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Diseases transmission in a z-ary tree

P. Debs, T. Haberkorn *
July 23, 2015

Abstract

We extend some results of Itai Benjamini and Yuri Lima (see [I]). In this paper they
consider a binary tree T, of height n, each leaf is either infected by one of k diseases or
not infected at all. In other words, x at generation n is infected by the i-th infection with
probability p; and sane with pr41. Moreover the infections are independently distributed for
each leaf.

Infections spread along the tree based on specific rules. In their paper they study the limit
distribution of the root of T, as n goes to infinity.
Here we want to study the more general case of a Galton-Watson tree and a z-ary tree.

1 Introduction

First we recall the definition of a Galton Watson tree (GW) and give a few notations. Assume
that N is a N-valued random variable following a distribution ¢, in other words P(N = i) = ¢; for
1 € N and to have an interesting problem, we assume that gy + ¢1 = 0 (Bétcher case).

Let ¢ be the root of the tree and Ny an independent copy of N. Then, we draw Ny children of
¢: these individuals are the first generation. In the following we write N for Ny for typographical
simplicity. At the n-th generation, for each individual x we pick N, an independent copy of N
where N, is the number of children of x and so on. The set T, consisting of the root and its
descendants, forms a GW of offspring distribution gq.

We denote by |z| the generation of  and for n € N, T,, = {z € T, |z| < n} the GW cut at height
n and the leaves of T,, are the elements of T, \T,_;.

According to Neveu’s notation ([3]), to each vertex = at generation m € N, we associate a sequence
T1...T, where x; € N and to simplify we write x = x1 ... 2.

This sequence gives the complete “genealogy” of z: if y = x1...2; with |y| = i < m, y is the
ancestor of x at generation ¢ and we write y < .

Note that a z-ary tree is just a particular case of a GW with ¢, = 1.

In [1I], Benjamin and Lima consider the spread of an infection in a binary tree denoted T, of height
n. More precisely, they consider a probability vector p = (p1,...,Pr+1) € (IRjr)k‘|r1 satisfying

k+1

Zpi =1 (1.1)

and each of the nodes of T,, is infected or not by one of the disease {1,...,k} with the following
rules
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e Independently of the others, each leaf is infected according to p

P(leaf is infected by i) = p;, P(the leaf is not infected) = pg1.

e Nodes at generation n — 1 are infected this way:

(R1) if both children have the same state (infected or not), the ancestor is infected (or not)
by it;

(R2) if both children are infected by different diseases, the ancestor is not infected;

(R3) if only one of the children is infected, the ancestor is infected by it.

e This step is repeated for level n — 2 and so on.

One of their results is the asymptotic behavior of p(n), the distribution of the state of the root of
T, i.e. the asymptotic behavior of

V1 <4 <k P(root is infected by i) = p;(n), P(root is not infected ) = pr+1(n).
They obtain the following result (0; denotes i successive zeros)

Theorem 1.1 Assume that p1 > p2 > - > Pk-

1. If p1 = -+ = pg, then p(n) converges to (le_l,.. - le_l, 2kk:11).
2. If pr =+ =pi > Pit1 for some i € [1,k — 1], then p(n) converges to
(Til, ceey Til, Ok—i, %) , where the entry Til repeats i times.

The aim of the present paper is to extend, when it can be, the previous results in the case of a
z-ary tree for z > 2 and in a very specific case for a GW. Consider the family of probabilities &
define by

k1
Py, = {p = (p1,-- -, Prp1) € (R pi = 1}
i=1
and (X;);j>1 ii.d. random vectors {0, 1}*-valued such that:

P(X; =€) =pi,P(X; =1) = pr11

. k
where (e;)¥_; are the canonical vectors of R and 1 =7, e;.

First we have to give the spread rules for the k£ diseases in a GW T,:

e Initially each leaf x of T,, is associated to a random variable X, and is infected as follows:
P(x is infected by i) = P(X, = e;) = p;, P(x is not infected) = P(X, = 1) = pg1.
(Consequently, each leaf is infected i.i.d. according to p.)

e Nodes at generation n — 1 are infected this way:

(R1’) if all the children have the same state (infected or not) the ancestor is infected (or not)
by it;
(R2’) if two children are infected with different diseases, the ancestor is not infected,;

(R3’) if some children are infected by a single disease and the others are not infected, the
ancestor is infected by it.



It can be express this way:

N, . N,
for |z =n—-1, X, = Qi1 Xai I | @2 Xl = 1
P 1 otherwise,

where @ : RF x R¥ — RF (2, y) = @y = (2191, Z2Y2, - - . , ThYR)-
e We repeat this step for level n — 2 and so on.

As claimed, we want to determine p(n) the distribution of the state of the root and its asymptotic
behavior, in other words the law of X4 (or Xo) and in the case of Ty,:

Vi € [1,k],P(Xo = e;) = pi(n) and P(Xo = 1) = pry1(n).
In all of our results we can assume without loss of generality that p; > p2 > --- > pg.

Theorem 1.2 1. Forp € 9 suchthatp; = --- = pg, if p(n) converges, it does to (%,..., T, 1—
kT) where T is the unique fized point in (0,1/k] of:

fe(x) =GN — (k—1)x) — Gn(1 — kx)
where G is the generating function of N.

2. For p € Py such that p1 = -+ = P; > Pit1 = Pit+1 = -+ > Pk, then if p(n) converges, it
does to (z,...,Z,0p—;, 1 —iT) where T is the unique fixed point of f; in (0, 1/4].
3. Ifi=1, p(n) converges to (1,0).

Note that the third point says that if there is only one major disease, regardless of the law of
reproduction of N, this disease spreads a.s. to the root (asymptotically).
In what follows, assume that NV = z a.s., in other words we have a z-ary tree.

Theorem 1.3 1. If z € {3,4,5}, for p € P} such that p1 = --- = pi, P(n) converges to
(Z,...,%,1 — k) where T is the unique fixed point in (0,1/k] of:
for(x) =1 —(k—1)x)* — (1 — ka)*. (1.2)
2. For z € {3,4,5}, for p € P such that p1 = -++ = P; > Pit1 = Pit1 = - = Pk, p(n)
converges to (Z,...,%,0,—;, 1 —iZ) where T is the unique fized point of f,, in (0,1/:].
3. If z=06, for p € P} such that p1 = --- = Pk, T is a repelling point of f k.

In section @ we study completely the case z = 6 and ¢ = 2, where p(n) does not converge
anymore:

Theorem 1.4 For z = 6 and i = 2, denote 0 := {Zy, T, } where T; and T, are the fized points of
f§72 = fo.20 fo,2 distinct of Z. Then for almost all p € &), such that p1 =p2 >ps > -+ > Pi

lim p(2n) = (x,z,05—2,1 — 22)

n—oo

where T € 6.

Remark 1.5 This result is not limited to the case z = 6 and ¢ = 2. Indeed, denoting £,; =
argmaxg 1/,] fz.i, the only conditions a case (z,1) has to satisfy are :

1. T, is such that 0y f»:(T,4) < —1.
2. fz,i(:i'z,i) > -’i'z,i-
3. fz,i(l/i) < jjz,i-

The paper is structured as follows: Section 2 gives the discrete dynamical system whose study leads
to our main Theorems. The same section also gives results for the GW case. Section 3 focuses on
z-ary tree and concludes the proof of Theorem [[3l Section 4 is devoted to the proof of Theorem
[[4l Finally, Section 5 gives some ideas for extensions of this work.



2 General results for a Galton-Watson tree

A major part of this work consists in the study of discrete dynamical systems: given a function f
and a value z, we study the behavior of the sequence f™(z).

In this section, we give the studied function f and some global results linked to our problem.

To find a recursion formula, assuming that ¢ is the root of T, 41, its children ¢ are root nodes of
N independent GW of height n. Then the distribution p(n+ 1) of Xy, the state of ¢, is completely
determined by the distribution of (X;)X;, the independent states of its children with distribution

p(n).
Lemma 2.1 Foralll <i<k+1andn>1:

GN(Pr+1(n) +Pi(n)) — GN(Pr+1(n)),  fori#k+1

pi(n+1) = { 1— Zle pi(n+1), otherwise. 21)

Proof : To simplify our proof denote by S, := {1 <i < z, X; = 1}, the non infected sites in
a z-sized population. According to (R1’)-(R3):

pi(n+1) ®X =e; :iqu ®Xj:ei ZQZZP<|S|€ ®X ez>
z=2 j=1 z=2 /=0

z

¢ Y Cipii(n Z 2= ((Pr41(n) + Pi(n))* — Piy1(n))

|
—

N

||
N
~
Il
<

z

= Gn(Prt1(n) + pi(n)) — GN(Pk-i-l(n))- 0
If we define F: RF+1 — RF+1 by .

( ) GN(J%-H + 131') - GN(-T7k+1), for1<i<k
x) = =t
1 Zf:l I i(‘rla s $k+1), otherwise.

we see that p(n) = F"(p).

In fact our problem consists in the study of the fixed points of the function F'. Like in [I], we first
consider the uniform case assuming that p; = --- = pg. Obviously for all n > 1, p1(n) = --- =
pr(n) implying that we just have to study:

pi(n+1) =Gy = (k= 1)p1(n)) — Gy (1 — kp1(n)).
For this purpose, define fj : (0,1/x] — (0, 1/k] by
fe(x) =Gn(1 — (k—1)x) — GN(1 — kz). (2.2)
We obtain the following
Lemma 2.2 f;, admits a unique fived point in (0, 1/k].
Proof : Properties of generating functions ensure that fi € C*°((0,1/x]) and on this interval:

fr(@) =kGN(1 = kx) = (k= 1)Gy(1 = (k = 1)z)
=KkE[N(1 — k)N — (k- DE[N(1 — (k — 1)z)N 1.

As lim, o+ fi.(x) = E[N] > 2, fx(0) =0, and

Ju(/) = G (/) = G (0) = 3 gk~ < 1/,

k>2



Figure 1: k=4, g3 = gs :(ho:%

to,1

fr admits at least one fixed point Z € (0,1/k]. For = € (0, 1/k]:

fr@)=z & Y a((1-(k-1z)" - (1-ka)) =z

& Zqzx z_:(l —(k—=1Da)* "1 —ka) =
2>2 =0

N 2(1 —(k=1Da)* (1 —ka)l = 1. (2.3)
2>2  j=0

T Y50z 25;3(1 — (k—1)x)*~'79(1 — kx)? is strictly decreasing on (0, 1/k] and thus bijective.
As a result (23] has at most one solution on (0, 1/k] implying the uniqueness of Zy. O

Lemma 2.3 There exists n > 0 such that
Vn € N,p1(n) = o := min{Gn (1), p1}
Proof : Writing Gny(1 —z) = Gy (1) — 2G' (1) + e(x) where &()/z = 0, there exists ' > 0
small enough such that if 0 < z <’ then |e(z)| < =/2k. Then for z < 7'/k=:nand 0 <y < (k—i)z
GyAl-(i—-1z—y)—Gn(1—iz—y) = 2G\1)+e((i—Dz+y)—eliz+y)
2 (1) — w+y

Y

>Gy(l)—z>2r—x=ux,
as Gy (1) =E[N] > 2.
If > n, using the fact Gn(1 — (i — 1)x —y) — Gn (1 — iz — y) is decreasing in y
inf inf Gnl1-(G(—-1z—y)—Gn(l —ix—
z€n, /K] ye[0,(1—iz)A(k—1i)x] N( ( ) y) N( y)

> inf inf Gn(1—-(i—1)z—y)—Gn(l—iz—y)= inf Gn(z)=GCGn(n) >0.
z€[n,1/k] ye[0,1—ix] z€[n,1/k]

Consequently an obvious recurrence gives p1(n) > a = min{Gy(n), p1} for all n > 0. O

Remark 2.1 The two previous lemmas induce that, in the uniform case, if p(n) converges, it does
to (Tg, ..., Tk, 1 — ki), which is the first point of Theorem[[2 .



The following lemma ensures that the “minor” diseases can not spread to the root asymptotically
and thus the second part or Theorem [[.2}

Lemma 2.4 In the non uniform case with p1 = --- = p; > pit1, for all j > i, pj(n) — 0.
n—oo
Proof : Note that we just have to prove that lim, e Pit+1(n) = 0. Writing w,, = p;—%fg):
1 s ,
o (Pic1(n) F Prr1(n)* 7 (Pry1(n))?
Vi > 0, w1 = wn Zz22 E Z],O (Pi+1(n) + Prt1(n)) (Pr+1(n)) <w, (2.4)

D om0z 25— (P1(n) + Prr1 (1)1 (Prsa(n))d
as p1(n) > pi+1(n). Thus, (w,) is a positive non increasing sequence, and consequently converges.
Denote by £ = lim,,— 400 wy, and as wg < 1, note that ¢ < 1.

We can find a subsequence n,, such that lim,, 1 p;(nm) = a; for all j < k + 1. From lemma
23 we have a; > 0. Now, assume that a;41 > 0. Since ¢ < 1, we have a1 > a;4+1 > 0. Using (2.4)
20 @z 2o (Pi1(Mn) + Pret1 ()" (Pr ()

—1 - ;

2222 q Zj‘:o (P1(nm) + Pr+1 ()~ (Pr1(nm) )
62222 4= D50 (@it1 + ag41)" " (aggr)?

Zz22 9 Zj;é (a1 + ap41)*" 1 (ag41)?

which is a contradiction. Then a;+; = 0 and consequently p;+1(n) — 0. O
n—oo

(= lim wp,+1 = lim w
m——+oo m——+o0

The two previous lemmas have an important role in the following sections but we can also prove
easily the point 3 of Theorem According to lemma [Z3] lim inf,,_, p1(n) > 0 and from lemma
24 lim, o p;(n) =0 for all j > 1, then:

k k
pi(n+1) Gn 1—ZPJ‘(”) -GN 1—ij(”)—P1(n)

lim inf p1 (1 + 1) Gn(1) - Gy (1 - 1inn;i£fp1(n)) —1-Gy (1 - 1inngi£fp1(n)) .

Thus, lim inf,,_,o p1(n) is a fixed point of z +— 1 — G (1 —z) on (0, 1]. This function being strictly
increasing, the solution is 1. As a result liminf, o p1(n) = lim, o p1(n) = 1.
3 Results for z-ary tree

In this section, we investigate the special case where the GW is a z-ary tree for z > 3 (z = 2 is the
case studied in [I]). In this case, the function F : R¥+1 — RF+L is:

Fi(z) = { (1 -igmim) ~(1-Thm) . fr1<i<k

1- Zle Fi(x), otherwise.

When studying the asymptotic behavior of p(n), with p1 = -+ = p; > piy1 > -+ > Pg, it
is enough to study the asymptotic behavior of p(n) = (p1(n), pir1(n),...,pr(n)) € [0, 1]k~
Indeed, we have p1(n) = --- = p;(n) and pgt1(n) = 1 — 2?21 p;(n), and thus, if p(n) tends
toward P, then p(n) tends toward p = (P1,...,P1,D2,- - > Pk—it1,1 — iP1 — Z;:;H p;)

In the uniform case, where p;(n) = -+ = pg(n), lemma applies and states that there
exists a unique fixed point (Z,k,...,Zzk, 1 — kT, ) of F. Furthermore, in the uniform case,

we can restrict our study to the discrete scalar dynamical system whose dynamics is given by
for(x) =Fj(z, - 2,1 —kx) for j =1,--- ,k and x € [0, Y/&], that is

fer(@) = (1= (k= 1Dz)” = (1 - kz)” (3.1)



Remark 3.1 In this section, some of the proofs use differentiation with respect to the integers z
or k. This has to understood as a differentiation with respect to a relaxation of z or k in R.

The following lemma gives a lower and upper bound of Z, j, the unique fixed point of f, ; in
(0, %/4].

Lemma 3.1 The unique fized point T, of f.r in (0,Y/k] satisfies

jz,k < -i'z,k < -i'z,k—la Vz > 27Vk > 2;

1, ()T
xz’k_k s .

Proof : Recall that according to the proof of lemma 22 A, x(z) = f, x(x) — z only has one
zero I,k in (0,1/x]. This function is positive on (0, Z, ) and negative on (%, , 1/x] (see Figure [2).

where

Lower bound: We prove that, for all z > 2, and k > 1, A, x(Z,%) > 0 which implies that
Tok > Tup. Dy k(T2) writes as:

AL g(Fap) = (1 - k—;la - az)> —a - %(1 —a.),

where a, = (1/2)"/="9, so that ., = (1 — a.)/k. Obviously, A, x(Z..1) goes to 0 as k tends to
infinity. Differentiating A, ,(Z, ) with respect to k:

A p(Far) k-1 i 1
# = z(l—T(l_az)) (_ﬁ) (I—a:)+ kQ(l_aZ)
- xzk (1= 2(1— (k= 1) 0)" ")
< SCZk (I*Z(I*kiz,k)Z71) =0

where we used the fact that 2(1 — kZ, )"~ = 1. So A, k(%) is decreasing with &k and its limit
as k tends towards infinity is zero. It is thus positive for all £ > 1 and z > 2. This concludes the
proof that Z, > T, .

Upper bound: Similarly to the lower bound, we prove that for all z > 2, and k > 2, A, (2, ,-1)
< 0 which implies that Z, , < &, r—1. As before, A, 1(Z, ,_1) goes to 0 as k tends to infinity.
Differentiating A, (%, r—1) with respect to k:

dA; k(Tzp—1) k 1) 1—ay)  (1—ay)
kdk k —z <1m(1az) ) k=1)? + UESIE

_ Ezlf = <1 (1_%(1—%))2 )
(1-a.)

> CEE S(1—2(1—kZ. )" ") =0.

So A, (%, k—1) is increasing and its limit, as k tends towards infinity is 0. We conclude that
A, k(T2 k—1) is negative for all z > 2 and k£ > 2. And in turn we obtain Z, , < T 1. O

In addition, to the framing of the fixed point of f, j, the proof of lemma gives that f,
has a unique critical point (maximum) in (0,1/x]. We denote by &,y this maximum, a direct



computation of the critical point of f,; in (0, /] yields the value (3.2). Furthermore, another
direct computation of the zeros of 92 f, ;, gives the unique inflection point x} p of fop in (0, Yk]:

ket — (k—1)71 |, ker—(k—1)72
k=2 — (k—1)=—=

Tz k =

(3.2)

z_ 'rz,k

k=T — (k—1)=T

Note that . ;, < x;k.
Now, we show that having z, j as an attracting fixed point of f, , guaranties that the asymptotic
behavior of the diseases spread is as stated in our main result.

Proposition 3.2 For the uniform case, if T, i is such that |0y f- k(Z21)| < 1, then p(n) converges
to (-i'z,k; e Tk 1-— kiz7k).

Proof : Since our result does not depend on z and k, we will drop the indexation of f,  and &
by those integers.

Note that if & > Z, necessarily f/(z) € [0,1) and f((0,/x]) C (0, f(Z)] C (0,Z]. Since f((0,Z]) =
(0,z] and f(x) > x on this interval, f™(x) tends toward Z. This result is still true if z € [z, #] with
a similar reasoning.

In the rest of the proof we assume that £ < T and it is stuctured as follows. First, we study the
variations of f2 = f o f and then show that f2 only has one fixed point. Finally we conclude on
the convergence of the discrete scalar dynamical system.

Variations and concavity of f2:

First note that as & < Z, f(Z) > & and since f is increasing on [0, ] there exists a unique &, € (0, &)
such that f(Z,) = &. Similarly, f is decreasing in [z, /k], if f(1/k) < & there exists &, € (&, /k]
such that f(#,) = & and none otherwise.

Thus, as (%) (z) = f'(f(z))f (x) and f([0,1/x]) = [0, f(2)] C [0, /K], the only critical points of f?
are &y, & and possibly #,.. Since f2(&,) = f(2), it is a maximum of f2 (in [0, I/k]), like &, in case of
existence, and thus # is a local minimum. To conclude, f? is increasing on [0, £¢] U [, min(1/k, Z,.)]
and decreasing elsewhere. In particular, f? is increasing on [%,Z] C [, min(1/k, 2,.)] (we assume
that if &, does not exist in [0, 1/k], we take &, = +00).

Note that this study of the variations of f2 is not restricted to the attracting fixed point case, as
long as we have & < 7.

A study of the second derivative of f2 gives that it is negative on [0, #,] and cancels only once
on [%,4,]. So f? is concave on [0, %] and have exactly one inflection point on [, %,] where it is
convex then concave. Note that this study of the inflection points of f2 is inconclusive on [Z, xy)
(with z} the first pre-image of 2* by f) and [z*, 1/k].

Z is the unique fixed point of 2 in (0, 1/k]:

We reason by contradiction with the maximum number of inflection points of f2 in [0,4,] and
EN)

First note that as ¥ is such that f/(z) € (—1,1), (f?)'(z) € (0,1) and so there exists n > 0 such
that f2(x) >z if z € (z —n,%) and f2(z) <z if x € (7,7 + 7).

Now, assume Z; = sup{z € (0,%), f>(z) = z} exists (necessarily Z; # #), thus f2(x) > x on
(#1,7) and (f2)(z1) > 1. We face two cases: either Z; > 2, either Z; < & (as Z1 = & gives directly
a contradiction since (f2)(%) = 0).

Assume 71 > #: as (f?)(Z1) > 1, (f?)/(2) = 0 and (f?)"(Z) < 1, f? has at least one inflection
point in (#,Z). Since f2(Z1) = #1, then Zo = f(Z1) = inf{zx € (Z,%,), f2(x) = x} is also a fixed
point of f2. Similarly as before, f2 has at least one inflection point in (Z,#,). So f? has a least 2
inflection points on [#, £,] which raises a contradiction.

Since f? has no fixed point in [#,Z), it has none in [Z,, %] because f? is decreasing on this
interval. Moreover, f2 is concave on [0, %], f2(0) = 0 and f?(&,) > &, so that f?(z) > z on (0, &)

We thus conclude that #; does not exist. If there exists a fixed point Z3 of f2 in (z,1/k] then
f(@3) € (0,7) is also a fixed point of f2? which is not possible. So f? doesn’t have a fixed point in
(Z, 1/k] either.



Remark 3.2 Note that a corollary to the uniqueness of the fized point T is that f2(%) > .

Z is asymptotically stable for f in (0, 1/x]:

We assume that 2, exists, otherwise the reasoning is the same with &, replaced by /k and one less
step: we would not have to consider the interval [, 1/k].

From the variations of f?, we have that f2([2,z]) = [f*(#),Z] C [#,Z]. So if z € [#, 7] then
f?"(x) is an increasing bounded above sequence, and so it tends towards Z, the unique fixed point
of f2in [2,Z]. As ¥ is the fixed point of f and f is continuous, f o f2*(x) = f?"*!(z) also tends
towards Z.

Since f2(#,) = f(&) < &,, we have that f%([z,2,]) = [z, f(2)] C [#,4,]. Soif x € [z,4,], then
f?"(x) is a decreasing bounded below sequence. As for the [#,Z] case, we conclude that f"(z)
tends toward Z.

As f2(2) > & and f2(&,) = f(&) < &, we have that f2([2,,2]) = [f2(2), f(&)] C [,4,]. And
again, we conclude that if © € [Zg, Z], then f"(z) tends towards Z.

We have that f2((0, %)) = (0, f(£)] and if x € (0, 2], then f2(x) > z so f2"(x) is an increasing
bounded above sequence so it converges to 7. Finally, f2([&,, 1/k]) = [f2(Y/k), f(£)] C (0, f(£)] and
the previous case gives the convergence to Z.

So we have that for all z € (0, /k], lim,_,o f™(z) = Z, which concludes the proof. O

Figure 2l sums-up what we gather of the variations of f, ; when Z, j is linearly attracting.

Figure 2: Table of variations of f, ; when 2, < Z, 1
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Proposition 3.3 If Z.; is a linear attractor for the uniform case with i diseases, then X =
(Ziye - 3Tz Op—iy 1 —iZ4,) is a linear attractor for the non uniform case with p1 = -+ = p; >
Pi+1 2 '+ 2 Pk-

Proof : X is a linear attractor if all the eigenvalues of the matrix A := g—lz(y) are in (—1,1),
with F = (Fl, e Fk—_i_l’_l) = (F1,Fitq,..., Fy), a truncated version of F' and y = (Z,,4, 05—;). F
is defined by

) (1= G=Dar =5 ) = (1—im - i ) i e=1
Fg xrr) = . z . z
(1 — iz — Z;c;;;;e zj) - (1 — iz — Z?;;H xj) otherwise.



Note that %(z) equals to

. z—1 . z—1
(i 1) (1 — (i D)ay — YA zj) + oz (1 —izy — YR zj) ifm=t=1
. z—1 . z—1
—iz (1 —izy — Yt xj) +iz (1 iy - YA xj) tm#£1,0=1
. z—1
z(l—ixl—Z;:;ij) fm=+¢>1
. z—1 . z—1
—z(1—im = i) 2 (1—ien = 55 ) iF1AmALE]
implying
) —2(i— D)1 = (i — D)Z)* V4 2i(1 — iz ;) ifm=(=1
aFm()i 0 ifm#£1,0=1
o0xy y) = Z(l — ’L'.i'z,i)z_l ifm=4¢>1
0 fl1Am#£l#1

Thus A is upper triangular and its spectrum is {—2z(i —1)(1 — (i — 1)Z,;)* "1 +2zi(1 —iz)*~ 1, 2(1 —
i%,,:)*"'}. First note that as 7, is an attracting fixed point for the uniform case then g—g(y) €
(—1,1).
It remains to prove that (for j =2,...,k—i+ 1),
OF;
0< —2(Z,,,05—;) = 2(1 —iz, ;)" ' < 1,
81']'

and note that positivity is obvious.
From lemma 31l Z,; > &,; for all z > 2 and ¢ > 1, and

OF; OF;
a. _zi;O —i <—j ~zi;O —i :17
89@ (ZL' ’ g ) G:I:j (:C ’ g )
which concludes the proof. ]

Lemma 3.4 For the uniform case, and z > 2, there exists K, > 0 such that, for all k > K., the
fized point (T, k,..., T2k, 1 — kT, k) is attracting if z < 5, repelling otherwise.

Proof: It is enough to study the asymptotic behavior of 9, f. x(Z. %), the non zero eigenvalue
of the linearized dynamical system.
From lemma 3] and the continuity of 9, f, x:

lim azfzﬁk(:iz,k) = lim amfz,k(ii'z,k)
k—o0 k—o0
Furthermore, the expression of Z, ) gives us an equivalency as k tends to infinity

Oufor(@on) = —2(k—1)(1—(k—1D)F )" +2k(1 — ki, )" "
2k =11 — (k=D& )" " +k
= k1—z1—(k—-1)F. )" ) +2(1—(k—1)7,5)°"

~ _ jz k
~ 1—z(k— Al 4 2 1
N k ( z(k — ki, ) ( + T k@k)) +

i~ 1—(z—1)z771 (1 <§>ll>

And this limit is in (—1,1) for z < 5 and is less than —1 for z > 6, which concludes the proof. [
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Remark 3.3 If we were able to prove that the eigenvalue Oy f, (T, k) is decreasing with respect
to k, then its asymptotic value would directly give us that for z < 5, the fixed point is a linear
attractor for all k > 1. Even though this monotonicity seems true numerically, we were not able
to prove it, and were reduced to cumbersome computations for z € {5,6}.

The following result focuses on the fixed points of 3-ary, 4-ary and 5-ary trees:

Lemma 3.5 For the uniform case, if z € {3,4,5}, and k > 2 the fized point T, is linearly
attracting, that is Oy fr 1k(Tx k) € (—1,1).

Proof : For the upper bound on the derivative, we have, for all z > 2

Oufor(Tog) = —2(k—1)2(1—(k—1)T,5)" " + k(1 — kT, 5)" "
< —2(k—=1)(1 = kZ, )" + k(1 — kT, )"
< z(1- k:fcz,k)zfl
< 2(1—ki,p)* ' =1,

the last inequality comes from lemma 3.1

For the lower bound on the derivative, we treat differently the cases z € {3,4} and z = 5.

Lower bound, case z € {3,4}: noting that the unique inflection point of f,; is such that
.Z‘;k > jz,k

azfz,k(x: k) = min azfz,k(x) S azfz,k(jz,k)
’ z€[0,1/k]

Direct computations for z = 3 and 4 give

3(k—1)k

3k2 -3k +1

A(k — D)k

—_— > —1 >2
—okz = 7R

O[3,k (25 1) = > =1, Oz fak(ahy) = —
which concludes this case.

Lower bound, case z = 5: here azfg,,k(acg’k) < —1 for k£ > 3 so we cannot use the same
argument. Instead, we prove that Z5 ;1 < x7 ; for k large enough, which give Ouf5.6(T5 1—1) as a
lower bound for 0y f5 1 (ZT5,%). We write

2
* ﬂk k 3
= (=) -1
Z5 ) 1+ kBr Br 1 >0

5 1\ 7
e = 5=1— (=
Tsh—1= 31> <5> >0

and

Comparing zgk and Zs j—1

N NSy
Tok T ISR T TR T (1 + k)

The denominator of which is positive. If k£ € C is a zero of the numerator then, straightforward
computations give

0="k(k—1-56k)?®—(k— 12+ (k—1—6k))* € Ry[X]

A numerical computation of the roots of this fourth order polynomial gives 2 complex conjugated
roots and 2 real roots. The 2 real roots are approximatively k1 = 0.3079371 and ko = 3.3623924.
So the numerator has constant sign for k£ > k2 and in particular for k£ > 4. Noting that z3 , > @5 3
we conclude that zg x> Ts,x—1 for all kK > 4 and the following lower bound for the eigenvalue

Oz [5,1(T5 1) > Op f51(T5,k-1), VK >4

11



A straightforward computation gives that 0y f5 k+o7(Z4,k—1427) > —1 is equivalent to

(6 —4-5YNE 4 (634 + 6v/5 — 432 - 5Y/OK 1 (25126 — 17496 - 51/4486+/5 — 4 - 53/4)k2
+(442634 — 314925 - 5/4 +13122V/5 — 216 - 53/4)k
+2924642 — 2125764 - 5174 + 118098+/5 — 2916 - 5%/* > 0,

which is true for all k > 0. So 9y f5.1(Z5,,—1) > —1 for all k > 27.
For k € [1,26], a direct numerical computation of the eigenvalues gives that they all belong to
(—1,0). O

Remark 3.4 It is actually possible to show that Opf, k(T k) < 0 for z € {3,4,5}. To do this,
one can compute Oy f, k(T2 k) and show that it is decreasing with respect to k > 3 for z = 3
and decreasing for k > 2 for z € {4,5}. This leads to Oy fsk(Z2k) < O for these (z,k) and as
Tok < Tyk, Tz > Tok. So that f, 1 is decreasing at T .

Lemma 3.6 For the uniform case, z =06 and k > 2 the fized point Ze ), is repelling.

Proof : We prove that 9, fs 1 (Z6,x) < —1, using the fact that 0y fe 1 (Te,r) < max(0y fo,1(ZT2 k),
Oz fo. k(T2 k-1))-

As for the case z =5, Oy f6 k+a(Z6,x+4) < —1 is equivalent to
(7—5-6Y5)k® + (125 — 75- 615 — 10 - 62/°)k* + (900 — 450 - 61/° — 120 - 62/° — 10 - 63/°)k?
+(3265 — 1350 - 61/5 — 540 - 6%/° — 90 - 63/° — 5. 6%/°) k>
+(5960 — 2025 - 6'/5 — 1080 - 62/5 — 270 - 6%/°> — 30 - 6*/°)k
+(4373 — 1215 - 61/° — 810 - 6%/° — 270 - 6°/° — 45 - 6*/°) <0,

which is true for k > 0. So 0y f6 k(%) < —1 for all k& > 4.

A similar computation for Oy fs x+4(Z6,k+3) leads to Oy fo k(Zek—1) < —1 for all k& > 4. So
azf67k(.i'67k) < —1 for k > 4.

A numerical computation of 9, fs x(Z6,x) for k = 2 and 3 yields values less than —1, which
concludes the proof. O

Remark 3.5 Note that as O, f(xzf,) > —1 for z € {3,4}, the fonction f. ) is contracting on
[Z2.k, Y/k]. This gives the main ingrédient to an easier way to prove the convergence of the uniform
case than in Proposition[3.2. However, the given proof of Proposition[3.2 is more general as it only
requires the fized point to be linearly attracting.

Lemma in addition to Proposition gives the convergence in the uniform case for z €
{3,4,5}. The following Proposition extends this result to the non uniform case.

Proposition 3.7 Assume that, for the uniform case of the z-ary tree, p(n) converges to (%, k, - - .,

Tak,l — kZ. k). Then, in the non uniform case with p1 = -+ = p; > Pit1 > -+ > Pk, P(n)
converges to (Tyiy -y Tnis 0k—iy 1 — 0Tz ).

Proof : Assume that in the uniform case p(n) converges. Obviously if p; = --- = p; and
p,; = 0 otherwise, p(n) converges to (%, ..,%s,0x—i, 1 — iT,;), where T, ; is the fixed point of

fz,;. We want to extend this result to the case p1 = p; > pit1 > -+ > D&.
We introduce the function F = (Fy,...,Fy—i11) = (F1,Fit1,..., Fr) which is a truncated
version of F

A (1= G- Do = 245 ay) = (1o - SNy ) ife=1
\T) = . z . z
(1711‘172-];;;3;“:6]) — (171'1'172?;;—’_11']') 1f€:27 ,k7i+1,
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defined in the set &y ; := {(z1,...,Tp—iv1) € RF"H 20 > a0 > 23 > -0 > 2441 > 0,d21 +
Z?;;H xj; < 1}. So, equivalently to our convergence result, we show that, for x € Py, F"(x)
converges to X; = (Z,i, 0k—i)-

Let € > 0 and p = (p1,--.,Pk—it1) € Pi,. From lemma [Z3] we have that, for all n € N,
pi1(n) € [a,1/i]. Now, while noting that F™(z,05_;) = ( 7:(x),0,—;), we define E, = {z €
[, 1/i], f':(x) € B(Z.,i,%/2)}. Clearly, from the convergence of the uniform case

(o, Yi] C Up>0En.

As the inverse image of an open set by a continuous fonction, F,, is also an open set for all n € N.
Since Up>0Ey is a sequence of open sets covering the compact [« 1/i], there exists N such that

[ /il € UpoEn

implying that Yz € [a, 1/i], FN (z,0,_;) € B(Z..4,¢/2) x {0}*~F C B(%1,%/2).
On the closed set & := [, 1/i] x RE™" NP, ;, FN is uniformly continuous and thus there exists
0 > 0 such that

V(zay)v (x’,y’) € %a ||(z,y) - (:E’,y’)H < §= ”FN(zay) - FN(:L'/,y/)H < 8/2

According to lemma 24 p;(n) = Fj*(p) — 0,Vj > i, and consequently there exists N1 € N such
that if n > Ny, ||(pi+1(n),...,pr(n))| < 6 implying

IFY (p1(n), Pis1(n),- ... pi(n)) — Y (p1(n), 0p—)[| < /2.

Thus, recalling that according to lemma 23 p;(n) € [a, 1/4]

i+ N),pigi(n+ N, pe(n + N)) = R = [F¥ (p1 (1), Pisa(n), ., Pi(n)) — X|
<NE¥(P1(n), pisi(n), - .., Pe(n) = F¥ (p1(n), 0u—i)l| + | FY (P1(n), 0p—s) — R|| < 2+ /2 =¢.

O

4 A Specific case of Repelling point and attracting orbit

In all this section we study the case of a 6-ary tree with 2 dominant diseases. According to lemma
3.8 the convergence to the fixed point is no longer true and in the present section we prove the
existence and uniqueness of an attracting orbit of prime period 2.

For the sake of clarity, we write = instead of Zs 2 and likewise for f, F, *, Z, Z. Moreover, an easy
fact is the following

Remark 4.1 Ify is a fived of f? but not of f, then f(y) is a fized point of f? distinct of y and
(f2) (W) = (f*) (f (). (4.1)
Lemma 4.1 All the fized points of f? are in (%,%,) where &, := sup{z € [0,1/2], f(x) = 2} and
recall that & = argmax(g 1/, f ().
Proof : First note that £ < z and:
fl(x) >0z <z (4.2)

As & = argmax,eo,1/s] f(@), f([0,1/2]) = [0, f(&)] implying that T €
&g € [0,2) such that f(i,) = & and f2(2) = f(&) = max e[, [ (@
Moreover note that

[0, f(#)] and the existence of

)

f'(x) >0 x> a",
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Figure 3: 2 =6,i = 2, f and f?
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Figure 4: Table of variations of f2
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2* is the only inflexion point of f implying that f’ is decreasing on [0, Z] as x* > Z.

First we show that there is no fixed point on (0, #) and we split this in two cases: (0, Z¢] and [Z¢, Z).
On (0, :i'g]:

Using ([4.2)), on this interval:

sgn(f?(z) — f(2)) = sgn(f'()(f'(f(2)) — 1)) = sgn(f'(f(2)) - 1). (4.3)

f' being decreasing on [0, Z], f'(f(z)) — 1 also on [0, &), and as f'(f(0)) —1 = f'(0) —1 =5 and
F'(f(20))—1= f'(2) —1 = —1, there exists 3 € (0,2,) such that f? — f is non decreasing on (0, 3)
and decreasing otherwise. Since f2(0) — f(0) = 0 and f2(¢) — f(&¢) = f(&) — 2 > 0, f2(x) > f(x)
on [0,4¢]. Thus, as f(x) >z on (0,%), f? do not admit a fixed point on this interval.

On (i‘g, i):

f'(x) >0 and as f(z) € (&, f(2)), ['(f(z)) <0:
(F2(@) = 2)" = F'@f (fla) =1 <0,
Thus f2(z)—x is decreasing on (&, 2) and, as algebraic computations give f2(2)—%& > 0, f?(x) = @

admits no solution on (&, Z].
In a second time we make a similar reasoning on [&,,1/2]. The existence of &, is clear noting that

f(2) =120 < 2.
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On [Z,,1/2):
f'(x) <0and f([&r,1/2]) = [f(}/2),2]. For all y € (f(1/2),2), f'(y) > 0, thus:

Va € (&, Y2), (f2) (z) < 0.

As a result f?(x) — x is decreasing on [&,,1/2) and as f2(1/2) < 1/2, f? has a unique fixed point on
this interval if and only if f2(#,) > 2.

Assume that f(2,) > 2, and denote by y € [2,,1/2) a fixed point of f2. According to remark FT]
f(y) is also a fixed point of f2? (not of f) and

(2 (f) = (/) (y) <0. (4.4)

But as f? is increasing on (0, %) U (2, 4,) and not increasing elsewhere, (£4) implies that f(y) €
(Z¢,2), which is a contradiction as we have proved that there is no fixed point on this interval.
Consequently all the fixed points of f? are on (%, 4). a

Figure 5: 2z = 6,7 = 2 zoom on the fixed points of f2
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Lemma 4.2 There exists exactly two fized points of f? distinct of . They are both attracting.
Proof : Noting that f/(Z) < —1, 7 is a repelling fixed point of f2 such that
(f*) (@) = (f'(2)” > L

So there exists ¢ > 0 such that f2(Z —¢) < T —c and T +¢ < f3(T +¢). As f3(2) > 2 and
f?(&,) < &, there are at least two additional fixed points on (, ;). Moreover the fact that f? is
increasing on this interval ensures the existence of two attracting fixed point from either side of Z.
We have already seen that the fixed points of f2 are in [%,#,] and moreover a study of the sign of
(f2)" shows that f2? admits exactly one inflection point in [%,,]. As a result f2 has three fixed
points in (0, 1/2]. O

Proposition 4.3 In the uniform case, if A is the Lebesque measure on R:

A ({p1 € [0,2], p(n) — {ZC@,ZCT}}) = 1/a.

n—-+o0o

Proof : According to the lemmas Bl and 2] f? has exactly three fixed points on [&, 2],
denote Zy and Z, respectively the one in (&, Z) and the one in (Z, 2 ).
On (Z, Z,):

15



f? is increasing, f2((7,%,)) = (%,%,) and f?(z) > z then f%(x,) = Tni2 > =,. The sequence
(72,) is increasing and bounded above by Z,, thus it tends to a fixed point of f2 in (z, Z,], Z,.
On [Ty, &y]:

2z, 4r])) = [z, f(&)] C [#r,%,). Moreover on this interval, f2(z) < z implying that xa, is
decreasing and bounded below by Z,, thus convergent to Z,.
On (Z,7):

the reasoning is the same as the one on (Z, &, ), and for all = on this interval zq,, — Zy.

On (Z¢, 2):

there exists an unique #; such that f(Z;) = Z. Note that on this interval f? is decreasing implying
that

o if x € [2,71), f2(x) € (z, f(2)] C (Z,%,) and T2, — Ty;
o if x € (Z1,2], f2(z) € [f3(2),Z) C (&,Z) and then za, — T¢.

On [&,,1/2]:
there exists Ty such that f(Z2) = Z. On this interval f? is decreasing and

P&y, 32)) = (2, f(2)] and f2((T2,/2]) = [f*(1/2), 7)

If v € [#,,%2), f?(x) € (Z, f(#)] and we are in one of the previous cases. Let us postpone the other
case (x € (Z2,1/2]).

On [O, .i'g]:

f? is increasing implying the existence of v such that f2(vy) = &,. If z € [y, 24], f2(x) € [2¢, f(2)]
and we are in one of the previous cases.

We can easily show by contradiction that for all # € [0,7] there exists n such that f?*(z) €
[Z¢, f(2)]. If it is not the case f2"(z) is an increasing sequence bounded above, and as a conse-
quence it converges to a fixed point of f2 in [0, #,]. According to lemma 41l there is no such point.
There is however countably many points that converges to Z (because f2([0,7]) C [0, f(2)]).

To conclude if x € (Z2,1/2], f2(z) € [f*(1/2),Z) and we are in one of the previous cases.

To obtain results for the non uniform case, we need the following:
Lemma 4.4 {(Z¢,Z¢, 062, 1 — 2%¢), (T, T, 0r_2, 1 — 2,.)} is an attracting orbit for F in RF+1.

Proof : Note that it is the same to prove that {(Z¢,0x—2), (Z,05—2)} is an attracting orbit
for F'= (Fy,..., F;—1) where

1 k—1 ? k—1 # =

~ —w =)o) —(1-2m -3 it =1

Fi(z) = ko1 k=1 \? :
(1 —2m1 =D s i xj) - (1 =221 — >, xj) otherwise.

Let By (z) = @E: (3) = 1 OF (f(5))2m (1) and note that:

ox; m=1 Oz, ox;
0 i+
B; i(Z¢,0p_2) = B; i(Z,,0k_2) = P, P .
0370, 0k-2) 03 (Fr, Ox=2) { ggﬁ (52,01@72)235; (Zy,0p—2) otherwise.
B, j(Z¢,0x—2) is upper triangular and |B1 1(Z¢, 0x—2)| = gfi (f@,Ok,Q)g—i(fr,Ok,Q) < 1 accord-

ing to lemma 2 It remains to prove that the other eigenvalues of B are (strictly) bounded above
by 1, the positivity being obvious. i

With the same notations as the one of the proof of lemma[B.1] recall that if z < 7, gf (,0p—2) <1
and greater than 1 otherwise, and one can easily check that f?(Z) > #. Then, as & < Z, obviously
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l

L (24,05-2) < 1 and as & < Z,, 35 (2y, 0k —2)9E (2, 0 —2) < 1. O

T < Ty and consequently

Now we are able to prove Theorem [[L4l The previous lemma ensures the existence of ¢ > 0
such that if 2 € B((Z,,0x_2),&) (respectively B((Zg, 0p_2),€)), then lim,,_, 1 o0 F2*(2) = (&, 04_2)
(respectively (Z¢, 0x—2)).

According to the stable manifold Theorem, the stable manifold of F, W*(Z,0,_2) is a one di-
mensional smooth manifold in a neighborhood of (Z,0x_2). So there exists &’ such that W5 =
W#(Z,0x—2) N B((Z,05—2),¢") > 0 is negligible with respect to the Lebesgue measure. In other
words, for almost every z € B((Z,0x_2),¢’), there exists m > 0 such that F™™(z) ¢ B((Z,0x_2),&’).
Let B, = {z; € [T + €, i&,], F?(21,00_2) € B((Z,,01_2),¢/2)}, and according to Proposition A3,
we have already seen that [Z+¢’, Z,] C Up>oE,. With a similar reasoning as the one of Proposition
B there exists N > 0 such that [z + €', &,] C U)_(E, implying that for all 21 € [z + €', &,],
F2N(($1,Ok_2)) € B((.i‘T,Ok_Q),E/}). —

Using the uniform continuity of F2V on the compact set J# := [z + €', %,] x R¥=2 1 P 5, there
exists v > 0 such that

Y,y €, o —yll < v = B2V (@) — BN ) < o
Thus for z = (z1,...,25-1) € [T+ €, 3] X B(0g—2,v):

IEN (@1, wims) = @y Okm2) | < IF?N (2, men) = PPN (20, 0ps)|
I EN (21, 05—2) = (Zr, 0g—2)]|
< ¢2+52=c

Consequently F?N(z) € B((Z,,04_2),¢) implying that F"(z) — Z,.

Note that we can realize exactly the same reasoning on [£,Z — £'].

Let 21 € [a, 1/2)\[%, &,] (see Lemma 23] for the definition of «) and according to Proposition
there exists n such that F2"(z;,0,_1) € [#,&,] x B(0x_2,v). Using again the uniform continuity
of F2" there exists ¢/ such that

_ . F2(21,05_0) — & &y — F2" (21, 0k
e —yll < = |F*"(@) — F¥"(y)] < & := min ( R 2)>

implying that if ||(z2,...,25-1)|] < v/ then

:i' + F12n(:1;13 Ok‘—Q)

S j’I‘ + an(-rlaok‘—Q)

2 < an(zla-'-azkfl) 9
0< szn(zla---al'kfl) <y Vji>1
and thus F2"($1, cey Tp—1) € [&, 8] X B(0g—2,v).

Note that we write p = (P1,...,Pr-1) for (p1,P3,P4,.-.,Px) and p(n) = F*(P).
According to lemma 23] p;(n) — 0 for all j > 2 and according to lemma 24 p,(n) € [, 1/2] for
all n > 1. There exists Ny such that ¥n > Ny, p(n) € (0,Y/2] x B(0k—2,v'). Then there exists
n > 0 such that

IN)(Nl + 27’L) S [.’i‘,.’i‘r] X B(Ok_g, V).

If p(N1 + 2n) € [&,% — €'|U [T + €, 2] x B(0g_2,v), we have the convergence to (Z¢,0_2) or
(Zy,0x—2). Otherwise p(N1 + 2n) € B(Z,¢’) x B(0y—2,v) and
e cither lim,, 4o P(2n) = (Z,0k—2),
e or there exists m > n such that p(Ny +2m) € [2,Z — '] U [T + €', 3] X B(0p—2,v) and we
have convergence to (Zg,0x—2) or (T, 0x—2).

17



If we are in the first case, it means that p € W, = Un>oﬁ_”(W§) and as a countable union of
negligible sets with respect to the Lebesgue measure, W is also negligible:

A (f) € Py 2, ngrfoof)@n) ¢ {(Z¢,05—2), (T, Ok_g)}> =0 (4.5)
Remark 4.2 This result is not limited to the case z = 6 and i = 2. Indeed, according to our proof,
the only conditions a case (z,1) has to satisfy are :
1. T, is such that 0y f»:(T,) < —1.
2. fri(Z2i) > T2s.
3. fri(Yi) < Ty

The last two conditions appear in the proof of lemmas[[.1] and[{.8 While condition 3 seems to be
always satisfied, condition 2 is not. For instance, it is not satisfied for (z,i) = (12,2) and numerical
simulations show the existence of an orbit of period 4 (see Figurelf) for this case. However, the
aim of the paper is not the study of all non convergent cases.

Figure 6: z = 12,i =2, f (red), f2 (yellow), f* (blue)
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5 Open questions and variant case

In [I], the authors study a binary tree with the following changes
e ik =2, we have only two diseases;

e (R3) is replaced by (R4): if only one of the leaves is infected, the node is infected by it with
probability «@ and not infected with probability 1 — a.

The authors obtain the following
Theorem 5.1 For all p € P, p(n) converges and

1. Ifa> 12
1i ( ) (15070) prl > P2,
im p(n) = a1 20— )
n—>oop (4210471’ 4210471’ 404171) prl = Pb2-
2. If o =1/2
: _ [ (P1—p2,0,1=p1+p2) ifp1>po,
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3. If a < 12 limy, 00 p(n) = (0,0, 1).

In the same spirit, we replace (R3’) by (R4’):

QRX; =17z = Q—a)"
j=1
where «; is the probability of infection ¢ and @Z(z) := {S, = {1,..., ¢}, Xpp1 = - = X, = e;}

the event the £ firsts children are not sick and the others are infected by disease 1.
Recall (R1’): if all the children have the same state (infected or not) the ancestor is infected (or
not) by it (which does not seem natural).

Figure 7: (R4’) for N =3 a.s.

i 7 k+1
with probability (1 — a;)? with probability a;(2 — ;)
E+1 1
) 7 k+1 ) /) k+1

We obtain the equivalent of lemma [Z.Tt

Lemma 5.1 For alln > 1:

()= { GNP () +Bi(0) — G (B (0) +pil)(1 = ) + Giv((1 = @)pa(m), if i <
pi(n = 1— E?:l pz(n + 1) otherwise.

Proof : For i # k 4 1, the recursion formula obtained here is:

ZqZZ]P’ |S.| = ¢, ®X =e
z=2 £=0

pi(n+1)

ZQZZ pk+1( ®X _el”gﬂ

z=2 =0

S 0 [ SR (P ) (1~ (1~ ) + piln)*

z=2 (=1
= Zqz Pr+1(n) +Pi(n))" = (Prr1(n) + pi(n)(1 — @) + (1 — a;)*pi(n)?)

= GN(Pk-i-l(”) +pi(n)) = GN(Pr+1(n) + Pi(n)(1 — i) + GN((1 — a;)pi(n)). O
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In all the following we assume that

Vi€ [1,k],a; = a > E[N]~*. (5.1)

Lemma 5.2 There exists n > 0 such that
Vn € N, p1(n) > min{Gn(n),p1}

Proof : According to (5.0)), there exists § > 0 such that a = E[N]™! +4. As Gy(1 —2) =
Gn (1) — G\ (1) + e(x) where =(®)/z — 0 when = goes to 0, there exists > 0 small enough such
that if 0 < x <7, |e(x)| < 62GN(1)/k. Then for 0 < z < n/k and 0 < y < (k — i)

Gn(A—=(i—-Dz—y) -Gy (1—(i—1+a)r—y) > axG\(1) — 522G\ (1) > x,
and as Gy ((1 — a)x) > 0:
GNl—-(i—-1z-—y)—Gn(1—(i—1+a)r—y)+Gn({(1 - a)z) > .
The rest of the proof is exactly the same as the one of lemma O

Lemma 5.3 For all j > i, pj(n) — 0.

— 00

Proof : Writing for all 1 < j < k:

z—1
pj(n+1)= az q-p;j(n Z )+ Prr1(n)* " (Prr1(n) + (1 — @)p))* + (1 — @)*piya(n)?
z22>2 £=0
it is not difficult to see that the sequence w,, = p;:zg;) is positive and decreasing. The rest of the
proof is the same as the one of Lemma 2.4 O

Proposition 5.4 If p; > pa > -+ > pi then lim,, 1o p1(n) = 1.

Proof : We have already shown that p;j(n) — 0 for all j > 1 and according to lemma
n—o0
liminf,, o p1(n) > 0. Consequently

k
pin+1) = Gy 15ij(n) — Gy kij —api(n) | + Gy (1 — a)pi(n))
liminfpi(n+1) = Gy(1) -Gy (1 - a1i;gi£fp1(n)) +Gy ((1 - oz)linnig(l)fpl(n))

1-Gn (1 — alirginfpl(n)) +Gpn ((1 —a) lirginfpl(n)) .
Thus, liminf, . p1(n) is a fixed point of  — 1 — Gy (1 — ax) + Gy ((1 — a)x) on (0,1]. ThlS
function being increasing, the solution is 1. As a result liminf,, o, p1(n) = lim, pl(n)

D

Here we give some open questions that may be interesting to study.

1. What happens if we slightly change (R1’) and (R2’): although all children are sick, we need
at least a disease to be expressed. In a more probabilistic way, for all0 </ <z —1

®Xj:€i%€(2> Za zéw
j=1
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Assuming that o; < E[N]7L:

ngrfoo pi(n) =0. (5.2)
Indeed, we can bound above lim,,_, . pi(n) by the probability that in a GW with repro-
duction law N and percolation probability «;, there is an infinite connected component
containing ¢. It is well known that o = E[IN]71, is the critical probability for the existence
of such a connected component which gives (5.2))

2. An interesting subject is the link between the law of N and the existence of a fixed point. It
seems obvious that if N is heavy tailed, there is no fixed point but what happens if P(N > 6)
is very low? Is there a critical value for this probability implying the existence or not of a
fixed point?

3. Numerical simulations suggest the existence of a unique attracting orbit for every z and k.
The study of the Schwarzian derivative of f could be a good point of view. Moreover for
every p € N; it seems that we can find z and k such that the attracting orbit has 2p for prime
period. To conclude, can we write a complete classification of the map with topological
conjugacy: Two maps f: A — A and g : B — B are said to be topologically conjugate if
there exists a homeomorphism h : A — B such that f = h~! o goh. In this case f and g are
equivalent in terms of their dynamics. For instance if z is a fixed point of f, h(x) is a fixed
point of g.

6 Appendix

In this section, we remind elementary definitions and results on discrete dynamical systems we use
in section [ and [4l For a more thorough presentation, we refer the reader to 2] 4.

So let M be a metric space and f: M — M a C! mapping. We are interested in the discrete
dynamical system corresponding to

P@) =z, [H@)= "o f(z), nEN, ze M (6.1)

Definition 6.1 (fixed and periodic points) A pointy € M satisfying y = f(y) is called a fized
point of f.

A point y € M satisfying y = fP(y) for p € N* and y # f*(y) forn € {1,--- ,p— 1} is called a
periodic point of f of prime period p.

Note that a fixed point of f is a periodic point of f of prime period 1.

Definition 6.2 (attracting and repelling periodic points) Let y € M be a periodic point of
f of prime period p.

1. y is an attracting periodic point of f (of prime period p) if there exists an open neighborhood
U of y such that
. np(
Yz e U, ngr}rloof () =v.
2. y is a repelling periodic point of f (of prime period p) if there exists an open neighborhood U
of y such that
Ve e U\{y}, Ine N s.t. f"P(x) ¢ U.

Definition 6.3 (hyperbolic periodic point) Lety € M be a periodic point of f of prime period

p, and let A = D(fP)(y) be the Jacobian matriz of fP aty. If A is invertible and has none of its
eigenvalues on the unit circle, we call y a hyperbolic periodic point of f (of prime period p).
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Proposition 6.1 Lety be an hyperbolic periodic point of f of prime period p, and let A = D(f?)(y)
be the Jacobian matriz of fP at y.

1. If dll the eigenvalues of A are inside the unit circle, then y is an attracting periodic point of
f. y is said to be linearly attracting.

2. If all the eigenvalues of A are outside the unit circle, then y is a repelling periodic point of

1.

Note that a hyperbolic periodic point which is neither attracting nor repelling is called a saddle
point. In this case, it is of interest to define the stable and unstable sets of the mapping fP.

Definition 6.4 (stable and unstable sets) Let y be a hyperbolic periodic point of f of prime
period p. We define the stable and unstable sets W*(y) and W*(y) as

wety) = {aeM| tm ) =) (62)
wew) = {eear] im e =y, (©3)

Note that if y is a attracting periodic point of f, then there exists an open neighborhood U of
y such that W*(y) NU = {y} and W*(y) NU = U. Similarly, if y is repelling, then there exists an
open neighborhood U of y such that W*(y) N U = {y} and W*(y)NU =U.

Theorem 6.5 (Hartman-Grobman Theorem) Let y be a hyperbolic fixed point of f. Then
there exists a neighborhood U of y and a homeomorphism h: U — M such that

fiv =htoAoh,
where A is the Jacobian matriz of f at y.

This theorem states that in a neighborhood of a hyperbolic fixed point, f is topologically
conjugated to its linearization. So in this neighborhood, the behavior of the dynamical system is
qualitatively the same as the one of its linearization. This leads to the stable manifold theorem.

Theorem 6.6 Let y be a hyperbolic fized point of f. Then

1. W#(y) is a smooth manifold and its tangent space at y is the stable space of the linearization

of f aty.

2. W¥(y) is a smooth manifold and its tangent space at y is the unstable space of the linearization

of f aty.
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