bounded (using Lemma 4.8), and thus
(n7VAs,n € N) is tight. Up to using the Skorokhod representation theorem and extracting,
we can assume that the triplet (Y, Z5, n™" AS) converges a.s. to (X, Z, I’), and we only need

to check that I’ = I, where I = fooo Z(t)¥dt is the extinction time of X. The Skorokhod
convergence first shows that Y (n™" AS), which is equal to 0, converges to X(I’), implying
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I’ > I. On the other hand, dominated convergence and Fatou’s lemma give us
oo oo
E[I] = E[lim / (Z;(r))ydr] < lim ianE[ / (Z;(r))ydr]
0 0

E[ fo " zeyar] =B,

by Ler;ma 4.8

hence n™" Ay, converges in distribution to /. To get the convergence of all positive moments, it
remains to show that sup,E[(n™" A%)?] < oo for all @ > 0 which is easy to see by using (26)
together with Holder’s inequality and Lemma 4.8. [J

4.4. Proof of Proposition 4.6: mixing of types

It remains to prove Proposition 4.6. We recall that it is assumed that (¥, Z; ) converges almost
surely to (Y’, Z’). The main idea will be to couple the bivariate chain (X, J¢) with a standard
{1, ..., x}-valued continuous-time Markov chain with Q-matrix Q, so that, after an appropriate
time-change, J: behaves asymptotically as this standard Markov chain. In order to do so, we
first notice in Section 4.4.1 that we can do additional assumptions on the model, without loss of
generality. Section 4.4.2 then introduces Lamperti transform of (X¢, J¢) in the nf-time scale. The
idea is that in this scale, the type-component resembles asymptotically to the above mentioned
Markov chain with Q-matrix Q. This approximation is studied in Section 4.4.3 and the end of
the proof of Proposition 4.6 is given in Section 4.4.4.

4.4.1. Foreword: a few changes

As in the critical case, we change the transition probabilities (p, ;(m, j)) slightly in a way
which does not change the scaling limit. Here, the aim is to make some waiting times we will
consider in the following sections, and their moments, finite. First, as already noticed several
times, we can assume with no loss of generality that the only absorbing state for the position

component is 0. Then we define, form <nandi, j € {1,...,«}, p,’”.(m, Jj) this way:
o p,i(m,j)= pui(m,j)ifm>2
o P2, J)=pni, j)+ pui(l, j)+ pui(2, j)
o pé,i(l, H=1
o p’l,i(l,i+1)=1fori§/c—l
o p/LK(O, H=1
o p()’l((), H=1.

Note that (p), ;(m, j)) then also satisfies (Hmix) and that proving Proposition 4.6 for a Markov
chain with transitions (p) ;(m, j)) will also prove it for the general case. As such we will
now assume that the ( p,l,i(m, J)) have been replaced by the ( p;l’ ;(m, j)). Hence the following
consequences:

Lemma 4.9. For all n > 2, there is always at least one change of type before X, reaches 0.
Moreover this absorption time at 0, denoted by A;,, has finite positive moments of all orders:

E[(AS)*] < oo, foralla> 0andalln € N.

Proof. The first assertion is obvious by definition of ( p,’l’i(m, Jj)). Next, (X¢, J¢) is a continuous

n’>Yn

time Markov chain on a finite state space with unique absorbing point (0, 1). If we add a
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small transition rate from (0, 1) to all the other states, then it becomes irreducible, at which
point standard results imply that the time taken to go from one state to another has some
finite exponential moments, and so in particular the time to reach (0, 1) has finite ath moment
for all a > 0. Note that the finiteness of these moments was already checked in the proof
of Theorem 4.2, under the extra condition that the measures u® of hypothesis (Hyx) are all
nontrivial. [

In the following we assume that the conclusions of this lemma are valid, with no loss of
generality.

4.4.2. Preparation: using the n® timescale

The n” scale. In order to prove Proposition 4.6, we will use another Lamperti-type time-
change, this time using the index 8 and the time scale of n?, which are more appropriate for the
study of the types. We let, forn € Nand ¢ > 0,

Xj;(nﬂt)
n

v = and 7 V(1) = inf{u >0, / ¥y Pdr > t}.
0

In particular, we have dr,f’3 ) (1) = (Y,f’3 ) (‘L’,Eﬂ )(t)))ﬂdt. We then let
zPw)=yPP) and KP@) = I (nfP1)).

Note that, once again by Lemma 1.3, the process (Y,g’3 )(r,iﬂ )(ny’ﬂ 1), t > 0) then converges to
the process (Y'(t#(1)), r > 0), where

P () = inf{u >0, / M(Y’(r))*f‘dr > t},
0

and the maps t — nf~7 P ‘(" ~Pr) converge uniformly on compact sets to 7). In particular,
letting

Spe = inf{t > 0: YP (P (n?Pr)) < e},

then S, . converges to S, = (T®Y=U(T.(Y"). All these convergences are almost sure.

We will later need the following observation. Let TO(Z,(,’S )) denote the absorption time at 0
of Z,(,’S). Fort < TO(Z,(lﬂ)), we have nﬁr,gﬁ)(t) > t, i.e. the time-change speeds time up. Thus
TO(Z,(q’g)) < A, implying by Lemma 4.9 that, foralla > O and all n € N,

B[ (1) ] < oo. @7)

Mixing in the n” scale. By the upcoming LLemma 4.10, proving Proposition 4.6 can be done by
instead proving that the types in K #) mix after a time of order n? #:

Lis=001 Loy 85 2 Tillj=s,)ds, (28)
Lemma 4.10. For alln € N, let a, and b, be positive random variables, f, be a random
cadlag function from [0, a,] to {0, 1} (extended to be constantly O after a,), and F,, a random
increasing bijection from [0, a,] to [0, b,] (extended to be constantly by, after a,). We call F) the
right-derivative of F,, which we assume to exist everywhere and be cadlag. Assume that, as n
tends to infinity:
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(a) a, converges a.s. to a > 0, b, converges a.s. to b > 0.

(b) F,, converges uniformly a.s. to a continuous function F of which the right-derivative F’
exists everywhere and is cadlag, and F,, converges in the Skorokhod sense to F'.

(c) the measure 1ix<q,)1yf,x)=1ydx converges weakly in probability to A1;<.dx, for some
A>0.

Then we also have the following weak convergence of measures in probability:

Lesom 1,1 0op=n 4% )‘l{x<b}d" (29)
Proof. Our first step is showing that, if the convergence of (c) is almost-sure, then (29) is
also in fact an a.s. convergence. In this case we can drop the probabilistic notation and assume
everything is deterministic. Let g be any continuous and bounded function on R, we have

by an
/ g(x)]l{fn(Fn—l(x)):de 2/ g(Fn(x))]l{fh(x):]]F,i(x)dx
0 ’ 0
- /0 (8RN FL ) = gFEDF0)) 1oy

+ / g(F () F' (01, ooy dx.
0

The first term tends to 0 because the Skorokhod convergence of g(F,(x))F, (x) to g(F(x))F'(x)
implies L; convergence, see Lemma A.3. The second term converges to A foa g(F(x)F'(x)dx =
A fob g(x)dx. We can use the convergence (c) despite F’ being cadlag and not necessarily
continuous, because we are only using absolutely continuous measures.

For the general case, we use Lemma A.4. Thus we take a subsequence of 1, <, 1, nlFr o=1)
dx, and we look to extract a sub-subsequence which converges a.s. to Al<pdx. This is
immediate: we just extract a subsequence such that (c) is a.s., and we are then back to the
deterministic case, ending the proof. [

To be precise, Proposition 4.6 follows from (28) and Lemma 4.10 by taking a, = S, ., a = S;,
Fo®) = 190y iy () = @) (P (@ P (7 P1))) and F = 7 o 7). Note that (¢)~"
converges uniformly to ! on [0, 7,(Y")], by a similar argument to the proof of the uniform
convergence of g, in Lemma 4.5.

Finally, in order to prove (28), we can use Lemma A.6 and restrict ourselves to showing the
convergence of the masses assigned to intervals of the form [0, #] with # > 0. Thus we want to

prove this convergence in probability:

tASq e
/0 ]l[K(ﬂ)(ny Bsy=i) ds = (t/\S )T,
which can then be written in a more concise way by including all the types:
tASn,e
/0 B 905 b (1A Sy, (30)
seeing each side as a finite measure on {1, ..., k}. Our aim is now to prove (30).
4.4.3. A special coupling

Recall that, conditionally on X, (¢) = k, the infinitesimal jump rates of J;; just after time ¢ > 0
are given by the matrix Py. Letting @, = P, — I be the corresponding Q-matrix, we have by
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assumption
Ok =k 7Q +o(k™P).

Consider what happens when we use r,iﬁ ). Given that dr,g‘9 )(t) = (Zﬁlﬂ )(t))ﬂdt, we have that,
conditionally on X, (nft\"(t)) = k, the jump rates of K are given by the Q-matrix k# O,
which is close to Q. By using a coupling argument, we will show that K ,(,'8 ) is close enough to
a continuous time Markov chain with Q-matrix Q, and Eq. (30) will follow from the ergodic
theorem. Specifically, let (L(¢), t > 0) be a Markov chain in continuous time with Q-matrix Q,
the following almost-sure limit is classical:

1 t
- / CSL(S)dS —> T
t 0 —>00

and it follows that, since S, . converges a.s. to S,
IASn,e as
/ (SL(ny—ﬂs)dS _) (t AN Sg)ﬂ'. (31)
0 n— 00

We will now build a coupling of all the (K\’(s),s < n”#(t A S,.)) with L such that
tASn e
fo 81(,(,5)(;11/*/%)

Comparison of the first jumps. For all n € N, let

M = Sup|k'8 Qk - le

k>n

ds is close enough to foms"’g Spr—p5ds.

where |.| denotes the supremum norm of a matrix.

Lemma 4.11. Leti € {1,..., «x} be the initial type and O'l(K,(lﬁ)) denote the first jump time of
kP (with the convention that this time is infinite when there is no jump). Then:

(i) o (K,(/S )) converges in distribution to an exponential time with parameter |q; ;|, and there is
convergence of all the positive moments, that is, for a > 0,
I'a+1)
E[(oy(K®))] — ————=,
[( )] n—oo g i|*
where I' denotes the standard Gamma function.
(i) K,gﬂ) (al(K,gﬂ))) converges in distribution to the first jump of L, that is IP’(K,(lﬂ)(ol(Kiﬁ))) =

; q(,J) ; ;
J) converges 10 { a5 forall j #1.

Proof. At the heart of both proofs lies the fact that, by (iii) and (i) of Lemma 4.4, Z,(lﬂ )(01 (K ,iﬂ )))
converges to 1 almost surely.

o This proves point (ii) almost immediately: notice that, conditionally on zf )(01((1( @ ))‘)) =
x > 0, the distribution of the jump is then given by % for j # i, which is seen by (Hpix)

40.J). To remove the conditioning, note that, if we take any y € (0, 1), we

(i) to converge a.s. to 0D

have
P(KP (1K) = j) = P(KP(1(KP) = j. 2P @ (K < )

Y BEP ek )) = x) )

—— 1 — P, 0)
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The first term of the right-hand side tends to O, while for the second term, the uniform
convergence of the various % to |(¢1]((lll]))| as n tends to infinity for x > y gives us the wanted
conclusion.

e For the convergence in distribution stated in (i), we use the structure of our time-changed
process. When the position component is at x > 0, then the waiting time until the next
jump of the position component is an exponential variable with parameter (nx)?, and this
jump has probability 1 — P,,(i, i) of inducing a change of type. Thus, still conditionally on

Z,(q’3 )(01((1( ,55 ))’)) = x, we can write the following stochastic domination:

G G’
Y& zokP) <) &,
i=1 i=1

where =< indicates stochastic domination, the (&;) (resp. (£)) form an ii.d. sequence of
exponential variables with parameter nf (resp nx)?), G (resp G') is an independent geometric
variable with parameter (nx)~?(|q(i, i)| + n,x) (resp n=#(|q(i, i)| — nnx)). One readily checks
that both the upper and lower bound have the appropriate convergence in distribution. We show
it for the lower bound, using the moment generating function, and leave the upper bound to the
reader: for ¢t > 0, we have

E [exp (—té&ﬂ —E[(1+m)]

0 (gl D]+ ) (1 +mF)
1= (1 = () BAqG, Dl + nue)) (14 n8) "

As (n, x) tends to (0o, 1), this converges to %, which is the moment generating function

of the wanted exponential distribution. The same argument by uniform convergence as in the

. L [0)
proof of (ii) shows then that we can remove the conditioning, and E[e~"1K» )] also converges
lg@.i)]
© T . o -
e To deduce from this convergence in distribution the convergence of all positive moments, we

will prove that, for all k € N, ]E[(O[(K,(Zﬂ )))k] is uniformly bounded in 7. This is enough to
conclude since the r.v. (al(K @ )))a are then uniformly integrable for all ¢ > 0. For n € N and
keZy,let

Uny = Eloy(KPY1,  vyx =supuyy, and wy = supu, .

m=n neN
1<k

Note that u, , is finite for all n and k, by (27), and thus v, also is. Our aim is to show that
wy is finite for all k. To that purpose, let ng be large enough such that, for n > ny, we have
nP(1 — P,(i,i)) > |q:.i|/2. We will prove that, for all k € N,
2wyi_1kle
Wi < Upg e ¥V ——. (32)
|Gi.i

Since wy = 1, an induction then finishes the proof.

Let therefore k € N, we prove Eq. (32) by showing that, for n > ng, v, < Vp—14 V %
Assume that v, > v,_1 (otherwise there is nothing to do), implying v, = u,.. Use the
structure of the process to write

o((KP) = Ey + 1yg,0=001(K, 1)
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where E,, is an independent exponential variable with parameter n® and given X, (1) = ¢, K ;(” )
is independent of (E,, J,(1)) and distributed as Kéﬁ ). We can then bound the kth moment thus:

k—1

k! . kY [
Un k < nTﬂ + Pn(lv 1) (Z (l) nTﬂvn.k—l + Un,k) .

=1

Bounding all instances of v, —; by wy_;, and n! by n!, we get

k—1
1 k
n <Pn .7‘ n 3 k' — l' .
Une < Puli l)v,k+nﬂ( +wk12<l)>

=1
It follows that
k—1

1
Vu (1 — PG, i)n? < k!(l +wie ) k — 1)!)
=1 '

< klwg_e.

2wy _1kle
lgiil °

@, and thus v, ; <

Since n > ng, we have (1 — P,(i, i))nf > ending the proof. [J

Standard coupling results then imply that there exists a deterministic non-increasing sequence
(pn)nen Which converges to 0 and such that we can couple (X, J¢) with L in such a way that,
calling o1(L) the first jump time of L, we have

a1(KP) 25 o1(L)
and
P(KP(01(KP)) # L(o1(L))) < pa, ¥n € N

for any initial type i. Note that the a.s. convergence is in fact also an L; convergence, by a stan-
dard variation of Scheffé’s lemma: separating the positive and negative parts, (o1(L)—0o; (K, ,(f )))+
is nonnegative and dominated by o(L) and thus its expectation converges to 0, and then we write
the negative part as E[(o1(L) — o1(Ky")-1 = E[(o1(L) — 01(Ky")+] — E[o1(L) — 01 (K™)]
and see that its limit is also 0. Thus, up to changing our sequence (0, ),cn, We now also have

E[lo(K") = o1(D)]] < pa-

Next jumps. The processes K and L are now in a sense coupled until their first respective
jumps. To continue the coupling, if they make the same first jump then we continue as above,
and if they do not, we have to make them equal again, which we do by running L for some more

time until it reaches the same value as K,(lﬁ ). Let us formalize this. Let (a,-(K,(,‘[3 )), i € Zy) and
(oi(L),i € Z,) be the lists of jump times of kP (these jump times are infinite by convention
after the last jump) and L, with the extra convention that ao(K,gﬂ )) = op(L) = 0. We also let
W,(K,Sﬁ)) = O’i(K,(,ﬁ)) — oi_l(K,(,ﬂ)) be the ith waiting time of K,gﬂ) fori € Z,,and W;(L) be the
same for L. We build an auxiliary process L', its jump times (o;(L’), i € Z, ) and waiting times
(W;(L"),i € Z) and an increasing sequence of random integers (ix, k € Z,), such that L’ has
the same list of jumps as K,(f}), and Wy (L") = W, 11(L) for all k € Z. We do it by induction:

e ip =0, L'(0) = L) = K(0) and oo(L") = 0;
e forall k > 0, knowing iy and oy (L’), let

O’k.»,.](l/) - Uk(L,) + mk+l(L)a
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with L'(t) = K, (ok(Kn )) for t € [ox (L"), ox+1(L")), and let
ixp1 =infli > iy +1: L(oi(L)) = KP (o 1(KP))
k+1 > 1 : i n (Ok+1(K, .

This defines L’ uniquely. Now, let A, (k) be the sigma-field generated by the o;(L’), oi(KP)
for i < k, the values of L' and K" at these respective jump times, as well as the
X¢(n# 1,5’3 ) (a,'(K,g’3 )))), i < k. By repeating the previous coupling at each jump, the processes
L, L', X¢, J¢ can be built such that

E[ [Wer1(K) = Wi (L] 1 Auth), X5 (0 7 (0n(KE) = me | < oy (33)
P(ixer # i+ 11 A(k), X (" 5 (01 (KP) = ne) < piey. (34)

In this coupling we can, and will, moreover assume that the jump times of L that are not involved
in L’ are independent of L', X¢, J¢

From now on, let ¢ > 0 be a fixed time. We run the coupling until k reaches the value ki« ()
defined by

s (1) = inflk € N 2 0 (K) > 071 o X (n 7P (0 (KP)) < ne.
We will need a few properties concerning kmax () and o, () (K f ).

Lemma 4.12. We have the following:

(i) Forall § > 0, there exists Cgs such that E[kaax(n)(K,(zﬁ))] < Csn® for all n large enough.
(i) There exists C > 0 such that E[kma(n)] < Cn? P for all n large enough.
(iii) nﬂ_yokmax(,,)(l(f) —t A Sy tendstoQin Ly, as does nﬂ_Vakmax(n)(L’) —t A Spe.

Proof. Before proving (i), we first establish a weaker version of (ii). Note that, by (33), there
exists a > 0 such that, for n € N large enough and all k € N

E[We(K) | Autk = 1.k < kn()] = a.

As such, by Wald’s formula (Lemma A.7), we have

Kmax (1)
aB[kmax (n)] < E[ > WAK%] = El0kae ) (K] = B0y -1 (K )]
k=1
+ E[ Wi (K]
<t 4 B[ Wi (K. (35)

This will be needed in the proof of (i).
e Point (i) takes more work. As a first step, let us first show that, for all b > 0, there exists ¢, > 0
such that

E [ (Wi (KS)”] = € (177 + B[ Wap (KS)]). (36)
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Write

r b
E (Wk(Kr(lﬁ))) IL{k:kmax(’l)}:I

Nk

E I:(kaax(n)(K,(lﬁ)))b:I =

~
Il
—_

r b
(Wk(Kr(zﬂ ))) ﬂ{kskmaxm)}]

IA
K
=

~
Il
—_

(W) 1k = ) [Pk < k).

IA
Nk
=

~
Il
—_

As before, we can apply the Markov property at time kK — 1 and Lemma 4.11 to get a constant ¢

not depending on n or k such that
E[(We(KP)" |k < k()] < c.

We can now write

E [ (Wi (KS)"] = ¢ D7 PGk < (1)
k=1
< cE[kmax(n)]

< ca” ("""t + E[ Wi (K1),

where the last line comes from (35). This gives (36). Now to prove (i), let § > 0, and b > 1, and

write

E[kaz"‘(")(K’gﬂ))] <n’+ E[Wk'“a"(")(K’gﬂ))l{kaax<n>(Kf/3))>n‘Sl]
_(b— b
< 1’ + 0" O PE[(Wigeon (K3)]
< +n—(h_1>scb(ny—ﬁ +E[kax(m([{£ﬁ))]).

Notice that E[Wi,,.o(K\)] is finite for n > 267! because, with the changes made in
Section 4.4.1, there is at least one change of type after oy, (4)—1 K, implying Wy () (K Wy <
TO(Z,(,ﬂ )) which has finite expectation by (27). We can then write

B[ Wegin (K |(1 = 17003 ¢,) < P 47 =670 i,

which yields (i) if b > max(1, (y — B)/9).

e Point (ii) is obtained by combining (35) with point (i).

o For the first part of point (iii), notice that Ukmax(,,),l(l(,(lﬁ)) <n"P@ A Spe) < akmax(n)(l(,(,ﬂ))
and thus E[|nf 7 o (K8 — £ A Spel] < 0PV E[ok e (Kn) = Otman—1 (K] By ()
and the hypothesis y > B, we get that E[|nﬁ‘yokmax(n)(l(,(f)) — 1 A Sy.¢l] tends to 0. The second
part of (iii) is then reduced to showing that nﬂ’y(okmax(,,)(L’) — Ok () (K ,(,ﬂ ))) tends to 0 in L;.

Rewriting this as the sum of the differences of the waiting times and then using Wald’s formula
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again we obtain

kmax (1)
E[|Ukmax(n)(L/) - Ukmax(n)(Ky(,ﬂ))[I < E |: Z |Wi(KP) — Wk(L/)[|
k=1
=< ansJE[kmax(n)]
Lemma A.7+(33)
=< Cny_ﬂanEJ ’

(i)
thus ending the proof, since p|,| has limit 0. [J

4.4.4. Proof of (30)
Let

tASp,e IASp.e
I (n) =/ Spr—p5ds, IL’(”)Z/ Spmr-p5ds and  Ix(n)
0

0
tASn,e
= /0 (SK,(,ﬂ)(nV’ﬁs)ds'

We will argue that both I;/(n) — Ix(n) and Iy (n) — I;/(n) converge in L to the zero measure
as n goes to infinity, which, combined with (31), will give (30). Since the considered measures
are in a finite-dimensional vector space, we use the simple norm |.| given, for a measure v on
{1,...,k}, by

K

vl = "vG)l.

i=1

e Notice first that, knowing that L’ and K %) have the same jumps, but simply jump at different
times, we can bound |I;/(n) — Ix(n)| by

kmax (1)
1
|[IL(n) = Ix ()| < nH( D WK — WL+
k=1
0Pt A Spe) = Oty (K]
+ [0 P NS, — okmax(,,)(L/)|>.

By Lemma 4.12, the second and third terms in the brackets tend to 0 in L; when divided by
n?~P. The first one has already been shown to converge in L; to 0 at the end of the proof of
Lemma 4.12.
e Comparing Iy (n) and I/(n) requires more work. We will, in order, prove that all the following
random variables converge to 0 in L;:
@ 7P (01, oy (L) — Ot (L)) .

(i) [1(n) =P P WL Sy

(iif) (IL(n) — B YO W (L) L)
(iv) [I.(n) — Iy (n)|.

o The proof of (i) relies on two basic observations: for every k, iy 1 —iy is, conditionally on A4, (k)
and k + 1 < kpax(n), equal to 1 with probability at least 1 — p|,) (see (34)) and, conditionally

’
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on it not being equal to 1 (an event with probability less than p|, ), it is 1 plus some hitting time
of the discrete, finite state space Markov chain embedded in L, and thus bounded in expectation
by irreducibility. We can write

E[ik-H =i | Au(k), k+1 < kmax(n)] < 1+ Dpjpe)

for some constant D > 0. Moreover, if we additionally condition on the value of iy — i, then
iy (L) — 03, (L) — (0p41(L") — ox(L")) is just the time it takes for L to go from L(a,»kH(L)) to
K,Eﬂ) (ok+1(K,(,’3))), knowing it needs i;4; — iy — 1 independent jumps to do so. Thus

E [0, (L) — 03, (L) = (0ks1 (L") — 0 (L") | Au(k), k + 1 < kimax(n), g1 — i

< D'(igp1 —ix — 1)

where D’ = sup 1/|g;;|. So finally,
i }

ie{l,...k
E [0y, (L) — 03, (L) — (041 (L") — 0k (L) | k + 1 < kmax(n)] < D' Dpype). (37)
Write then
kmax (n)—1
E 03, L) = (L] = E [ > o (L) — oy (L)
k=0

— (k1 (L) — Uk(L'))]

=< D,DanEJ]E[kmax(n)]
(37)4+Lemma A.7

and by Lemma 4.12 (ii), this tends to 0 when multiplied by n#~7.
o Item (ii) is proved by noting that

kmax (1)

I (n) —nf Z Wi(L)8 1/ 1y
k=1

= "o (L) —t A Spe

)

and so its limit is 0 by Lemma 4.12 (iii).
o For (iii), notice similarly that

ikmax (n)

In) =P 3" WiL)1io, )
k=1

= n’sf”aikmax(m(L) —tASpe

)

and so its limit is O by (i) and Lemma 4.12(iii).
o Finally for (iv), notice first that, by (ii) and (iii),

{kmax (n) kmax (n)
nli)rglJIL(n) - IL/(n)‘ = nli)tglonﬂ_y kz Wk(L)(SL(gkil(L)) — kz Wk(L/)SL/(ak,I(L/)) .
=1 =1

Note that, by construction, for all k < kp,x(n), the kth term of the second sum is equal to the
(ix—1 + Dth term in the first one, and so we can write

ik
< > WiL)— Wi(L).

i=ip_1+1

ik
' Z Wi(L)81o; 11y — Wk(L)S L/, 17y
i=ip_1+1
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Summing over k, we have

{kmax (n) kmax (1) kmax (1)
Z Wi(L)8 o,y (L)) — Z Wi(L )1/ o 1| < Z (03 (L) — 03, (L)
k=1 k=1 k=1

— (ok(L") — 0y—1(L"))
< 0o (L) = Oy (L),
and (i) ends the proof of (iv). [

5. Solo regime

We now focus on cases where the rate of type change is much smaller than the rate of
macroscopic jumps. The chain will therefore not change type in the scaling limit, with a dynamic
that only depends on its initial type, which brings us back to the standard monotype setting.

~\

-
Hypothesis (Hs,). We fix atype i € {1, ..., «} and assume that there exists y > 0 such that:

(i) There exists a non-trivial, finite measure /,L(i) on [0, 1] such that for all continuous
functions f : [0, 1] —> R,

n” mi_of () (1= %) puitmi) — | fou@.

[0.1]

(ii) Moreover,

Y P j)=o@).
Jel{l,....k\{i}

- J

As before, we let Z\) denote the Lamperti transform of X defined by (10) via the time-change
).

Theorem 5.1. Fixatypei € {1,...,«x} and assume (Hyo) for i.
(1) Then,
XO(n7-])
n

,Z,(,i)(Lny'J)> O (x®, z0),

n—00

where —log(Z") is a subordinator with Laplace transform

. . 1 — x4 ,
Vi(q) = 0D + nO(1hg + / ( a ) u(dx),
©,1) 1 — X

and XD is the y -Lamperti transform of Z9.
(ii) Assume moreover that liminf, _, on ™7 3"} > ety Pk, £) > 0 for somer < 1 and
all types j. Then, jointly with the previous convergence

(@)
AY @ 10,
n?Y n—oo

with 1? the extinction time of X, Additionally, there is convergence of all positive moments of
AW /n” to those of 1V, which are all finite.
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Remark. In words, the additional assumption in Theorem 5.1 (ii) says that the probability of
doing a jump larger than n— | rn| is asymptotically larger than cn ™" for some ¢ > 0, whatever the
starting type j. This assumption is probably too strong to get the conclusion of (ii) - for example,

.....

& > 0, one can check that both (i) and (ii) hold, without any additional assumption. However we
are not able to prove that (H, ) alone implies the convergence of the absorption times in general.

Proof. (i). Let 7" be the first time at which X either changes its type, or is absorbed. Then,
consider the transition probabilities defined for n, m € Z, m < n, by

Gum)=">_ " pui(m, j).

Otherwise said, g, is the distribution of X(1). Consider also the transition probabilities also
defined forn,m € Z,, m < n, by

ra(m) = pi(l, i) whenm > 1 and  r,(0) = p;i (0, )+ D puilm, j),

which corresponds to the dynamics of the chain X sent to 0 at time T,”™. We can then couple
the construction of (X, J®) with that of two Markov chains X W x Y on Z, starting from n,
with respective transition probabilities (g, (m)), (r,(m)) and such that

X0k = XPk), VO <k < TP and X)) = XDU)L ey, Yk = 0.

Next, note that (i) and (ii) of (Hyc;) imply the convergences

n? mi:;)f () (1=%) gulm) — |, Jeomt@n,

n—o0o

n—oo

L) 0= [ s

for all continuous f : [0, 1] — R. This, together with Theorem 1 and Theorem 2 of [19], implies
in turn that

O(|n. ) o @D(|pr. @) o
<—X" (Ln J)7i> ﬂ) (X('),I(')), (X” (Ln J),A_”> Ld)) (X(l),l(l)), (38)

n nv —00 n nY n—o00

with obvious notation, as well as the convergence of all positive moments of n=¥ A® and n=7 A(,,q)
to those of ). Note also that

t t A@
T," = Aizr) and A:(1q) =T+ AX(‘D(Ttpr)’

with A@ a process distributed as A@, independent of X,(f)(T,fype) (for this we use that TP
is a randomized stopping time for X fzq)). This, together with (38), implies that n™7 AQ

X7
converges to 0 in probability, which in turn implies that
x® T;ype Xilq) Tntype
@) Xn () e (39)

n n n—00



B. Haas, R. Stephenson / Stochastic Processes and their Applications 128 (2018) 3558-3605 3597

(note that IV > 0 a.s.). So, finally, we have that

XPn"-D) @,

n n—o00

X%, for the Skorokhod topology

and

— 0

n n—o0

H X’(;)(Ln)’_]) B X}(qr)(l_ny.J) H - X;(j)(T':ype) b
n n - —

and we conclude with a Slutsky-type argument that n = X©(|n”]) 9 X®,
n— 00

(ii) With our additional assumption, it is easy to prove, in a way very similar to the proof of
Lemma 3.5, that for all @ > 0 and all types j,

A(j N\ ¢
sug E n’; < Q. (40)
ne

Then, using the Markov property at time 7", we write

i FO@P)
Aiz) - Tntype + Axﬁ,i)(r,:y"e)

with (A~§(j), k>0,je{l,...,«}) distributed as (A,({j), k>0,je{l,...,«}) and independent
of (JO(T,"™), X (T,)). By (40) and (39), we have that

F U@
(i) mtype a
X, (T, L
n ( n ) O

nv n—00

for all a > 0. Besides, Theorem 1 and Theorem 2 of [19] imply (38) and the convergence of all
positive moments of n=" A (equivalently n~” T,°") to those of 1®). All this together implies the
convergence in distribution of 77 A% to IV and that E[(n™? AP)"] < oo for all a > 0. Hence
the conclusion. [

6. Applications

As mentioned in the Introduction, the description of the scaling limits of non-increasing
Markov chains on Z, was an essential tool to describe the scaling limits of several random
objects: random walks, coalescence or fragmentation-coalescence processes, trees, maps.

Our initial motivation to extend these results to Markov chains on Z, x {1, ..., k} was to
develop applications to the scaling limits of multi-type Markov branching trees, which is a natural
family of trees carrying types, that includes some models of randomly growing trees, and multi-
type Galton—Watson trees. These applications require some work and will be developed in the
upcoming paper [23].

There are however others interesting, and more direct, applications. We mention here two of
them.

6.1. Collisions in coalescents in varying environment
The A-coalescents were introduced by [30] and [31] and studied by several authors since then.

These models allow multiple collisions (i.e more than 2 particles may coalesce at once) and the
coalescing mechanism is driven by a finite measure on [0, 1], usually denoted by A. Roughly,
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such a process takes its values in the set of partitions of N, is Markovian, exchangeable, and such
that the rate at which n particles (blocks) coalesce into k particles (blocks), for 1 <k <n —1,1s

ra(k) = ( " )/ N =) Adx), 1<k<n-—1.

The case where A = §, corresponds to Kingman’s coalescent. We refer to [6] for a review on
that topic.

We consider here a variation of this model where the environment may influence the
coalescing mechanism, which is therefore allowed to vary from generation to generation. A
generalization in the same spirit was already considered in [29].

Coalescing mechanism. We assume that there are « possible environments. Let A9, 1 <i <«
be « finite, non-trivial measures on [0, 1] such that A?({0}) = 0 and

—

/ x 2 A dx) ~ Du (41)
[u,l] u—0

for some y € (0, 1) and some strictly positive constants ¢ 1 < i < k. To each of these
measures, we associate the following Laplace exponent

. 1 .
v (g) = —/ 1 — (1 —x)7)x249D(dx). (42)
I'Q2—y)® Jioq ( )
Besides, we let P,, n > 1 be k x k stochastic matrices such that
nf(P,—1) - Q (43)
n—oo

for some B > 0 and some irreducible Q-matrix Q, and hence a unique stationary distribution
denoted by 7 = (w (i), | <i <«).

The coalescing mechanism then evolves as follows. In environment #, the particles coalesce
according to the mechanism A, i.e., the probability that n particles coalesce into k particles is

. 1 n .

pP(k) = T( ) / A -0 AD@y), 1<k<n-—1
2 \k=1) Jio.1)

where Z{) is a normalizing constant. Moreover, the probability that the environment changes

from i to j when n particles coalesce is P, (7, j), so that the transition probabilities of our chain

onZy x {l,...,k}is

puilk, j) = Pu(i, ))pD (k).

When the matrix P, is constant, independent of n, this corresponds to situations where the change
of environment does not depend on the number of present particles.

Number of collisions. Starting from n large, the quantity we are interested in is the total number
of collisions (that is, the number of steps) until all the # initial particles have coalesced in a unique
particle. We let C') denote this random variable when the 7 initial particles are in environment
i. When there is a unique environment (k = 1), this question has been treated by several authors
[17,16,25,24,19,15]. In a varying environment, we obtain as a direct consequence of our results:

Theorem 6.1. Assuming (41) and (43), we have for all iy € {1, ..., k},

(@ip) 00
ct
9, / exp(—y &, )dr
0

nY n—oo
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where,

G) If B = y: & is the first marginal of a MAP (&, J) on R, x {1,...,«}, starting from
(£(0), J(0)) = (0, iy) and with characteristics:

o Ajj = 0, j)and B; j = & foralli # j
o (1 4+ Q, i)]l{ﬂ:()})tﬂ(i), with w(i) as defined in (42), for all types i.

(1) If 0 < B < y: & is a subordinator with Laplace exponent Zlen(i)w(i).
(iii) If B > y > 0: & is a subordinator with Laplace exponent 0.

There is also convergence of all positive moments of C,(,i‘)) /nY to those of fooo exp(—yé&,)dr.
Moreover: if we denote by X 5,10)(k), k > 0 the number of particles after k collision steps, starting
from n particles in environment iy,

x{n?-]) @

—> exp(—§,),
n n—o0

where p is the usual time-change p(t) = inf{u > 0 : fg exp(—y&)dr > t}.

Proof. By Lemma 8 and Lemma 9 of [19], we know that under (41),

" k\? . .
n’y (1 - <;> )p,g”(k) — v¥(q), forallg > 0.
k=0

which, together with Hypothesis (43) and Theorems 3.1, 3.2, 4.1, 4.2 and 5.1 readily yields the
result. [

6.2. Markov random walks with a barrier

Random walks with barriers are variants of the usual random walks with i.i.d. increments,
conditioned on not going over or below some fixed real numbers. In [19] and [25], where
they were also linked to some coalescent processes, some results on their scaling limits are
established, in particular when the increments are heavy-tailed. We generalize these in a simple
multi-type setting.

We consider a Markov random walk ((Sk, J), k> 0) onZ x {1, ..., «}. This process is the
discrete analogue of a MAP and a natural generalization of a random walk with i.i.d. increments.
It is a process such that, conditionally on F;, where F; is the sigma-field generated by (S, J;)
for [ < k, the distribution of (Sx4+1 — Sk, Jk+1) only depends on Ji. Otherwise said, (Ji)r>0 is
a Markov chain on {1, ..., «} (often called the driving chain) and, if J jumps from i to j, then
the corresponding jump of S has a distribution (q,(,’,"’ ‘'m e Z) independently of the past, where
the (q,(é” ) m e Z) are probability distributions on Z. We focus exclusively on the case where
(Sk, kK = 0) is nondecreasing i.e. the jump distributions (q,ﬁi’f \m e Z) are supported on Z. In
this case, the process is also sometimes referred to as a Markov renewal process. For background
on these processes, we refer to the work of Alsmeyer [3] and the references therein.

We will consider a variant of the Markov random walk which has a barrier at an integer n € N.
Informally, this is a version of ((Sk, Jo), k> O) such that each jump of (S, J) is conditioned on
not taking the S component higher than level n. To be specific, letn € N, P = (P (i, j))i<i, j<«
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be a stochastic matrix, and fori, j € {l,...,k}and k € Z,, set
q—k(z D) — Z ql(is./') and %(i) — Z P, j/)%(i,.i’).
I>k+1 Jell k)
We define a Markov chain ((S,(k), J,(k)), k > 0) on {0, ...,n} x {1, ..., «} with the explicit
jump rates qiz}(t, j) given by, for (i, j,s,t) € {1,...,k}> x {0,...,n}%, s <t
PG, j)g7 S
n . —_— f ,,,S(l) 1,
ae H={ T Bl =
L= PG, J) if g, " =1.

Moreover, we always start with Sy(n) = 0, while Jy(n) is deterministic. Under this setting, it is
clear that, letting X,,(k) = n — S, (k), the process

((Xa(K), Ju(K)), k = 0)

is a Markov chain on {0, ..., n} x {1, ..., «}, and its transition probabilities are given by
(@, /)
' P, j)gs= T <1,
peit, ) =1 1-g®
l{t:.v}P(i»j) iqu 7. = 1.

These do not depend on 7, and as such fall under the framework of the paper. Hence we use again
the notation (X (k), J()(k)) to signify that the starting point is (n, 7).
We can then give under a few conditions the scaling limit of X, and its absorption time A,.
To this end, notice first that for n large enough and fixed i, j,
n q—n(l )

> puitk, j) = —P(z D) — PG, ).

k=0 -3
In other words, when n is large, the types behave as a random walk with transition matrix P,
which means that we could only end up in the mixing regime, with 8 =0and Q = P — I.

Theorem 6.2. We assume that the matrix P is irreducible, and call 7 its invariant measure.
(1) Let y € (0, 1) and assume that, for all i, j € {1, ..., «}, there exists a; > 0 such that
n' g " converges to a;. Then

X([n7t]) AN @ >
<<T,l > 0), n_V) r::o ((Zp(,),t > O) ,/0' (Z[)ydt),

where —log Z is a subordinator with Laplace exponent  defined for » > 0 by

Y = Zma,/ (=™ &

—x)y+l

and p(t) = inf {u >0: f o Z(r)Vdr > t} . We also have convergence of all positive moments for
the second coordinate.

(ii) Assume that, for all i € {1, ...k}, m; = Y 5_ > re kPG, ])q(' D is finite. Then, letting
m =Y :_,m;, we have

(i) (i)
(520 5) 2 (@=movo=0.0)
n n n—00 m

We also have convergence of all positive moments for the second coordinate.
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Proof. Having in mind the remark above the theorem, we now just need to properly apply
Theorem 4.2 to both cases. For point (i), we have to prove that, fori € {1,...,«}, and f a
continuous function on [0, 1],

ZZ P, ]Ez)k( _ §>f(§) ’;;a,»y/ol FOoO —x)"dx.

We can restrict ourselves to the case where f is continuously differentiable, and we end up
with the same computation as in the proof of Theorem 3 in [19], part (i), we do not repeat it
here. Similarly, for point (ii), noticing that (1 — mt v 0, r > 0) is the Lamperti transform of the
subordinator (mt, t > 0), we have to prove that

ZZ”’ L Y

By Proposition 3 of [19], we can restrict ourselves to f(x) = % for A > 0 (extended by
f(1) = &), in which case the proof, once again, bears no difference to that of part (ii) of Theorem
3of [19]. O

Remark. One could imagine various other models of Markov random walks with a barrier. For
example, instead of conditioning the walk on not taking the S component higher than n, we could
have killed the walk the first time that S exceeds n. Or we could imagine a model where the types
still form a Markov chain with transition matrix P and we only condition the position component
to not jump over n. The results one gets for these models have mostly the same flavor, and thus
we do not present them here.

Acknowledgments

We would like to thank the referees for their careful reading of the paper and for their
insightful remarks which led to several improvements. This work is partially supported by the
ANR GRAAL ANR-14-CE25-0014.

Appendix
A.l. A few results on the Skorokhod topology

We start with the proof of Lemma 1.3 and then settle a few lemmas useful for the proof of
Lemmas 3.3 and 4.10

Proof of Lemma 1.3. For (i), notice first that, by standard arguments, since the 7, are
all increasing, we only need to show pointwise convergence. For t < Tp(g) this is simple,
since, given f(t(¢)) > 0, the equation f on(t) fa(r)*dr = t shows that 7,(¢) cannot have any
subsequential limit which is larger or smaller than 7(¢). For r > Ty(g) (such that f(z(z)) = 0),
we have by definition 7(¢) = To(f), and must then show that 7,(t) — To(f). It is a direct
consequence of the Skorokhod convergence of f;, to f thatliminf 7, () > To(f). For the limsup,
let a > Ty(f), assume that a subsequence of 7,(¢) is greater than a. Along this subsequence, we
then have 7,(1) — a < f,(a)™%(t — t{""(a)), which implies t > f,(a)*(z,(t) — a). However,
since a > Ty(f), fu.(a) tends to 0 and thus this implies that 7,,(¢) converges to a, a contradiction
since we could replace a by (a + To(f))/2.
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Point (ii) is then an easy consequence of point (i). Recall that there exists for n € N a time-
change X,, which converges uniformly on compact sets to the identity function, such that f,, o A,
converges uniformly to f on compact sets. Then, letting w, = 7{~" o A, o T, i, also converges
uniformly on compact sets to the identity, and g, o u, converges uniformly on compact sets
tog. O

Now, for all pairs of functions f, g in D ([0, 00), [0, 00)) and all ¢+ > 0, we define a new
function gluel’!l( £, g) € D ([0, 00), [0, 00)) as follows:

gluel(f, &)(s) = f(s), Vs <t, gluell(f,g)(s) =g(s —1), Vs=>rt. (44)

Lemma A.1. Assume that:

e f, — finD([0,00),[0,0)), with f, non-increasing
e g, — ginD([0, 00), [0, 00))
e [, € R+ — 1 € R+
i fn(tn_) - f(t_)
Then,

glue™(f,, g.) —> gluel'l(f, g) in D ([0, 00), [0, 00)).

Proof. We use for this Proposition 6.5, chapter 3 of [14]. Since f, and g, converge in the
Skorokhod sense, it is easy to see that conditions (a),(b),(c) of this proposition are satisfied
for every time s # t. For s = ¢, lets, — t. If s, > 1, for all n large enough, then
hu(sn) = gu(s, — 1) = g(0) = h(t). If 5, < 1, for all n large enough, then £, (s,) = f,(s,). Let
& > Osuch that f,,(t —¢e) — f(t — ¢) (recall that this holds for every ¢ > 0 such that  — ¢ is not
a jump time of f). Since f,, is non-increasing, we have f,(t,—) < f,(s,) < fu(t — &) for n large
enough, hence

f@t—) < liminf f,(s,) < limsup f,(s,) < f(t — &).

We conclude, by letting ¢ — 0 along an appropriate subsequence, that f,(s,) — f({—) =
h(t—). Hence assertions (a),(b) and (c) of Proposition 6.5 are satisfied for 4, and the result
follows. [

Lemma A.2. Let f,, f be non-increasing non-negative cadlag functions such that
fu =2 onD([0, 00), [0, 00)).
Assume that t, = inf{s : f,(s) =0} — ¢t =inf{s : f(s) =0} < oc0.
(i) If moreover f(t—) > 0 and liminf f,(t,—) > O, then f,(t,—) — f({—).
(i) If f(t—) =0, then fu(ty—) — 0= f(t—).

However it is easy to build examples where f,(f,—) — 0 whereas f(r—) > 0 (e.g.
f(S) = ]‘{S<1}’ ﬁ1(s) = ]1{S<1} + nil:ﬂ'{lfs<l+n’1})'

Proof. Case (i). By definition of the Skorokhod topology, we know that there is a sequence of
times s, — t such that f,(s,—) — f(t—) and f,(s,) — f(t) = 0. Note that since the functions
fn are non-increasing and since liminf f,(z,—) > 0, we necessarily have that s, > ¢, for all
n large enough. On the other hand, if s, > ¢,, then f,(s,—) = 0, and this is not possible for
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n large enough since f,(s,—) — f({—) > 0. So finally s, = ¢, for all n large enough and
In(ta—) = f(t-).

Case (ii). For all 6 > 0, let ¢ > O such that f(f —¢) < § and f,(t —¢) — f(t — ¢)
(such an ¢ exists since f,(s) — f(s) for a.e. s). Since the f, are non-increasing, this leads to
limsup,, f,(t,—) <éforallé > 0. U

Lemma A.3. Suppose that f, and f are cadlag functions on [0, 1] such that f,, converges to f
in the Skorokhod topology. Then f, also converges to f in Li([0, 1]).

Proof. Let ¢ > 0. We know that, for n large enough, there exists a continuous and increasing
Eme—change T, such that |7,(x) — x| < e and | f,(x) — f(7,(x))| < ¢ for all x € [0, 1]. Letting
f(x,e)= sup f(y)and f(x,¢) = ‘ inlf f(y), we then have

ly—x|<e - y—x|=¢

i(',E)—Sanff(us)—i-e.

The proof is ended by noting that both f(-, ¢) and f(-, &) converge in L, to f by the monotone
convergence theorem, since f is bounded and has countably many discontinuities. [

A.2. Weak convergence in probability of measures

The notion of weak convergence of finite measures on [0, 00) can be metrized by the
Prokhorov metric, defined by

d(,v) :=inf{e > 0| u(A) < v(A®) + g and v(A) < u(A®) + ¢ forall A € B(M)},

where ¢ and v are two finite measures on [0, co) and A® denotes the ¢-enlargement of A.

With this metric then comes a notion of convergence in probability for random measures. We
list here a few elementary properties which are of use. In all three upcoming lemmas, (i, n € N)
and p are some random finite measures on [0, 00).

Lemma A.4. As n tends to infinity, u, converges in probability to u if and only if, for any
subsequence of (u,, n € N), one can extract another subsequence which converges a.s. to |i.

This is classical, and in fact true for random variables in any metric space, not just random
measures. The next lemma is just a consequence of the fact that continuous maps preserve
convergence in distribution.

Lemma A.5. Assume that |, converges in probability to  and let f be a continu-
ous and bounded function on [0, 00). Then f[o,oc) fx)du,(x) converges in probability to

Jio.0o) F OO

We end with a partial variant of the Portmanteau theorem in probability.

Lemma A.6. Assume that, for all t > 0, w,([0, t]) converges in probability to u([0, t]) as n
tends to infinity. Then |1, converges in probability to 1.

Proof. We use Lemma A .4: let (v,,n € N) be an extracted subsequence, and we will extract
from it a subsequence which converges a.s. to w. Let (f,k € N) be an enumeration of the
nonnegative rational numbers. We then let o7 be an extraction such that v, (,)([0, #1]) converges
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a.s. to u([0, #1]), then extract o, from oy such that v, ([0, £2]) converges a.s. to u([0, #2]), and
so on: for all k, oy is an extraction such that v,, (,)([0, #;]) converges a.s. to u([0, ;]) forall i < k.
We then do a diagonal extraction and let o(n) = o0,(n), and we then get that, for all rational ¢,
Vom)([0, £]) converges a.s. to u([0, ¢]). Now for irrational #, we get by monotonicity arguments

w([0, 1)) < liminf vy ([0, ]) < lim sup vou) ([0, 1]) < w([0, £1).

Thus, if ¢ is a continuity point of w([0, -1), vem)([O, t]) converges to w([0, -]), and by the
Portmanteau theorem, v, (,) converges a.s. to p. This ends the proof. [

A.3. Wald’s formula
We use the following variant of Wald’s formula:

Lemma A.7. Let X,,,n > 1 be real-valued random variables, N a random integer, and assume
that there exists a > 0 such that, for all n, E[X,, | N > n] > a, then

N
E Zx,- > aE[N].
i=1

This stays true if we swap < for >.

Proof. Just notice that E[Y"1 | X;] = Y02 E[Xi Linsiy] = Y00,aPIN > i1 = aE[N]. O
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