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Abstract

The forest of mutations associated to a multitype branching forest is obtained by merging
together all vertices in each of its clusters and by preserving connections between them.
(Here, by cluster, we mean a maximal connected component of the forest in which all
vertices have the same type.) We first show that the forest of mutations of any multitype
branching forest is itself a branching forest. Then we give its progeny distribution and
we describe some of its crucial properties in terms of the initial progeny distribution.
We also obtain the limiting behaviour of the number of mutations both when the total
number of individuals tends to co and when the number of roots tends to co. The
continuous-time case is then investigated by considering multitype branching forests
with edge lengths. When mutations are nonreversible, we give a representation of their
emergence times which allows us to describe the asymptotic behaviour of the latter,
under certain conditions on the mutation rates. These results have potential relevance for
emergence of mutations in population cells, particularly for genetic evolution of cancer
or development of infectious diseases.
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1. Introduction

The homogeneous multitype branching hypothesis provides a relevant model of population
growth in the absence of any competitive or environmental constraint. In particular, it is widely
used in population genetics, when studying successive mutations whose accumulation leads to
the development of cancer. Then determining the statistics of the emergence times of mutations
or evaluating the distribution of the population size of mutant cells at any time become important
challenges. In the extensive literature on the subject, we refer the reader to, for example, [2],
[10], [11], [13], [14], and [16].

In this paper we are concerned with the mathematical study of mutations in multitype
branching frameworks. We first focus on the problem of the total number of mutations
under very general assumptions. This number is not a functional of the associated branching
process and its study requires the complete knowledge of the multitype branching structure,
that is, the underlying plane forest. Then we show that the forest of mutations associated to
any multitype forest is itself a multitype branching forest whose progeny distribution can be
explicitly computed. This result allows us to investigate the asymptotic behaviour of the number
of mutations, when either the total population or the initial number of individuals tends to co.
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544 L. CHAUMONT AND T. N. A. NGUYEN

When time is continuous, we are mainly interested in emergence times of new mutations
in the nonreversible case. In this paper we give explicit and exact expressions for successive
emergence times of mutations. More specifically, we use a recent extension of the Lamperti
representation in higher dimensions in order to express successive emergence times in terms of
integral functionals of compound Poisson processes. These exact expressions are then exploited
to give approximations of emergence times as sums of independent random variables whose
law is easily evaluated. Moreover, under some conditions on the mutation rates, we are able
to compute the Laplace transform of emergence times and derive from this expression some
accurate estimates of their mean. Among previous works in this direction, Durrett [10], [11]
used an approximation of the branching process itself for large times in order to provide explicit
expressions for the tail distribution of successive emergence times. Exact results can also be
found in [1] for the emergence time of some particular type. In this paper we prove that the
distribution of this time satisfies some differential equation from which it can be numerically
evaluated. Our work can also be compared to [19] and [20], where the waiting time to escape
extinction was studied in discrete time. In these works, the reversible case was also considered
but this more general assumption only allows us to obtain a functional equation satisfied by
the generating function of the waiting time. Some approximations on the mutation rates yield
nicer expressions leading to numerical evaluations.

In Section 2.1 we start with some preliminaries on the coding of multitype branching forests
by multivariate random walks. Then we state and prove our results on the total mutations sizes
of branching forests in Sections 2.2 and 3.2. Results bearing on emergence times are presented
in Section 3.3. Then we conclude in Section 4 with a discussion on potential applications of
our results to the genetic evolution of cancer and development of infectious diseases.

2. Mutations and their asymptotics in discrete multitype forests

2.1. Preliminaries on discrete multitype forests

Throughout we use the notation Z = {0, 1, 2, ...}, and for any positive integer d we set
[d] = {1,...,d}. We will denote by ¢; the ith unit vector of Z‘i. We define the following
partial order on R? by setting

x=(1,...,x3)=>y=01,...,yq) ifx; > y;foralli € [d].

The convention inf @ = 400 will be valid throughout this paper. Then (2, ¥, P) is areference
probability space on which all the stochastic processes involved in this paper are defined.

Let us first recall the coding of multitype forests, as defined in [9]. A (plane) tree ¢ is a
directed planar graph with no loops, on a possibly infinite and nonempty set of vertices v(¢).
All directed paths of a tree ¢ have a common terminal vertex called the root of ¢. For two
vertices u, v € v(¢), if (u, v) is a directed edge of ¢, we say that u is a child of v and that v is
the parent of u. Each vertex has a finite number of children and at most one parent. The only
vertex with no parent is the root.

A forest f is a possibly infinite set of trees. We will denote by v(f) the set of vertices
of f. The roots of the trees of a forest f are called the roots of f. We give an order to the
trees of the forest f and denote them by ¢ (f), L2(f), ..., tk(f), ... (we will usually write
t1,t, ..., t, ... if no confusion is possible). Then we rank (a part of) the vertices of f
according to the breadth-first search order, by ranking first the vertices of ¢, then the vertices
of #,, and so on; see the labelling of the two forests in Figure 2. Note that if #, for k > 1 is the
first infinite tree, then the vertices of #;1, ... have no label according to this procedure.
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On mutations in the branching model for multitype populations 545

To each forest f, we associate the application cs: v(f) — [d] such that if we place
Wi, Uitl, ..., uiyj €v(f) from left to right and each having the same parent, then cf(u;) <
cruiyr) <--- < cf(uitj). Forv € v(f), the integer c s (v) is called the type (or the colour)
of v. The couple (f, cy) is called a d-type forest. When no confusion is possible, we will
simply write f. The set of d-type forests will be denoted by §4.

A cluster or a subtree of type i € |d] of a d-type forest (f, cy) € Fy is a maximal connected
subgraph of (f, c ) whose vertices are all of type i. Formally, # is a cluster of type i of (f, cr)
if it is a connected subgraph whose vertices are all of type i and such that either the root of ¢
has no parent or the type of its parent is different from i. Moreover, if the parent of a vertex
v € v(¢)° belongs to v(¢) then cf(v) # i. Clusters of type i in ¢ are ranked according to the
order of their roots in the breadth-first search order of #;; see Figures 1 and 2. If the number
of clusters of type i is finite in #; then we continue by ranking clusters of type i in #, and so
on. Note that with this procedure it is (p0s51ble that clusters of #, #x+1, . .., for some k, are not
ranked. We denote by 1 t2( - tk , . .. the sequence of clusters of type iin(f,cy). The
forest f) = {t(') t(l) t(l) ...} is called the subforest of type i of (f,cs). We denote
by ugl), u(z ), ... the elements of v( f (i)), ranked in the breadth-first search order of f @, The
subforests of the 2-type forest from Figure 1 are represented in Figure 2.

To any forest (f, cy) € F4, we associate the forest of mutations, denoted by ( f ,C f) e Fy4,
which is the forest of F; obtained by aggregating all the vertices of each subtree of (f, cyr)
with a given type, in a single vertex with the same type, and preserving an edge between each
pair of connected subtrees. An example is presented in Figure 1.

For a forest (f,cy) € 4 and u € v(f), when no confusion is possible, we denote by
pi(u) the number of children of type i of u. For eachi € [d], let n; € Z U {00} be the
number of vertices in the subforest £ of (f, ¢ £). Then let us define the d-dimensional chain

x@ = (%1, ..., x"9), with length n; and whose values belong to the set Z¢, by x(’) = 0 and
4
|
2
NN/
2 3
I I
1 5 /
1 / 3 4
tH b t3

TR

FIGURE 1: Upper: a discrete 2-type forest. Roots of clusters are ranked in the breadth-first search order
of the forest. The rank is written on the left of these roots. Lower: the corresponding forest of mutations.
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FIGURE 2: The subforests of the 2-type forest presented in Figure 1 with their breadth-first search labelling.

ifn; > 1,

i,j

xl = xn = piwl) ifi #

X —xht = p,-(ugj_l) -1, 0<n<n; —1, 2.1)
where (uff))nz 1 is the labelling of the subforest f @ in its own breadth-first search order.
Note that the chains ();;,’j ) for i # j are nondecreasing whereas (xy") is a downward skip-
free chain, that is, x;’_’H —xy' > —1for0 < n < n; — 1. Besides, if n; is finite then
ni =min{n: x;' = ming<x<,, X, }. Let us also mention that, from Theorem 2.7 of [9], when
trees of (f, cs) are finite, the data of the chains xV, ..., x@ together with the sequence of
ranked roots of (f, cr) allow us to reconstruct this forest.

Let us now apply this coding to multitype branching forests. Letv := (vy, ..., vg), where v;
is some distribution on Zi. We consider a branching process with progeny distribution v, that
is, a population of individuals which reproduce independently of each other at each generation.
Individuals of type i give birth to n; children of type j € [d] with probability v;(n1, ..., ng).
Fori, j € [d], we denote by m;; the mean number of children of type j, given by an individual
of type i, that is,

mjj = Z njvi(nl,...,nd).

We say that v is nonsingular if there is i € [d] such that vi(n: n; +---4+n4 = 1) < 1.
The matrix M = (m;;) is said to be irreducible if, for all i, j, m;; < oo and there exists
n > 1 such that ml@ > 0, where ml(;’) is the ij entry of the matrix M". If, moreover, the
power n does not depend on (i, j) then M is said to be primitive. In the latter case, according to
Perron—Frobenius theory, the spectral radius p of M is the unique eigenvalue which is positive,
simple, and with maximal modulus. If p < 1 then the population will become extinct almost
surely (a.s.), whereas if p > 1 then, with positive probability, the population will never become
extinct. We say that v is subcritical if p < 1, critical if p = 1, and supercritical if p > 1.
We sometimes say that v is irreducible, primitive, (sub)critical or supercritical, when this is the
case for M.
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On mutations in the branching model for multitype populations 547

By multitype branching forest with progeny distribution v, we mean a sequence with a
finite (deterministic) or infinite number of independent multitype branching trees with progeny
distribution v. A multitype branching forest will be considered as a random variable defined on
the probability space (2, £, P) and with values in §4. To any multitype branching forest F,
we associate the random sequences X = {X©, i € [d]}, where X = {(X5!, ... x5,
0 < n < n;}, which are constructed as in (2.1). It was proved in [9, Theorem 3.1] that if F is a
multitype branching forest with a finite number of trees, whose progeny distribution is primitive
and (sub)critical, then X @, i e[d], are independent random walks whose step distribution v;

is defined by
Vitk, ... ka) i==vitky, oo ks ki L ki, ka), ki>—1,k; >0,ifi #j
2.2)
and stopped at the smallest solution (Nq, ..., Ny) of the system
d PR
xp+ ) XM(Ny =0, jeld) 2.3)

i=1
In this equation, N; is the total number of vertices of type i in F and x; is the total number of

trees in this forest whose root is of type i. We will say that F is issued from x = (x1, ..., x4).
Note that the variables N; are random, whereas the x; are deterministic.

2.2. The total number of mutations and its asymptotics

A mutation producing type i is the birth event of an individual of type i from an individual
of any type j # i. The aim of this section is to study the evolution of mutations in a multitype
branching forest. Our main result asserts that the forest of mutations, that is, the forest obtained
by merging together all the vertices of the same cluster, is itself a branching forest if and only
if, for each i € [d], one of the following conditions is satisfied:

(Ai) mij < 1
(B;) mj; > 1l and, forall j #i,m;; =0.

Moreover, its progeny distribution can be expressed in terms of this for the initial forest. Note
that the branching property of the forest of mutations is intuitively clear. In the neutral case,
this was pointed out in [21].

In the next statement, we denote by v the n-fold convolution product of the probability v;
by itself.

Theorem 2.1. Let F be any multitype branching forest with progeny distribution given by
v=(,...,vg) and F the associated forest of mutations. Assume that, for all i € [d], one of
conditions (A;) or (B;) holds. Then F is a multitype branching forest with progeny distribution
w = (U1, ..., 1q), where u; is a probability on the set 8; := {k € Zi: ki = 0}, which is

defined by
wi(k) = Zn_lv;"”(k + (n — 1e;), k € 4, 2.4)
n>1
if (A;) is satisfied. If (B;) is satisfied then u; is the Dirac mass at 0. Moreover, u satisfies the
following properties.

(i) Let M = (m;;) be the mean matrix of ju and let r > 1. Then p; admits moments of
order r if and only if either, for all j # i, m;; = 0 or v; admits moments of order r and
mi; < 1. In the latter case, for all i, j such thati # j, m;j = m;; /(1 —m;;).
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(ii) Assume that mij < oo for all i, j € [d]. Then M is irreducible if and only if M is
irreducible. If M is primitive then so is M. The converse is not true.

(iii) Assume that M is primitive then M is subcritical (respectively, critical, supercritical) if
and only if M is subcritical (respectively, critical, supercritical).

If, for some i € [d], neither of conditions (A;) and (B;) holds then there is j # i such that
individuals of type i in F give birth to an infinite number of children of type j with positive
probability. Therefore, F is not a branching forest in our sense.

Proof. Since the result only relates to the progeny law of forests, we do not lose any generality
by assuming that F has an infinite number of trees. Then the stochastic processes X = {X @, i €
[d]} obtained from F as in (2.1) are defined on the whole integer line {0, 1, . ..}. Note that their
definition slightly extends the definition of [9]. Indeed, without any more assumptions on v,
trees of the forest can be infinite so that the process X is not necessarily a coding of the forest,
that is, if some trees are infinite then it is not possible to reconstruct the whole forest from X
and the sequence of its roots. However, we can check exactly as in [9] that X®, i € [d], are
independent random walks and that the step distribution of X @ is 9;, which is defined in (2.2).
In particular, the law of X characterizes this of F.

Now, let us consider the forest of mutations F. By construction, this forest is composed of
an infinite number of independent and identically distributed trees. Hence, in order to show
that F is a branchmg forest, it suffices to show that its trees are branchlng trees.

Denote by {X ), i € [d]} the process which is defined from F as in (2.1). Leti € [d] and
assume first that (A;) holds. Then we define the first-passage time process of the random walks
X i e [d], by

) =inf{n > 0: X4/ = —k},  k>0.

Since m;; < 1 then, from the law of large numbers, lim inf,_, o X' = —o0 a.s., so that r(’)
is a.s. finite for all k > 0 and limy_, T, D — c0as. Moreover, it is clear from definition (2. 1)
that, for all i, j € [d],

7J=qu@y k> 0.
Indeed, the effect of the time- change by r ) is to merge all vertices of a same cluster of type i

into a single vertex. Note that X! , I € [d], are independent random walks. Assume with
no loss of generality that the root of the first tree in F is type 1. Then a slight extension of
Theorems 2.7 and 3.1 of [9] to any progeny distribution allows us to show that this first tree
is coded by the processes (X, , 0 <k < N;), i € [d], where (N1, ..., Ny) is the smallest
solution of the system

d
ri+ Y X7(Ny=0.  jeld,
i=1
and (r1,...,rg) = (1,0,...,0). Note that in our case, N; can be infinite. This extended
notion of the smallest solutlon is defined in [8, Lemma 1] This coding result implies that the

first tree in F can be reconstructed from the processes (X - 0=<k= N), i €[d]. Moreover,
applying part 3 of Theorem 3.1 of [9], we see that this tree is a branching tree whose progeny
distribution u = (u;, i € [d]) is given by

~ ()

witky, ... kg) =P(Xy" = (ky, ..., ki—1, =1, kiy1, ka)), ki, ..., kq) € 8.
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On mutations in the branching model for multitype populations 549

Then in order to make this law explicit in terms of v, we apply the Ballot theorem for cyclically
exchangeable sequences due to Takdcs [22]. Since, conditionally on X"/, i # j, X"' is
downward skip-free with cyclical exchangeable increments, we have, for all (ky, ..., kg) € 4;,
POX) = (k1. ki =Lk ka)
=Y PX = ki, ... kot —1kig1. .. k), ) = n)

n>1

1 .
=2 P = (ki kicr =Lk k),

n>1

from which we obtain (2.4) using (2.2). If (B;) holds then, by definition, individuals of type i
in F are all leaves and, hence, X" = 0 for all Jj #1i,and Y;’l = —n foralln > 0; see (2.1).
In this case, the conclusion follows immediately.

We now prove properties (i)—(iii) of u. First note that, for alli # j, m;; = 0 if and only if
m;;j = 0. Then, letr > 1, assume that ;; admits moments of order r, and that there is j # i such
thatm;; = E(X ll’] ) > 0. The variable rl(l) is a stopping time in the filtration generated by X ® to
which the increasing random walk X"/ is adapted. Then, by ap}ﬂying Theorem 5.4 of [12], we
obtain E((X}7)") < oo and E((tl(’))’) < o0. In particular, 7"/ < oo a.s. Now, by definition,
the random walk (X,") can be written as X;,' = Y, — n, where (¥,"') is an increasing random
walk. Since Yi’i(rl(l)) = rl(’) — 1l and E((rl('))’) < 00, we have E(|Yi'i(r](’))|’) < 00, and by
applying Theorem 5.4 of [12] again, we obtain E(|Y;"'|") < oo and, hence, E(|X|'|") < oo.
So we have proved that v admits moments of order . Then it follows from the definition of 7,’
and from Lemma 3.1 of [15] that E((rl(l))’) < oo implies that lim,,_, oo X;;' = —00 and, hence,
m;; < 1 from the law of large numbers.

Conversely, if m;; = Oforall j # i thenm;; = Oforall j # i and u; is the Dirac mass at 0, so
itadmits moments of order r. Now assume that v; admits moments of orderr, andm;; < 1. Then
it follows directly from Lemma 3.1 of [15] that E((rl(’))r ) < 00. Moreover, from Theorem 5.2
of [12], E(Xi’f(tl('))’) < oo for all j # i, which means that y; admits moments of order r.
If v; admits moments of order 1 and m;; < 1 then it follows from the optional stopping theorem
applied to the martingale (X’ — nE(X}7)) that E(X" (z(")) = —1 = EXHEE") =
(mii — DE(z”), and when i # j, E(X"/ (")) = E(X;)HE”) = mij/(1 —m;;) and
part (i) is proved.

If M is irreducible then, for all i, there is J # 1 such that m;; > 0. From part (i), v; admits
moments of order 1, and m;; < 1 for all i. In this case,

M+ Ay =AM,

where Ay = diag(1/(1 —m;;)) and Ar = diag(m;; /(1 — m;;)), and from this identity we
derive that M is irreducible. Conversely, if M is irreducible then, for all i, there is j # i
such that m;; > 0 and, hence, m;; > 0. Since, by assumption, m;; < oo for all i, j then,
from part (i), m;; < 1, and M + Ay = A{M holds. From this identity we derive that M is
irreducible.

Now, if M is primitive then it is irreducible and, as before, m;; < 1 foralli € [d]. Moreover,

M = (I — diag(m;;))M + diag(m;;).

Therefore, M is primitive. The converse cannot be true since there are nonnegative, irreducible
matrices whose main diagonal is zero and which are not primitive. We can find distributions v
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such that M (and, hence, (I — diag(mi,-))ﬁ) satisfies these properties. If m;; > O for all i then
it follows from general theory of nonnegative matrices that M = (I —diag(m;; YWM + diag(m;;)
becomes primitive; see [18].

We now prove (iii). Recall that, by definition, since M is primitive, x; admits moments of
order 1 foralli € [d]. Then, from the same arguments as in part (i), M = (I —diag(m;;))M +
diag(m;;) and m;; < 1 for all i € [d]. Assume that M is supercritical. Then there is a
positive vector x such that Mx > x. Therefore, (I — diag(mii))ﬁx > (I — diag(m;;))x
and since m;; < 1, we obtain Mx > x. Hence, M is supercritical. Conversely, assume
that M is supercritical. Then there is a positive vector x such that Mx > x, so that Mx =
(I — diag(m;;))Mx + diag(m;i)x > (I — diag(m;;))x + diag(m;;)x = x and, thus, M is
supercritical. Then the identity M = (I — diag(mi,-))ﬁ + diag(m;;) allows us to derive that M
is critical if and only if this is the case for M.

Finally, assume that m;; > 1 for some i € [d]. If m;; = O for all j # i then it is clear
that individuals of type i in F are leaves. If m; ;> 0 for some j € [d] then, since clusters of
type i are supercritical, some of them have infinitely many children with positive probability.
Conditionally on this event, such a cluster produces a.s. infinitely many children of type j,
which is equivalent to saying that individuals of type i in F give birth to an infinite number of
children of type j with positive probability. (]

We now consider a multitype branching forest F' with progeny distribution v with a finite
number of trees and let Z,, = (Z,(ll), ey Z,,d)), n > 0, be the associated branching process, that
is, foreachi € [d], Z,g’) is the total number of individuals of type i present in F at generation .
For x = (x1,...,xq) € Zﬁ, we denote by P, the law on (2, ) under which F is issued
from x. In particular, Py (Zyp = x) = 1. In the next result we state the law of the total number
of mutations in the forest F, that is, the number of mutations up to the last generation whose
rank is the extinction time T := inf{n: Z, = 0}. Fori, j € [d], denote by M; the total number
of mutations producing type i in F up to time T and by M;; the total number of mutations
producing type j produced by individuals of type i. In particular, M;; = 0 and M; and M;;
satisfy the relation

d

Mj=ZMij’ ]G[d]
i=1
Note that if v is primitive and supercritical then P, (T = oo0) > O for all x € Zi \ {0}, so
that under P,, M; and M;; are infinite with positive probability for some i, j € [d]. We also
emphasize that M; and M;; are not functionals of the branching process (Z,).

Corollary 2.1. Assume that (A;) or (B;) holds for all i € [d]. Then, for alli, j € [d] and all
integers x;i, n;, kij, such that x; > 0, n; = —ki;, kijj > Owheni # jandn; = x; + Zi#j kij,
P.(My=n1 —x1,...,Mg =ng — xg4, M;; = kijforalli % j)

d
det(K) .
=—— l_[ it kit e kiG—1)5 0, ki), dig)s

nl .« .. nd l:1
where |; is defined in Theorem 2.1, /L;ko is the Dirac mass at 0, n; = n; v 1, and K is the matrix
(—kij)i, j from which we removed the line i and the column i for all i such that n; = 0.

Proof. This result is a direct consequence of Theorem 1.2 of [9] and the first part of the
statement of Theorem 2.1 applied to the forest of mutations F. Indeed, it suffices to note
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that x; + M; corresponds to the total number of individuals of type i in F. Note, however, that
Theorem 1.2 of [9] is proved only in the case where v is primitive and (sub)critical. But using
the coding presented in Section 2.1 and applying Lemma 1 of [8], we can check that it is still
valid in the general case by following the lines of the proof of [9]. ]

If, for some i € [d], neither of conditions (A;) and (B;) hold then the definition of the vector
of mutation sizes (M1, ..., My) still makes sense. In this case, it is possible to obtain its law
by extending Theorem 2.1 to branching forests whose progeny laws give mass to co. However,
we do not consider this case since it makes no biological sense. Note also that Corollary 2.1
can be considered as an extension of Theorem 1 of [5], where a similar formula can be found
for the neutral case.

We now turn our attention to the asymptotic behaviour of the number of mutations, when
the total population is growing to co. Our first result is concerned with the critical case and
is a direct consequence of Proposition 2 of [17] and Theorem 2.1. If M is primitive then we
denote by u and v the unique right and left positive eigenvectors of M which are associated to
the eigenvalue 1 and normalized by u - 1 = u - v = 1. Recall that, for a multitype branching
forest F', when no confusion is possible, N; denotes the total population of type i in F' and M;
denotes the total number of mutations producing type i in . Note also that when v is primitive
and critical then (A;) necessarily holds for all i € [d], so that from Theorem 2.1, the forest of
mutations F associated to F is a branching forest with progeny distribution ;1 defined by (2.4).

Corollary 2.2. Let F be a branching forest with a nonsingular, primitive, and critical progeny
distribution v. Assume that, for alli € [d], u; admits moments of order d + 1. If, moreover, M
is primitive and the covariance matrices ¥' and po of vi and w;, respectively, are positive
definite, then mi; < 1 for all i € [d] and there are constants C1, Ca > 0 such that, for all

Xg € Z‘_{_,
lim nd/?t1P (M; = |n(1 —mii)vi], i € [d]) = Cixo - u,
n—oo
lim n/*Py(M; = |n(1 —mi)vi], Ni = |nvil, i € [d]) = Caxo - u.

n—oo

Proof. Since, by assumption, M is primitive then, for all i, there is j # i such that ; i >0,
and, hence m;; > 0. Therefore, from Theorem 2.1(i), m;; < 1 for all i. Moreover, from
our assumptions and Theorem 2.1(iii), u is critical. Besides, it is plain that M is nonsingular.
Then the conditions of Proposition 2 of [17] are satisfied for the multitype branching process
associated to F and the first assertion follows with i and ©, the normalized, positive right
and left eigenvectors of M associated to the eigenvalue 1. Then recall from the proof of
Theorem 2.1(iii) that M = (I — diag(mii))ﬁ + diag(m;;). From this identity we see that
i =uand v = cv(I — diag(m;;)), where ¢ = |lu - v(I — diag(m;;))||~" and the first assertion
follows.

The proof of the second assertion follows the same lines as the proof of Proposition 2 of [17].
In this case, since the number of mutations is taken into account together with the total number
of individuals, a two-dimensional random walk is involved in the proof, which explains that
the rate of convergence is now d + 1. (]

Note that constants C; and C; can be made explicit in terms of the distributions v and u by
properly exploiting the proof of Proposition 2 of [17].

Through the next result we focus on the asymptotic behaviour of the number of mutations
in a branching forest when the initial number of individuals x = (x1, ..., x4) tends to co along
some given direction.
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Theorem 2.2. Let F(x) be any family of multitype branching forests defined on the space
(R, F,P), indexed by x € Zf‘{_, and such that, for each x, F(x) has progeny distribution v
and is issued from x. For i € [d], let N;i(x) (respectively, M;(x)) be the total number of
individuals (respectively, of mutations) of type i in F(x). Assume that v is primitive and let

w e Z4 \ {0}
(1) Ifv is critical then
N; M;
fim MO 0 g tim M) i probabitity,
n—00 n n—oo N;(nw)
(1) If v is subcritical then
. Ni(nw)
lim = ci(w)
n—oo n
and M (nw)
lim =+ (1= my)ei (w)  in probability,
n—oo n

where c;(w) := Zzzl wr (I — M)k_l.l.
In any case, mij; < 1 foralli € [d].

Proof. In order to prove our result, it suffices to construct some particular family of forests
F(x) such that, for each x, F'(x) has progeny distribution v and is issued from x € Z‘i, and to
show that the limits in the statement hold.

Recall the coding of multitype branching forests which is presented at the end of Section 2.2
and let X® = {X"/, j e [d]} be d independent random walks whose respective step distri-
butions are V;, i € [d], defined in (2.2). Then, for each x € Z‘i, we construct a forest F(x)
such that F(x) is encoded by the random walks X @i e [d], and contains exactly x; trees
whose root is of type i. This construction is possible in the primitive, (sub)critical case, thanks
to part 3 of Theorem 3.1 of [9].

Then N;(x) and XV, i € [d], satisfy identity (2.3). Moreover, for k # i, the number of
mutations producing type i issued from all individuals of type k is X ki (N (x)), so that the total
number of mutations producing type i is

M;(x) =) XM (Ne(x) = —xi — XD (N (x)).
ki

From Lemma 2.2 of [9], we see that if x1, x € Zi are such that x; < xp, then the couple of
random variables (N; (x2) — N; (x1), X/ (N; (x2)) — X"/ (N; (x1))) is independent of the process
((N; (x), X" (N;(x))), x < x1) and has the same law as ((N; (xa — x1), X"/ (N; (x2 — x1))).
Therefore, for any w € fo_, ((Ni(nw), Xi’i(Ni_((zw))), n > 0)) is a bivariate random walk
whose step distribution is the law of ((N;(w), X"*(N;(w))).

Let Z = (ZzWD, ..., Z@) be the branchmg })rocess associated to F(w). Then, by the
definition of N,-(w), we have Ni(w) = n 0 Z(’ But Ey(Z,) = wM", so that E,, (Z ) =
Zfl | Wy ml( j) and since v is primitive, we have, from the Frobenius theorem for primitive matri-
ces,m;:’ ~ u;vjp";see Theorem 1 of [4, Section V.2]. So we have proved that E(N; (w)) < oo
if and only if v is subcritical. Moreover, if v is subcritical then I — M is invertible and it follows
from the above expressions that E(N; (w)) = Zflz qwid =M )i_jl. Then assertions (i) and (ii)
follow directly from the law of large numbers.
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Finally, since v and p are primitive, by definition, they admit moments of order 1, and we
derive, from Theorem 2.1(i), that m;; < 1 foralli € [d]. O

3. When continuous time is involved

3.1. The Lamperti representation

We now consider a d-type population which is composed at time t = 0 of x; individuals
of type i € [d] and whose dynamics in continuous time behave according to a branching
model. More specifically, at any time, all individuals in the population live, give birth, and die
independently of each other. Once it is born, any individual of type i € [d] gives birth, after
an exponential time with parameter A; > 0, to n; individuals of type j € [d] with probability

vi(ny,...,ng). Then this individual dies at the same time as it gives birth. We emphasize
that in this model, the probability for the population to become extinct does not depend on the
rates A;.

This model is represented as a plane forest with edge lengths; see Figure 3. (In each sibling,
we rank individuals of type 1 to the left, then individuals of type 2, and so on.) Such a forest
will be called a multitype branching forest with edge lengths issued from x = (x1, ..., xg4)
with progeny distribution v := (v, ..., vy) and with reproduction rates (Aq,...,Aqz). By
construction, its discrete-time skeleton is a multitype branching (plane) forest, as defined in
the previous section, with progeny distribution v, which is independent from the edge lengths.
Edge lengths are independent between themselves and the length of an edge issued from a
vertex of type i follows an exponential distribution with parameter A;. We emphasize that the
total number of individuals and the total number of mutations in a multitype branching forest
with edge lengths are the same as in its discrete skeleton. Hence, the results of the previous
section can be applied in the present setting.

Given a branching forest with edge lengths (defined above), by Z = (Z(V, ..., Z _(d)) we
denote the corresponding multitype branching process, thatis, for# > Oand i € [d], Zl(l) is the
number of individuals of type i at time ¢ in the population. (Since no confusion is possible, for
the branching process we have kept the same notation as in discrete time.) The process Z is a
Zi—valued continuous-time Markov process which satisfies the branching property, that is, for
reRL, r>0,andx,yeZe,

Eypy(e ) = By (e *)E (e ™),

where P, is the law under which the forest is issued from x. In particular, Zg = x, Py-a.s.

FIGURE 3: A 2-type forest with edge lengths issued from x = (2, 2). Vertices of type 1 (respectively, 2)
are represented as solid (respectively, shaded). At time ¢, Zl(l) =6, Zt(z) =3, Z,l’1 = -2, Z,l’2 =5,
721 =8,7>2 =2, and My, =8, Mo, = 5.
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The process Z actually contains much less information than the original branching forest. In
order to preserve the essential part of this information, we need to decompose Z as in the
following definition.

Definition 3.1. Fori # j, we denote by Z ' the total number of individuals of type ] whose
parents have type i and who were born before time 7. Fori = j, the definition of Z;"' is the
same, except that to this number we add the number of individuals of type i at time O and we
subtract the number of individuals of type i who died before time ¢.

The processes Z»/, whose definition should be clear from the example presented in Figure 3,
will play a crucial role in our continuous-time model. A more formal definition can be found in
[8, Section 4.2]. The interest of these processes is the following straightforward decomposition
of the branching process Z = (Z(l), e, Z(d)):

d
27 =%z}, jeld 3.1)
i=1

Our model relies on a Lamperti-type representation of these processes. According to a Lamperti
representation, any one-dimensional branching process can be expressed as a Lévy process time-
changed by some integral functional. In this subsection we will recall from [8] the extension
of this transformation to multitype, continuous-time, discrete-valued branching processes. The
latter involves time-changed multidimensional compound Poisson processes which we now
introduce.

Since our models of evolution are only concerned with mutations, individuals of type i
having exactly one child of type i do not present any interest. Hence, we can assume without
loss of generality that

vi(e;) =0 foralli € [d].

Then, let X = (XU, ..., X@D) where X® = (X,(i)),zo,'i € [d], are d independent Z-
valued compound Poisson processes. We assume that XO’ = 0 and that X has rate A,
and jump distribution ¥; which was defined in (2.2). In particular, with the notation X ) =
(x5, ..., X5, the process X! is a Z-valued, downward skip-free, compound P01sson
process, that is, AX" = XM — x> 1,1 > 0, with Xo_ = 0 and, for all i # j, the
process X%/ is an increasing compound Poisson process. We emphasize that in this definition,
some of the processes X/, i, j € [d], can be identically equal to 0.

The following extension of the Lamperti representation to multitype branching processes
can be found in [8]; see also [7] for the case of continuous-state multitype branching processes.

Theorem 3.1. We consider a multitype branching forest with edge lengths issued from x =
(x1,...,xq) € Z‘j_ with progeny distribution v := (vy, ..., vg) and with reproduction rates
(M, ..., Aq). Then the processes Z"/, i, j € [d], introduced in Definition 3.1 admit the
following representation:

X ifi#J
(@) ’
o 2 ,dz e t>0, (3.2)
xz‘i'XfZ(l) ifi =J,
0

i _
zp =

where the processes

X0 =" X2 X, =14,
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On mutations in the branching model for multitype populations 555

are independent Z‘j_—valued compound Poisson processes with jump distribution (V1, ..., Vg)
and rates (A1, ..., Aq). In particular, from (3.1) and (3.2), the multitype branching process Z
admits the following representation:

d d
(eY) )y _ i1 id
Z;7 ..., Z )_x+<EIXf(;z§“ds"“’EIX/’zy)ds)’ t>0. (3.3)
1= 1=

0

3.2. Further results on asymptotics of mutations

Fori € [d]and ¢t > 0, we will denote by M; ; the total number of mutations producing type i
which occurred up to time ¢. The definition of this quantity is illustrated in Figure 3. Let us
specify that if a parent of type j # i gives birth to more than one child of type i simultaneously,
then each child counts as a mutation. Let us also define a cluster of type i as the subtree
corresponding to the lineage of type i of an individual of type i which is either a root or an
individual whose parent is a type different from i. Then x; + M; ; corresponds to the number
of clusters of type i in the forest truncated at time .

In Proposition 3.2 we describe the asymptotic behaviour of M; ; as f tends to oo in the case
where the progeny distribution v is primitive and supercritical. To this aim, we will need the
joint representation of M;; together with the number Z,(l) of individuals of type i at time #,
which is presented in Proposition 3.1.

Pljoposition 3.1. Recall from Section 3.1 the definition of the compound Poisson processes
X i,j e [d]. Then, for any x = (x1,...,Xq) € Zi, under Py, the stochastic process
(Z,(l), M; ;) fulfills the following representation:

d

d
(@) _ ) k,i k.i
(Zt »Mi,t) = <Xz + I;Xf(; Zl(lk) du’ Z Xfol Z;k) du)’ t>0.

k=1, ki

Proof. This result is a direct consequence of the representation from Theorem 3.1. Indeed,
recall from Section 3.1 the definition of Z'/, then the number of mutations producing type i

up to time ¢ is
Mo =Y 7"
ki
The result follows from (3.2) in Theorem 3.1. U

We now turn to the limiting behaviour of M; ; as t tends to co. The next result is concerned
with the case where v is primitive and supercritical. It allows us to evaluate the number of
mutations which occurred up to time ¢ (or, equivalently, the number of clusters in the forest
truncated at time #) when 7 is large.

We define the matrix A = A(M — I), where A = diag(};). If M is primitive then so
is A and it follows from the Perron—Frobenius theory that the eigenvalues p;, i € [d], of A
can be arranged so that p; > Re(p2) > --- > Re(pg). Moreover, v is subcritical, critical, or
supercritical accordingly as p; < 0, p; = 0, or p; > 0. Then a well-known result due to [3]
(see also Theorem 2 of [4, p. 206]) asserts that when v is nonsingular and primitive, there exists
a nonnegative random variable W such that, for all i € [d],

lim e Z9 =y W as., (3.4)

—00

where v; is the ith coordinate of the normalized left eigenvector associated with pj.
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Proposition 3.2. Assume that v is nonsingular, primitive, and supercritical. Then, for all
i €[d],
lim e "M, , = K;W a.s.,

11— 00
where K; = v;(1 + (1 —m;;)(Aip1) ™).
Proof. From Proposition 3.1, we derive
zO — M, =X as
t i,t /.07 ZLE,) du .S.
On the other hand, in the supercritical case, p is strictly positive. Hence, from (3.4), it follows
that .
/ ZW du ~ p;'Wue”' as.ast — oo.
0

Then the desired result is a consequence of the latter equivalence and the law of large numbers
applied to the compound Poisson process X"*. ]

Under the conditions of Proposition 3.2, assume, moreover, that for some i € [d], K; is
positive, that is,
mii < 14 Aip1,
and that, for some j, P,;(W > 0) = 1. Then using Proposition 3.2, we can compare the
asymptotic behaviour of the number of mutations prior to ¢ with that of Z under IP,;, that s,

M, ~ KiZ,(i), P;-a.s. ast — o0.

Regarding the condition P, (W > 0) = 1, note that Theorem 2 of [4, p. 206] also asserts that
P, (W > 0) > 0 for some (hence, for all) k € [d] if and only if

E(&ijlogé;j) < oo foralli, j e [d],

where (§;1, ..., &4) is a random vector with law v;. Moreover, 1 — P, (W > 0) corresponds
to the probability of extinction when the forest is issued from ey.

3.3. Emergence times of mutations

In this section we will assume that mutations are not reversible, thatis, foralli =1, ...,d—1,
individuals of type i can only have children of type i ori + 1. In particular, v is not irreducible.
Moreover, when giving birth, individuals of type i = 1,...,d — 1 have at least one child of
type i with probability 1, and have children of type i 4+ 1 with positive probability. These
conditions can be made explicit in terms of the progeny distribution v; as follows:

vitk) >0 = k; =0 forjé¢{i,i+1},
Z vi(k) =0 and Z vi(k) < 1. (3.5)
kezd : k=0 keZd : kip1=0

We are interested in the waiting time until an individual of type i first emerges in the population,
that is, A
1 =inf{t > 0: Z) > 1).

The problem of determining a general expression for the law of 7; is quite challenging. To the
best of the authors’ knowledge, there is no explicit expression for this law in terms of the
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progeny distribution and the reproduction rates. Various results in this direction can be found,
for example, in [1], [11], [19], and [20]. Most of them provide approximations of this law
using martingale convergence theorems [11] or through numerical methods involving the
generating function [1]. In Proposition 3.3 we first give a relationship between the successive
emergence times 1, 73, ... in terms of the underlying compound Poisson process in the
Lamperti representation of Z. We also characterize the joint law under P, , of the time 7; and
the number of individuals of type i — 1 at this time. In Theorem 3.2 we derive an approximation
of the time 7;, under IP,, as the mutation rate to type k increases faster than the mutation rate
totype k — 1 forall k = 3, ..., i. Then, in Corollary 3.1, we focus on a case where these laws
can be made explicit.

In the following developments, we use the notation of Section 3.1 from which we recall the
Lamperti representation of the multitype branching process Z = (ZWV, ..., Z(9) in terms of
the compound Poisson processes X (). We also introduce additional notation. For i, j € ldl,
we denote by A; ; the parameter of the compound Poisson process X i.J | that is,

Ajj = )»i<l — Z \7[(k)>.

kezd : kj=0

Note that from our assumptions in (3.5), foralli = 1,...,d — 1, X;;4+1 > 0 and, for j ¢
{i,i +1}, 4; ; =0, that is, X4 is identically equal to 0. In particular, A; = A;; 4+ A; ;41 for
i <d—1and Ay = Ag,4. The parameter A; ;41 will be called the mutation rate to type i + 1.
Fori > 2, let o

yi ==inf{r: X7 > 1
be the time of the first jump by the process X'~ 17
distributed with parameter A;_p ;.

and note that this time is exponentially

Proposition 3.3. Assume that (3.5) holds, define Z%! as the process identically equal to 1, and

setty = 0.
(1) Fori = 2,...,d, the emergence time t; of type i admits the following representation
under P, :
Vi 1
T = Ti_1 +f0 Xéfl,ifl N N ds, P, -a.s., 3.6)

ki—1(s)

where k;_1 is the right-continuous inverse of the functional t +— fot Zs(i_l) ds, that is,
. s (i)

Ki—1(t) = inf{s > 0: [ Z,” ' du > 1}.

(ii) Under P, |, the joint law of the emergence time t; of type i together with the number of
individuals of type i — 1 in the population at time t; admits the following representation:

: Vi 1 L
. 7=y D i—1,i—1
(r,,Zrl, ) = (/0 X;'—l.,i—l dS,l"‘Xyi >,

where ‘2’ denotes equality in distribution.

(iii) Define 0 = [J* 1/(X* Y51 4 1) ds for k > 2. Then the random variables 6y, k > 2,
are independent and, fori =2, ...,d,

P, (1, > 1) < IP’(Z O > z) forallt > 0. (3.7)

k=2
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Proof. Since X%/ is identically equal to O whenever j ¢ {i,i + 1}, then under P,,,
representation (3.3) admits the simpler form

zV, . ZD) =+ (X}glzy)ds’ ngzz§2> ot X}(;[ZZS(U R x;f dz(d)d + Xj(;_zlﬁg”)ds)‘
In particular, fori =2, ...,d,
7 = Xfo et X}glz’;"*”ds’ t>0.
Since X =0fori > 2 We see that the time 7; corresponds to the first hitting time of level 1
by the process t — Xfo 2071 gy , that is,
T = ki—1(%i), (3.8)
where y; has been defined as the tlme of the first jump of the process X'~ i For ¢ such

that k;_1(f) < oo, we have t =[5’ @ 70=D 4. 5o that df = Z(l D di;_1(¢), and since

—1(0)
ki—1(0) = 1;_1, we obtain

) +/t as +/t ds
Ki—1() = Ti—1 =T —
(z 1) i—1,i—1 i—2,i—1
0 ZK, 1(s) 0 X +Xf“r 1) ZG-2) g,

The latter identity together with (3.8) prove (3.6).
The second part of the proposition is easily derived from the same arguments. More
specifically, it follows from (3.8) and the identities

ds -0
1,i—1’ =0,

t
zi7 V=14 x50 and K,'_l(t):/ —_—
o 1+xi7h

f() (1 l)d

which hold P,; ,-a.s.
Independence between the variables 6y, k > 2, is a direct consequence of the independence
between the processes X ), i € [d]. From the representation of t; in part (i) of this proposition,

we derive A
! Yk 1
T = Z/o e n N ds as. 3.9)
k=2 s fgk_lm ZL(kaz) du

Note that since kx_1(0) = tx—1, then from (3.8), for all k > 2, fgk_'(o) Z*D qu = y_y, s0
that by the definition of y;_1,

k=2, k—1 k=2, k—1
Xt =X >1 as (3.10)
T e .S. .
f(;‘l\ 1 ZL(lk Z)d Yk—1
k—2,k—1

are increasing processes then (3.7) is a direct consequence

Besides, since s — X" ™ () =y
u u |:|

of (3.9) and (3.10). o

Note that the law of 6 or, equivalently, the law of t; under IP,, , can be made explicit in
some instances through its Laplace transform; see Corollary 3.1 below.

For the remainder of this section we will assume, moreover, that at each mutation, individuals
of type i do not give birth to more than one child of type i 41 in the same litter. More specifically,
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assumptions (3.5) are replaced by
vitk) >0 = kiy1=0orl and k; =0 forj¢{i,i+1},
Z vi(k) =0 and Z v (k) < 1. (3.11)
keZd : ki=0 keZd : kip1=0

In particular, under these assumptions, the process X’/ is a standard Poisson process. Then
we will need the next lemma in order to derive our main result on the estimation of the time t;,
as the mutation rates Ax—1 4, Kk =2, ..., d, grow faster.

Lemma 3.1. Assume that (3.11) holds, let k > 3, and fix X1 2 > 0. Then

k=2, k—1 _ An—2,n-1 _
P,, (Xkawk) i g = )—>1 as S S 0forn =3,k
0 u -1
Proof. First, set y 1 =inf{t > pr_1: Xk 2,k-1 = 2} and note that

Kk—1 (Vi)
k=2, k—1 11— (k—2) (1) (1)
mwﬂwﬁbw—u—Lé ZE du <y }{mmM<mzw1n

It is easy to check that Kk,z(y 1) = r(])l, where

(1)

. k=2, k—1 k=2, k—1
T =inf{t > 7y : Z, —Z =1}.

Tk—1
(Note that, from our assumptions, Zk 2 k=1 — 1 and Z* 2 k1 = = 2, P, -a:s.) So from (3.8),

O
we have showed that
{ k—2,k—1

_ _ 1
f(;‘k—l(Vk)ZL(Ik—Z) . I} ={u <7} (3.12)

The event {7; < r,c(L)l} means that before the first time when an individual of type k appears in
the population, there has been only one birth of type k — 1. From the Markov property applied
at time t;_1, we have

Pam<“b—fmms¢2maaﬂem» (3.13)

The support in the integral of (3.13) is included in the set {z: zz—1 = 1}, so from (3.12), (3.13),
and the Lebesgue theorem of dominated convergence, all we need to prove is

An—2n—
P <tV) > 1 as 22271 0forn=3,...,k (3.14)
n—1,n
for all z such that z;_; = 1. (Note that if z is such that z; = --- = zz_» = 0, or such that

zx > 1, then it is clear that P, (7 < (1)1) = 1, since in the ﬁrst case Zk=2 k=1 g identically

equal to 0, so that r,fl_)l = 00, P;-a.s. and in the second case 7z = 0, P;-a.s.)

Let z be such that zz_; = 1. Without loss of generality, we can assume that z; > 1 for
i=1,...,k—2.Fori =1,...,k—1, we denote by U; the first time that the lineage of one of
the zx—; initial individuals of type k — i gives birth to an individual of type k —i + 1. Then from
the branching property, under P, the random variables U; are independent, and from an obvious

extenswn of Proposmon 3.3(ii), U; has the same law as [;*~""' (ds/(XX4% =1 4 7. _1)). Then
set Y X i k= " + z¢_; and note the inclusions
{J/k < min<yk_1 s ” )} C{U; =min(Uy, ..., Ur-} C{mx < T,fl_) |3
(2) (k—1) 1
YVk—l YVz
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which imply the inequality

1 -
P(i < min( R Ye %) Vz(k_l) )) <P, (u < 7).
Yi—1 YVk—l (yk—lYVk72 (Vk—lez )
But when A2 ,—1/An—1,n = Oforn = 3,..., k, the parameter A;> > 0 being fixed, we
necessarily have limA,_1 , = oo forn = 3, ..., k. Hence, yi/yx—1 converges in probability

to 0, 1/YV,(2I converges in probability to 1/zx—2, and y,,—1 /(¥ Y,ff:lnﬂ)) forn=3,...,k—1
converge in probability to +o0co. Therefore, the left-hand side of the above inequality tends to 1,
which proves (3.14) and the lemma is proved. ]

The following theorem intuitively means that when A3 x—1/Ak—1k — Ofork =3,...,1i,
the emergence time t;, when starting from an individual of type 1, can be approximated by the
sum of independent random variables tj » +- - - + 7,1 ;, where t4_1 i is the emergence time of
type k when starting from an individual of type k — 1. The assumption Agx_2 x—1/Ak—1.x — O
is quite adapted to several biological models such as cancer growth. Indeed, cancer is often the
result of a series of successive mutations; see [10], [11], [14], and [16]. The successive mutation
rates can increase very quickly. It would be interesting to study the asymptotic behaviour of t;
when Ay x /Ak+1,k+1 — O, that is, when the intrinsic reproduction rates increase very quickly.
This assumption also fits to the model of cancer since mutations are often more sensitive to
proliferation.

Theorem 3.2. Assume that (3.11) holds. Recall the definition of 0y in Proposition 3.3 and fix
A2 > 0. Then, under P,, fori > 3,

T P k=2, k-1
D rea bk k—1.k

where ‘=’ denotes convergence in probability. Besides, the expectation of t; fulfills the
following approximation:

— O0fork=3,...,1i,

i
Ae—2, k—
Ee,(r) ~ Y E@) as ~—2— — 0fork=3,....i.
= k—1,k
Proof. Since s — X]}(gilk(:)lz 2y, are increasing processes then, from (3.10), P,,-a.s. on
k=2, k—1 .
the set {XfOK/H(Vk) . = 1}, we have
/Vk 1 Yk 1
ds :/ ——— ds.
k—1,k—1 k—2,k—1 k—1,k—1
0 X +X o ue 0 X +1
Jo Zy du
Hence, from Lemma 3.1, it follows that, for fixed 212 > 0 as A,—2 ,-1/An—1,, — O for all
n=3,...,k,
</‘7/k 1 >—1 Vi 1 N
—————ds / ds —> 1
k—1,k—1 k—1,k—1 k—2,k—1
0 X +1 0 Xy T+ X

féfk_lm Zflk_z) du
and the first part of the theorem is easily derived from this convergence and (3.6) (or, equiva-

lently, (3.9)).
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In order to prove the second part, set

o= [ : d d A= xk2k1 =1
k= k—1,k—1 k=2, k-1 §an k= kafl(VwZ(k—z)d I
o x! + x5 2 ; *=2) gu
Jo Zy du

Then, from (3.6), E,, (7;) = Z;{:Z E., (Hy), so it suffices to prove that, forallk =2, ..., i,

An—dn
Ee, (Hy) ~ E(®) as % S O0forn=3,...,k (3.15)

n—1,n
Observe that E,, (Hy) = E(6k14,) +E,, (Hi1 A ), where 1 is the indicator function. Moreover,
E,, (Hg lAlf) < E(6 IA;{). Then in order to obtain (3.15), it is enough to prove that

E(eklAi) An—2.n—1

— as — Oforn=3,...,k. (3.16)
E(@k) )\n—l,n

But, forany p, g > 1 suchthat p~!4+¢~! = 1, we have, from Holder’s inequality, E(6; 1 Ac) <

E(OP)I/P]ID(A‘)V‘I Moreover, we clearly have E(67)/P ~ 1/i_1 1 as Ag—1 ¢ — oo. Hence
(3.16) is satisfied thanks to Lemma 3.1. O

We end this section with an example of when the distribution of t; can be estimated more
specifically. We consider the case of binary fission with mutations, where each individual of
type i can give birth to either two individuals of type i or one individual of type i and one
individual of type i + 1. In particular, all jumps of Z"/ have size 1 and X’ is a standard
Poisson process with parameter A; ;.

Corollary 3.1. With the above assumptions, the law of t; can be specified as follows.

(1) UnderP,, |, the Laplace transform of t; is expressed as

e, 1(e_0”:l) =Ai_ 1IZ

n>0

n
)‘1111

[Tecolax + - +oan +ant1)

a>0,

where ag = 0, ax = a/k(k + 1), and ay = Li—1 + a/k for k > 1.

(ii) The expectation of v; is given by E,, | (t;) = (1/Ai—1iri—1,i—1) In(Xi—1/Xi—1;). Inpar-
ticular, for fixed M1 2 > O, under P, ,, the expectation of t;, fori > 3, fulfills the following
approximation:

i
Ak—2 k—
Ee (t) ~ Y a2, as =250 S 0fork =3,
= ' Ak—1.k

Proof. From Proposition 3.3(ii) and the fact that X'~ !/ is a standard Poisson process, for
alla > 0,

Yi
Eei,l(eiati) = E(exp<_a/ ll'_l i—1 dS))
o I4+Xs
+00 x 1
= )L,-,l’,-/ E(exp(—a/ —— 3 ds))e_)"'“'x dx. (3.17)
0 o 1+X3
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UnderP,, |, X i=1,i—1 s a standard Poisson process with.parz'lmeter Ai—1,i—1 starting at 0. Soif
we denote by (J,)n>1 the sequence of jump times of X i=Li=1 and set Jy = 0, then develop-
ing the expression E(exp(—a f5 (1/(1 + Xi~1=1)y ds)), we obtain, with the convention that

~1
2 k=0 =0,

x 1
]E €XxX —Ol/ —dS))
( p( o 1+ xi~hi-l

o x—J, -y
el oo )

n=0 k=0
— e~ (@i i-1)x
xRz 1i—1X)"
+2 e e
n>1
X " Xk n!
X exp| —a| —— + — ) ) —=dx;--- dx
/(;SXIS“'SXnSX p( (n +1 ; ke + 1)))x" !
— e~ (@thi—1i-1x
)\‘n )“ . o
+ Z i—1,i—1Xp{ =\ Ai-1,i-1 + P X
n>1
n Xk
X exp| —« ———— ) dxq - - - dxy,.
/(;5x15~~-5x,,§x p( ,; k(k + 1)) "
Then returning to (3.17), we obtain, with the convention that 22: 1 =0,
E,_, (e7%")
n
= kit )M f eXP(-(&n+1xn+1 + Zaka)) dxp - dxpgr,
n>0 0<x] < Zxp41 k=1
where aq, ..., a,, ay41 are defined in the statement. (Here we use the factthatA;_; = A;—1; +
Ai—1,i—1.) The computation of the integral is straightforward.
Then using again Proposition 3.3(ii), we obtain the expectation of r; under P,,_,, after easy
computations:
+o0 x A1 1S k
Ee, i (ri) = / g ettt / e hirthinn Y Qi nic19)7 ¢
0 0 =0 (k +1)!
1 Aio1
= ln .
Ai—lidi—1,i—1  Ai—1i
We conclude from Theorem 3.2. O

4. Discussion

In this paper we addressed mutations in multitype branching processes and focused on two
main points: the statistics of the total number of mutations in a multitype branching forest, and
the distribution of emergence times of new mutations.
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The first point regards finite multitype branching forests issued from r; individuals of type
i =1,...,d. In this paper, the lifetime of individuals is not involved and can be considered
to be equal to 1. A mutation to type j occurs whenever some individual of type i # j gives
birth to an individual of type j. For a given progeny law, we stated the joint distribution of
the total number of mutations to type j = 1, ..., d in Corollary 2.1. Our assumptions on the
progeny law were very general: for each i, either families of individuals of type i become
extinct almost surely (this is our assumption (A;)) or lineages of type i may survive but do not
have progeny of any other type (assumption (B;)). Then in Theorem 2.2, we compared the total
number of mutations with the total population size as the numbers of ancestors r; tend to +o0.
These results have potential applications in epidemiology and more particularly in evolution
of infectious diseases where the distribution of the final epidemic size is of great importance;
see [6]. It may also provide a good complement to the study of emergence of infectious diseases
as such; see [2].

The second point regarding emergence times of mutations concerns continuous-time multi-
type branching processes. In this case, each individual in the population has an exponentially
distributed lifetime which is independent of all other variables and whose parameter only
depends on its type. Unlike for the total number of mutations, in general, the distribution of
the first time at which a mutation occurs cannot be made explicit in terms of the characteristics
of the branching process. One has to make strong assumptions. In this paper, we considered
multitype populations where only mutations from type i — 1 to type i can occur. We call
mutation rate to type i the parameter A;_;; of the exponentially distributed time at which a
generic individual of type i — 1 will give birth to an individual of type i. In Theorem 3.2, the
law of the emergence time of type i was then estimated when the ratios Ag—2 x—1/Ax—1.x tend
to O for k = 3, ...,i. This model fits to the widely accepted idea that progression of cancer
involves successive accumulation of mutations; see [10], [11], and [16]. In [11], the process
e M Zt(') , for some rate A}, is approximated for large times ¢ by its limit at co. This provides an
exact formulation of the Laplace transform of the emergence time 7; and leads to an estimation
of its distribution function. In this paper, considering Z) as a time-changed compound Poisson
process allowed us to not make any approximation on the branching process itself. We derived
an integral representation for ;. When mutation rates Ax—_j x are growing very quickly with &,
that is, when the ratio Ag—2_x—1/Ak—1. is very small foreachk = 3, ..., i, we obtained an even
more exploitable representation of 7;. An interesting counterpart to this paper would consist of
the same study but with the proliferation rates Ay  increasing.
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