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Abstract. We consider an initial population whose size evolves according to a continuous state branching process. Then we add
to this process an immigration (with the same branching mechanism as the initial population), in such a way that the immigration
rate is proportional to the whole population size. We prove this continuous state branching process with immigration proportional
to its own size is itself a continuous state branching process. By considering the immigration as the apparition of a new type, this
construction is a natural way to model neutral mutation. It also provides in some sense a dual construction of the particular pruning
at nodes of continuous state branching process introduced by the authors in a previous paper. For a critical or sub-critical quadratic
branching mechanism, it is possible to explicitly compute some quantities of interest. For example, we compute the Laplace
transform of the size of the initial population conditionally on the non-extinction of the whole population with immigration. We
also derive the probability of simultaneous extinction of the initial population and the whole population with immigration.

Résumé. Nous considérons une population initiale dont la taille évolue selon un processus de branchement continu. Nous ajoutons
ensuite a ce processus une population migrante (qui évolue selon le méme mécanisme de branchement que la population initiale),
avec un taux d’immigration propotionnel a la taille de la population totale. Nous montrons que ce processus de branchement
continu avec immgration proportionnelle a sa taille est encore un processus de branchement continu. En voyant cette immigration
comme I’apparition d’un nouveau type, cette construction est un moyen naturel de modéliser des mutations, neutres vis a vis de
I’évolution. Elle peut étre également vue comme la construction duale de 1’élagage aux noeuds de I’arbre généalogique associé a
la population totale, introduit par les auteurs dans un article précédent. Lorsque le mécanisme de branchement est quadratique et
critique ou sous-critique, il est possible de calculer explicitement certaines quantités intéressantes. Par example, nous calculons la
transformée de Laplace de la taille de la population initiale conditionnellement a la non-extinction de la population totale. Nous en
déduisons également la probabilité d’extinction simultanée de la population initiale et de la population totale.
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1. Introduction

We consider an initial Eve-population of type 0 whose size evolves as a continuous state branching process (CB),
Y% = (¥?, t > 0), with branching mechanism y° defined by

wo(x)zaox+ﬂ,\2+/(0 )n(de)[e—” — 1+ Allp<yy], (1)
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where «® € R, B > 0 and 7 is a Radon measure on (0, c0) such that f(o,oo)(l A3 (de) < co. See [9] for a definition
of CB as limit of Galton—Watson processes. We assume that this population undergoes some irreversible mutations
with constant rate, giving birth either to one individual of type 1 (with rate &), or to infinitely many offspring of type 1
(with rate and mutant offspring size described by a measure v). This second population of type 1 evolves according
to the same branching mechanism as the Eve-population (i.e. the mutations are neutral). The population of type 1
undergoes also some mutations and gives birth to a population of type 2 with the same rules, and so on.

If we lose track of the genealogy, the new population of type 1 can be seen as an immigration process with
rate proportional to the size of the Eve-population, the population of type 2 is an immigration process with rate
proportional to the size of the population of type 1, and so on. We are interested in the law of the total population size
X = (X;,t > 0), which is a CB with immigration (CBI) rate proportional to its own size. If the mutations are neutral,
we expect X to be a CB. This is indeed the case: if 1° is the branching mechanism of the Eve-population and

(M) =&A+/ v(dx)(1 —e™™)

(0,400)

is the immigration mechanism, then the total population size is a CB with branching mechanism v = %* — ¢, see
Theorem 3.3.

Another approach is to associate with critical or sub-critical CBs a genealogical structure, i.e. an infinite continuous
random tree (CRT), see [5] or [10]. In that context, each individual of the CB can be followed during its lifetime and
mutations can be added as marks on its lineage. Pruning the CRT associated with the total population (of branching
mechanism v = % — ¢) at these marks allow to recover the Eve-population from the total population. This construc-
tion has been used in [2] and the construction given here via immigration proportional to the size of the population
can be seen as the dual of the pruning construction of [2], see Section 4 and more precisely Corollary 4.2. However
[2] considers only the case where the branching mechanism of X is given by a shift of the branching mechanism of
the Eve-population. We shall give in a forthcoming paper [3] a more general pruning procedure which will correspond
to the general proportional immigration presented here.

Natural questions then arise from a population genetics point of view, where only the whole population X; is ob-
served at time 7. In order to compute some quantities related to the Eve-population, given the total population, we
compute the joint law of the Eve-population and the whole population at a given time: (Yto, X;). For the quadratic
critical or sub-critical branching mechanism, we provide the explicit Laplace transform of the joint distribution of
(Y,O, X¢). In particular, we compute IP’(Y,0 = 0|X; > 0), the probability for the Eve-type to have disappeared at time ¢,
conditionally on the survival of the total population at time ¢, see Remark 5.3. We also compute the Laplace transform
of Y,0 conditionally on the population to never be extinct, see Proposition 5.6. In Lemma 5.5, we compute the probabil-
ity of simultaneous extinction of the Eve-population and the whole population, in other words, the probability for the
last individual alive to have undergone no mutation. The techniques used here did not lead us to an explicit formula
but for the quadratic branching mechanism. For the general critical or sub-critical case, we use, in [1], a Williams
decomposition of the genealogical tree to give a very simple formula for the probability of simultaneous extinction of
the Eve-population and the whole population.

In the particular case of CB with quadratic branching mechanism (¥ (u) = ,Buz, B > 0), similar results are given
in [15] (using genealogical structure for CB) and in [16] (using a decomposition of Bessel bridges from [12]). In the
critical (v (0") = 0) or sub-critical (3'(0") > 0) case one could have used the genealogical process associated to CB
introduced by [10] and to CBI developed by [8] to prove the present result. This presentation would have been more
natural in view of the pruning method used in [2]. Our choice not to rely on this presentation was motivated by the
possibility to consider super-critical cases (¥'(07) < 0).

The paper is organized as follows: In Section 2, we recall some well-known facts on CB and CBI. In Section 3,
we build a CBI X whose branching mechanism is ¥° and immigration rate at time ¢ proportional to X; and prove
that this process is again a CB. We give in Section 4 some links with the pruning at nodes of CB introduced in [2].
Eventually, we compute the joint law of the Eve-population and the whole population in Section 5, as well as some
related quantities.
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2. CB and CB with immigration

The results from this section can be found in [7] (see also [11] for a survey on CB and CBI, and the references therein).
Let ¢ be a branching mechanism of a CB: for A > 0,

TAeN) =ak+ﬂk2+/ m(dO)[e™ — 1+ 1llje<yy], )
(0,00)

where @ € R, 8 > 0 and 7 is a Radon measure on (0, co) such that f(o Oo)(l A €37 (dl) < co. Notice 1 is smooth on
(0, 00) and convex. We have ¥/ (0%) € [—o0, +00), and ¥'(07) = —co if and only if f(l 00) £77(d€) = 00. In order to
consider only conservative CB, we shall also assume that for all ¢ > 0

& 1
du = oo. 3
/0 W) T ©)

Notice that ¥/ (0%) > —oo implies (3).

2.1. CB

Let P, be the law of a CB Z = (Z;,t > 0) started at x > 0 and with branching mechanism 1. The process Z is a
Feller process and thus cadlag. Thanks to (3), the process is conservative, that is a.s. for all # > 0, Z, < +o0. For every
A > 0, for every t > 0, we have

Ex [e—kZ,] — e—Xu(t,)»), (4)

where the function u is the unique non-negative solution of

t
u(t,,\)+/ Y(us,\))ds =4, A>0,1>0. 5)
0

This equation is equivalent to

A dr
/ =t, A>0,t>0. (6)
u@t, ) W)

The process Z is infinitely divisible. Let Q be its canonical measure. The o -finite measure Q is defined on the set of
cadlag functions. Intuitively, it gives the “distribution” of the size process for a population generated by an infinitesimal
individual. In particular, by the Lévy-It6 decomposition (see for instance [14]), Z is distributed under Py as ) ;.; Z h
where ) ;; 8 is a Poisson point measure with intensity x Q(dZ). Thus, for any non-negative measurable function F
defined on the set of cadlag functions, we have the following exponential formula for Poisson point measure

Ex[e*Ziez F(zi)] _ exp(—xQ[l _ efF(Z)]).

The CB is called critical (resp. super-critical, resp. sub-critical) if ¥ (0%) = 0 (resp. ¥/ (07) < 0, resp. ¥/ (0") > 0).

We shall need inhomogeneous notation. For t < 0, we set Z; = 0. Let [P, ; denote the law of (Z;_;, s € R) under P,
and let Q, be the distribution of (Z;_;, s € R) under Q.

For p a positive measure on R, we set H* = sup{r € R; u([r, 00)) > 0} the maximal element of its support.

Proposition 2.1. Let p be a finite positive measure on R with support bounded from above (i.e. H" is finite). Then
we have for all s e R, x > 0,

B, [em/ Zrst@)] = gmrw®), )
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where the function w is a measurable locally bounded non-negative solution of the equation

w(s)—i—/ool//(w(r))dr:/ n(dr), s<H" and w(s)=0, s>H" 8)
s [

§,00)

If ' (07) > —oo or if w({H*}) > 0, then (8) has a unique measurable locally bounded non-negative solution.

This result is well known for the critical and sub-critical branching mechanism (see e.g. [6]). As we did not find a
reference for the super-critical branching mechanism, we give a short proof of this proposition.

Proof of Proposition 2.1. Let n > 1. We set Z,(")’S = Z(i+1)/21—s fort € [i/2", (i +1)/2"). Using that Z is cadlag,

we get a.s. lim,,, Z,(")’S = Z,;_s forall ¢, s € R. Since the process Z is finite, we get by the dominated convergence
theorem a.s. for all s € R

/ Zr_spu(dr) = lim Z"S u(dr).
[—s,HH]

n—oo [—S,H“’]
Using the Markov property of Z, we get that

E.[e/ Zﬁ’”“u(dm] O]

where w( is the unique non-negative solution of

((H"2"+1)/2"
w™ (s) —i—/

¥ (™ () dr = / w(dr),

s [k/2",00)

with k s.t. k/2" <5 < (k+ 1)/2".

Let T > H* + 1. Notice that for all s € [T, T'], we have f Z,(”)’Su(dr) <sup{Z;,t €[0,2T}u([-T, H*]) < 00
a.s. Let C be defined by e € = E[esuPZ1€l0.2THu(=T.H" D] Notice C < oo. This implies that for all n > 1,
NS [_Tv T]s

0<w™(s) < C < oo.

By the dominated convergence theorem, w™ (s) converges to w(s) = — log(; [e‘f Zr—sdr)7) which lies in [0, C],
for all s € [T, T]. By the dominated convergence theorem, we deduce that w solves (8). Since T is arbitrary, the
proposition is proved but for the uniqueness of solutions of (8).

If ¥/(0T) > —oo, then v is locally Lipschitz. This implies there exists a unique locally bounded non-negative
solution of (8).

If ¥/(0%) = —oo, and u({H"}) > 0, we get that [ Z,_su(dr) > aZyu_s, where a = p({H*}) > 0. This implies
that w(s) > u(H" —s,a) > 0 for s € R. The function u(-, a) is strictly positive on R because of condition (3) and

Eq. (6). Since  is locally Lipschitz on (0, oo), we deduce there exists a unique locally bounded non-negative solution
of (8). O

2.2. CBI

Let x > 0, @ > 0, v be a Radon measure on (0, co) such that f(o OO)(1 A x)v(dx) < oo. Let B denote the set of non-
negative measurable functions defined on R. Let & € B4 be locally bounded. We consider the following independent
processes.

© ) ics 84 yi zi» a Poisson point measure with intensity /1 (#)1(;>0) df v(dx)Py ((dZ).
4 , distributed according to P,.
° ZjEJ d,; »;»aPoisson point measure with intensity ah(¢)1(>0; df Q;(dZ).
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Fort e R, let Y, = Zt + Zie] Z; + Zje] 2,1 € [0, 00]. We say Y = (Y¥;,¢ > 0) is a continuous state branching
process with immigration (CBI) started at x, whose branching mechanism is ¢ and immigration is characterized with
(h, ¢) where the immigration mechanism, ¢, is defined by

d0) :&k—l—/ v(dx)(1—e™), 1>0, ©)

(0,00)

where @ > 0, and v is a Radon measure on (0, co) such that f(o,oo)(l A x)v(dx) < oo.

One gets Y is a conservative Hunt process when £ is constant, see [7]. Notice that Y is a non-homogeneous Markov
processes. We also have Yo =x and ¥; =0 for t < 0.

Using the Poisson point measure property, one can construct on the same probability space two CBI, Y! and Y2,
with the same branching process v/, the same starting point and immigration characterized by (h', ¢) and (h?, ¢)
such that Ytl < Yt2 for all 7 < T as soon as h' (1) < h2(¢) for all r < T. We can apply this with W' =h and K2 (1) =
sup{h(s); s € [0, T]} for t € R and some T > 0, and use that Y2 is conservative (see [7]) to get that Y! has a locally
bounded version over [0, T']. Since T is arbitrary, this implies that any CBI has a locally bounded version. We shall
work with this version.

The following lemma is a direct consequence of the exponential formula for Poisson point measures (see e.g. [13],
Chapter XII).

Lemma 2.2. Let u be a finite positive measure on R with support bounded from above (i.e. H" is finite). We have for
seR:

E[e” / erstr)] e X @O —[gT hOP(wis+0)dr (10)

where the function w is defined by (7).

3. State dependent immigration
3.1. Induction formula

Let (xt, k € N) be a sequence of non-negative real numbers. Let Y° be a CB with branching mechanism v, defined
by (1), starting at xo. We shall assume that ¥ 0 is conservative, that is condition (3) holds for 1//0. We construct
by induction Y", n > 1, as the CBI started at x,,, with branching mechanism wo and immigration characterized by
(Y"1, ¢), with ¢ given by (9).

Lemma 3.1. Let (uy, k € N) be a family of finite measures on R with support bounded from above. We have for all
nelN,seR,

E[e S0/ Yositk@)] = = o vikuf o)

where w(()”) is defined by (7) with wu replaced by wu,,, and fork > 1, w,ﬁ") is defined by (7) with wu replaced by p,, i (dr) +

¢ (wr—1(r)) dr. In particular, wi is a locally bounded non-negative solution of the equation

w(s) + / ¥ (w(r))dr = / n—x (dr) + / p(w” (M)dr, seR. (11)
s [s,00) K
(Notice wi(s) =0 for s > max{H"« k' € {0, ..., k}}.)

Proof. This is a consequence of the computation of E[e™ Yio [ Ve (dr) |Y9, ..., Y"1, using Proposition 2.1. This
also implies that (11) holds. Then, by induction, one deduces from (11) that wy is locally bounded. U
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3.2. Convergence of the total mass process

We consider the sequence (Y",n > 0) defined in the previous section with xg = x > 0 and x, =0 for n > 1. We set
X! = ZZ:O Ytk for t € R. Let X, be the increasing limit of X} as n — 400, for all r € R. We have X, € [0, +00]. We
call X = (X,,t € R) a CBI with branching mechanism ¥° and immigration process (X, ¢). We set ¢ = /0 — ¢.

Remark 3.2. For A > 0, we have
VO —p(h) = <a° —a— / Ev(d€)>k + BA% + / (7(d0) +v(dO)[e ™ — 1+ rllj<yy].
0,1] (0,00)

This gives that ¥ = ° — ¢ is a branching mechanism.

The process Y describes the size process of the Eve-population, Y'! the size process of the population of mutants
born from the Eve-population Y°, Y2 the size process of the population of mutants born from mutant population Y!,
and so on. The size process of the total population is given by X =3 .Y k_In a neutral mutation case, it is natural
to assume that all the processes Y* have the same branching mechanism. Since we assume x; = 0 for all k > 1, this
means only the Eve-population is present at time 0.

Theorem 3.3. We assume that  is conservative, i.e. satisfies (3). The process X, which is a CBI with branching
mechanism ° and immigration process (X, ¢), is a CB with branching mechanism = y° — ¢.

Remark 3.4. As a consequence of Theorem 3.3, X is a Markov process. Notice that the process (Y°, ..., Y") is also
Markov but not (X}, t > 0) forn > 1.

Proof of Theorem 3.3. Let u be a finite measure on R with support bounded from above (i.e. H* < 00). We shall
assume that u({H*}) =a > 0.

We keep the notations of Lemma 3.1, with p; = w. In particular we see from (11) that w
We shall denote it by wy. By monotone convergence, we have

,E") does not depend on 7.

E[e™/ Xr—#@] = Jim E[e™ Zi=0/Vsr@)] = fim e~ wn®)

n—o00 n—oo ’
where the limits are non-increasing. This implies that (w,,n > 0) increases to a non-negative function ws,. By
monotone convergence theorem (for f YHI wo(w(r))l{wn >0y dr and the integral with ¢) and dominated convergence

theorem (for fSHM wo(w(r))l{wn(r)so} dr), we deduce from (11), that we, solves w(s) =0 for s > H* and

HH HH*
w(s)—i—/ wo(w(r))drzf u(dr)—}—/ p(w(r))dr, s<H" (12)
s [s,00) s

Notice that weo(s) € [0, oo] and the two sides of the previous equality may be infinite.

Thanks to Proposition 2.1, and since ¥° — ¢ is a branching mechanism (see Remark 3.2), there exists a unique
locally bounded non-negative solution of (12), which we shall call w. Therefore to prove that ws, = w, it is enough
to check that we is locally bounded. This will be the case if we check that wo, < w. In particular, we get wso = w, if
we can prove that w,, < w for all n € N. We shall prove this by induction.

We consider the measure 0(dr) = p(dr) + ¢ (w(r))1y-<prydr. Notice H*0 = H* and /,LO({H”’O}) =u({H"}) =
a > 0. We define wg by

e—xﬂ)o(s) — ]E[e_fYrO—suo(dr)].

The function wy is a locally bounded non-negative function which solves

H*
w(s) +/ I/JO(w(r)) dr =/
s [

5,00)

H*
u(dr) +/ ¢(1D(r)) dr, s<H*
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Thanks to Proposition 2.1, wy is unique. Since w solves the same equation, we deduce that wg = w. We also have
e wo(s) — ]E[e‘f y,?,su(dr)] - E[e‘f ygﬂﬂo(dr)]'

This implies that wg < wp = w.

Assume we proved that w,—; < w for some n > 1. Then we can consider the measure w"(dr) = u(dr) +
(¢ (W(r)) — ¢ (wn—1(r)) 1y <pny dr. Notice H*" = H* and " ({H*"}) = a > 0. Recall x = xo > 0 and x; = 0 for
k > 1. We define w, by

e Wn(s) — E[e‘f Y u (dr)].

The function w, is a locally bounded non-negative function which solves for s < H*

H* H*
wis) + / O (w(r) dr = f[ o+ / ¢ (w1 (7)) dr

HH
:/[ ),u(dr) +/ ¢(1i)(r)) dr.

Thanks to Proposition 2.1, w, is unique. Since w solves the same equation, we deduce that w,, = w. We also have
e—xw,,(s) — E[e—j’Y,’LSu(dr)] - E[e—fYr’LjMn(dr)].

This implies that w, < w. Therefore, this holds for all n > 0, which according to our previous remark entails that
Woo = W.

By taking u(dr) = Z,le A8y (dr) for K e N*, A1,..., kg €[0,00) and 0 < 1] <--- <tg, we deduce that X has
the same finite marginal distribution as a CB with branching mechanism ¥/ — ¢. Hence X is a CB with branching
mechanism 0 — ¢. O

4. The dual to the pruning at node

For 6 € R, we consider the group of operators (7y, 6 € R) on the set of real measurable functions defined by
Ty(/H)=fO+)— f(O).

Let ¥° be given by (1) with Lévy measure 7. Using the previous section, for & > 0, we can give a probabilistic
interpretation to 7_g(¥°) as a branching mechanism of a CBI with proportional immigration. Let 6y = sup{6 > 0;
f(l,oo) e (de) < oo}. Notice that 6y = 0if %9 (07) = —o0, as ¥*'(0) = —o0 is equivalent to f(l,oo) L (de) = +o0.
We assume 6y > 0 and we set @ = (0, 9] if f(l ) el (de) < oo and ® = (0, Hp) otherwise. Let 6 € @. We define

¢9(A)=2ﬂ9k+/ (e —1)(1 — e ™) (dx).

(0,00)

It is straightforward to check that T_g(¥°) = ¢° — ¢ and that ¢y is an immigration mechanism. Notice that for
0 < 6y, we have T_y (wo)/(0+) > —00, that is T_Q(I/IO) is a conservative branching mechanism.
The next corollary is a direct consequence of the previous section.

Corollary 4.1. Let 6 € ©.1f 6 = 6y assume furthermore that T_g, (W) is conservative. A CBI process X with branch-
ing mechanism  and immigration (X, ¢gp) is a CB with branching mechanism T_g ().

On the other end, for 6 > 0, Ty(¢) can be seen as the branching mechanism of a pruned CB. The following
informal presentation relies on the pruning procedure developed in [2]. Let us consider a CRT associated with a
critical or sub-critical branching mechanism v with no Brownian part, which we shall write in the following form:

V() =a1,\+/ (7 — 1 —ar)m(dr),

(0,+00)



CSBP with immigration 233

with f[l,oo) rr(dr) < oo, o) = o + f[l’oo) rr(dr) > 0 and f(o,l) rm(dr) = +oco. In that case, the CB process with
branching mechanism i has no diffusion part (8 = 0) and increases only by positive jumps.

Let us recall that a CRT can be coded by the so-called height process H = (H;,t > 0), see [5]. A CRT is a
random rooted real tree, i.e. a compact metric space (7, d) such that there is only one continuous path from a point
to another, with a distinguished vertex called the root. To each ¢ > 0 is associated an individual in the tree, and H;
is the distance of this individual to the root. Intuitively, for the individual # > 0, H, > O represents its generation.
Conversely, it is possible to reconstruct the CRT given the height process H. The individual ¢ is called an ancestor
of s if H; =min{H,,u € [s At,s V t]}, and we shall write s > 7. This describes a genealogical structure that can be
coded by a real tree.

Informally, for ¢ fixed, the “size” of the population at generation a > 0 of all individuals r < ¢ is given by the
local time of H at level a up to time ¢, L{ say. For the CRT associated with the branching mechanism v, the process
L= (L"Y ,a > 0), where T, = inf{t >0, L? > x} is a CB with branching mechanism . The height process codes for
the genealogy of the CB process L.

An individual ¢ is called a node of the CRT if the height process corresponding to its descendants, (Hy — H;, s = t)
has a positive local time at level 0, say A;. (If t < Ty, then A, corresponds to a jump of the CB process L at level H;;
reciprocally to a jump A of the CB process L at level a there corresponds an individual ¢ < T, such that H; = a
and A; = A.) Intuitively A, corresponds to the “size” of the offspring population of individual ¢. Let 6 > 0 be fixed.
A node ¢ of size A; is marked with probability 1 — e~?“:, independently of the other nodes. To prune the CRT,
we just remove all individuals who have a marked ancestor. The height process of the pruned CRT is then given by
HY = (Hc,,t = 0), where C is the inverse of the Lebesgue measure of the set of individuals whose ancestors have no
mark:

ro
C = inf{"o >0; f 1{Vx,r>;x,x is not marked} dr > t}~
0

Theorem 1.5 in [2] shows that this pruned CRT is itself a CRT associated with the branching mechanism Ty (¥/).

By looking at the local time of the pruned process, we get a nice construction of a CB process of branching mech-
anism Ty (), which we shall call a pruned CB with intensity 6 > 0, from a CB process of branching mechanism .
Notice this construction was done under the assumption that 8 = 0 (see also [4] when 8 > 0 and = = 0). The general
pruning procedure in the general case 8 > 0 and 7 # 0 will be presented in a forthcoming paper [3].

In a certain sense the immigration is the dual to the pruning at node: to build a CB process of branching mechanism
Y from a CB process of branching mechanism Ty (¢), with 6 > 0, one has to add an immigration at time ¢ which rate
is proportional to the size of the population at time 7 and immigration mechanism ¢y defined by:

o (W) =To(Y) (L) — Y () =280 + / (1—e ) (1 —e™)m(dx) forar>0.

(0,00)

In other words, we get the following result, whose first part comes from Theorem 1.5 in [2]. As in [2], we assume
only for the next corollary that 8 =0 and f(o )y £ (dl) = +o0.

Corollary 4.2. Let X be a critical or sub-critical CB process with branching mechanism . Let X©) be the pruned
CB of X with intensity > 0: X is a CB process with branching mechanism Ty (). The CBI process, X, with
branching mechanism Ty (Yr) and immigration (X, ¢g) is distributed as X .

5. Application: Law of the initial process

We consider a population whose size evolves as X = (X, t > 0), a CB with branching mechanism ¥ given by (2). We
assume Y satisfies the hypothesis of Section 2. This population undergoes some irreversible mutations with constant
rate. Each mutation produces a new type of individuals. In the critical or sub-critical quadratic case (7 = 0), the
genealogy of the associated CB corresponds to the limit of the genealogy of a Wright—Fisher model, up to some time
change due to non-constant population size.

We assume the population at time 0 has the same original Eve-type. We are interested in the law of Y° = (¥ ,0, t>0),
the “size” of the sub-population with the original type knowing the size of the whole population. In particular, we
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shall compute P(Y, 0= 0|X; > 0), the probability for the Eve-type to have disappeared, conditionally on the survival
of the total population at time ¢.

We shall assume Y? is a CB with branching mechanism ¥° and X is the CBI with immigration (X, ¢), with ¢ =
% — , considered in Section 3.2. Thus, we model the mutations by an immigration process with rate proportional
to the size of the population.

The joint law of (X, Yto) can be easily characterized by the following lemma.

Lemma 5.1. Lett >0, A1, Ap € Ry. We assume Xo = Yé) =x > 0. We have

—nX—22Y] _ o—xw(0)
Ele ]=e ;

where (w, w*) is the unique measurable non-negative solution on (—oo, t] of
t t
w(s) + / wO(w(r)) dr =11+ A2 +f ¢ (w*(r))dr
s N
t
w*(s) + / Y (w*(r)) dr = 1;.
S

Proof. Recall the notation of Section 3.2. In particular xo = x and x,, = 0 for all n > 1. Let us apply Lemma 3.1 with

po(dr) = (A1 + 22)8(dr),
pk(dr) =a18,(dr) fork > 1.

We get

Efe~1Xi+227")] = erun’ ()
where for s <t,

w(()") (s)+ /T wo(w(()")(r)) dr =1,

(")(s)+/ vO(w () dr—A1+/ ¢ () dr forl<k<n—1,

t
wi (s) + / YO (wi” (1) dr = a1+ A2 + / ¢(wy”, (r) dr
s N
We let n go to infinity and use similar arguments as in the proof of Theorem 3.3 to get the result. (]

Some more explicit computations can be made in the case of quadratic branching mechanism (see also [16] when
a=0).Leta >0and 6 > 0 and set

Yy =au+iu, YO =Ty W) = (a+20)u+u’.
The CB which models the total population is critical (¢ = 0) or sub-critical (o > 0). The immigration mechanism is

¢ (w) =) — ¥ (u) =26u.
We set b = (« 4 26) and for ¢ > 0,

l—e— .
h(t):{1+)‘1 £ }fa>0, (13)
1+ Xt ifa=0.
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Proposition 5.2. Lett >0, A1, Ay € Ry. We have

E[e—xlx,—kzy,o] — e—¥v0()

where

1 t -1
uo(t)=eb‘h(t)2</\—2+/ ebrh(r)zdr) +re R
0

Proof. By the previous lemma, we have
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E[e—)\IXﬁAZY,O] _ e—xw(O)’ 14)
where for s <t,
t t
w(s) + / w(r)(w(r) + b) dr=x+ A+ 29/ w*(r)dr,
N N
t
w*(s)+/ w*(r)(w*(r)—l—oz)dr:M. (15)
)
The last equation is equivalent to
(w*) = w*(w* +a@) =0 on (oo, ], w*(t) = As. (16)
The function z* := # is thus the unique solution of
*\/ * % 1
(Z ) +az"+1=0 on(—o0,t],7°() = v
1
If @ > 0, this leads to
Z*(S) — l(ea(t—s) _ 1) + iea(t—s)
o A '
If « =0, we have z*(s) =t — s + ﬁ We get
w*(s)=h'(t —s)h(t —s) " = re I h —5)7 L a17)
Equation (15) is equivalent to
w —ww+b)=—-20w* on(—oo,t], wt) =Ar + As.
Set y = w — w* and use the differential equation (16), to get that y solves
y =y = yQ2w*+b) =0 on (—o0,t], y(t) = ra.
Then the function z := 1/y is the unique solution of
/ * 1
7+ (Zw +b)z +1=0 on(—o00,t],z(t) = o
2
One solution of the homogeneous differential equation 16 = —QQuw* + b)zp is zo(s) = PO h(r — 5)2. Looking for

solutions of the form z(s) = C(s)zo(s) gives

1 t
z(s)=zo(s)<—+/ Zo(u)ldu)
Ao s
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We conclude using (14) and w = w* +z~ 1. O

Remark 5.3. We can compute the conditional probability of the non-extinction of the Eve-population: IF’(Y,O > 0]
X; > 0). However, this computation can be done without the joint law of (X;, Y, ,O) as
P >0,X,>0) PY’>0 1-P=0)

PX, >0  PX,>0 1-PX,=0)

P(Y) > 0|X; > 0) =

with P(X; = 0) = lim;, _, o0 E[e %1X1] = e=38@D ™" gnd P(Y0 = 0) = limy,_, o0 E[e*2¥ ] = e =280 ™" yphere
eat_l .
== ifa>0
a,t)= a ’ 18
g(a.n { A (18)
The same kind of computation allows also to compute the joint law at different times.

Proposition 5.4. Let O <u <t, A1, Ap € Ry. We have
E[efxlx,fxzyg] _ e—xvl(u,z)’

where

e—b(l—u)h(t _ u)—2
A2

t -1
vi(u, 1) :e—bfh(t)—2< +[ e " h(r)? dr) +re” ()"
t—u

Proof. Recall the notation of Section 3.2. In particular xo = x and x,, =0 for all n > 1. Let us apply Lemma 3.1 with

Mmoo = A8 + A2dy,
wr =116 fork>1.

Let n go to infinity as in the proof of Lemma 5.1 to get that
E[C_MX’_MY‘?] _ e—xw(O)’ (19)

where (w, w*) is the unique non-negative solution on (—o0, 7] of

t t
w(s)+/ wO(w(r))drleﬂzl{sfu}Jr/ ¢(w* () dr,

, (20)
w*(s) + / Iﬂ(w*(r)) dr = Aq.
)
Notice w* is still given by (17). For s > u, we have w(s) = w*(s) and, for s < u, Eq. (20) is equivalent to
w —ww+b)=—-20w* on (—oco,u],w) =w*wu)+ .
From the proof of Proposition 5.2, we get
1 7h(t7u)h t— -2 u
———— =" —5)? c (¢ —u) + / e P —r)72dr ).
w(s) — w*(s) A2 s
We conclude using (19). O

At this stage, we can give the joint distribution of the extinction time of X, tyx = inf{r > 0; X; = 0}, and of Y°,
Tyo = inf{t > 0; YtO =0}. For u <t, we have P(tx <1, Tyo <u) =1imy, 003,00 €Xp —xv1 (1, t) that is

¢ -1
P(zx <f,ty0 <u) =exp—x (e_bH'zo” </ e b2 o (o, 1) g (o, r) 2 dr) + g(a, t)_l).
'

—u



CSBP with immigration 237

We can compute the probability of simultaneous extinction of the Eve-population and the whole population, see also
Proposition 5 in [16], where o = 0. In [1], using different techniques we derive this formula for general critical or
sub-critical branching mechanisms.

Lemma 5.5. We have P(tyo = tx|tx =1) =e 2",
limy, 4, 0;IP <u,tx <t _
Proof. We have P(tyo = tx|tx =1) = | — —4! at,P((TrY;;L; W=D _ o261 O

We can deduce from the latter proposition the law of Y,? conditionally on the non-extinction of the whole popula-
tion. We set

1
Alb,u) = A—ze”" + g(b, u).

Proposition 5.6. Letu >0, Ay € Ry.. We have

lim E[e™" (X, > 0] =e A9 (1 — A(b, u) 2G (e, ),

t—+00

where

2g(b+a,u;—g(h,u) ifa - 0,

2
G(a.u)= —eo(a,u —l—{
(@u)= 5 8@ o) ifa=0.

Proof. We have

Ele Y] — Ele %11, —0)]

Efe~*2Y%|X, > 0] =
[e77 1%, > 0] P(X, > 0)

Using Proposition 5.4

E[eikzyl?l{xtzo}] — , llm E[67A2Yu07)“lxr] — efxﬁl(u,t)7
1—=>+00

with U1 (u, t) = limy, 100 V1 (1, 1).
Definition (18) implies

bu 2 t 2 -1

€ ,t _ 1 _ _

(U, t) = &—i—ebt/ e b’&dr +e g, )7
kzg(as[_u)z r—u g(ot,r)2

Performing an asymptotic expansion of vj as ¢t goes to co leads to the result. (]
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