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Sharp approximation and hitting times for
stochastic invasion processes

Vincent Bansaye*, Xavier Erny* and Sylvie Méléard*
* CMAP, CNRS, Ecole polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France

Abstract: We are interested in the invasion phase for stochastic processes with interactions.
A single mutant with positive fitness arrives in a resident population at equilibrium. By a now
classical approach, the first stage of the invasion is well approximated by a branching process. The
macroscopic phase, when the mutant population is of the same order as the resident population,
is described by the limiting dynamical system. We capture the intermediate mesoscopic phase
for the invasive population and obtain sharp approximations in the different phases. It allows
us to describe the fluctuations of the hitting times of thresholds, which inherit a large variance
from the first stage. These issues are in particular motivated by the quantification of the hitting
times of critical values for cancer cell populations or epidemics.

MSC2020 subject classifications: 37N25, 60F15, 60G55, 60H10.
Keywords and phrases: Stochastic invasion process, Branching process, Dynamical system,
Stochastic processes approximation, Hitting times approximation.

1. Introduction and main results

We aim to finely quantify a mutant invasion in a resident population at equilibrium. Such situation is
standard in eco-evolution, in cancer emergence or in epidemiology when a single individual particularly
well adapted can develop its own subpopulation and invade the global population. After a certain
amount of time, the number of mutants becomes non negligible with respect to the resident population
size, allowing to summarize the dynamics of the stochastic population processes by their deterministic
approximations. In Champagnat [15], a systematic approach was introduced to quantify the mutant
invasion success, based on the properties of the mutant birth and death process and its coupling
with branching processes for which the survival probability was easily computed. That allowed to
characterize the probability for the mutant process to attain a certain fixed threshold. This approach
has been used by many authors, see e.g. [16, 8, 2, 9, 13].

To go in details in this invasion process, we introduce some scaling parameter K characterizing
the macroscopic population sizes and allowing to quantify each invasion step. We consider a bi-type
birth and death process modeling the population size dynamics of interacting resident and mutant
individuals. We denote by NX(t) (resp. N (t)) the number of resident individuals (resp. mutant
individuals) at time ¢ and the density of populations are defined by

XH(t) = (X7 (1), X35 (1) = (Ng (8)/ K, Nz (t)/K).

The interaction is modeled through density dependence of individual birth and death rates, respectively
be(XK), do(XK) for @ € {R, M}. This dependence may model for instance competition for resources,
which can make the death rates increase or the birth rates decrease.

The processes (N5, NE) are defined on a probability space (€2, F,P), as solutions of the stochas-
tic differential systems driven by Poisson point measures A Ib%,./\f 1%7/\/ Jl\},N ﬁd with Lebesgue measure
intensity on Ry x Ry:

NE(t) = NE(0) + / L e (oo (K (o N2 (s, dr) (11)
[07t]XR+

—/ L{ua NE (sm)du (X 5 (s— ) Ve (ds, du),
[0,t] xR

1


https://mathscinet.ams.org/mathscinet/msc/msc2020.html

V. Bansaye et al./Sharp approzimation for invasion processes 2

for e € {R,M}, K > 0 and t > 0. We assume that N’} and N'¢ are independent and that N}, and
N, are independent too. But (N5, N'4) and (N, N'¢,) are not necessarily independent. We refer to
Section 5.1 for an application in evolution where all these Poisson point processes are independent and
to Section 5.2 for an example in epidemiology where they are dependent.

The individual growth rates are defined on Ry x Ry by

Fr(zr,zm) = br(zr,20) — dr(zr, 2Mm); Fyu(zr,zm) =bu(xr, ) — dy (TR, Tar).

Tt is well known (cf [24, 25, 20]) that under suitable assumptions on the parameters and when initial
conditions of the branching processes are of order K, the stochastic process (XX (t), XE(t)):t>0)
converges in probability (when K tends to infinity), on any finite time interval. The limit is the solution
(xR, zn) of the dynamical system

¥ =ar Fr(zr, M) = Gr(Zr, 2M); (1.2)
l'/I\/I :$MFM($R,(EM):GM(£BR,CEM).

We assume the existence of some (non-necessary unique) equilibrium «7% > 0 satisfying
Fr(zg,0) = br(zk,0) — dr(zk,0) = 0.
In this work, we start from one mutant inside a resident population closed to the equilibrium :
N¥(0) = (N (0).1),  NE(0) ~aRK. (1.3)

Thus X%(0) is close to (2%,0) and the mutant process (N (¢),t > 0) will firstly be close to the
branching process Z with individual birth and death rates respectively

by = bar(2%,0) ; die = dpr(2R,0).
We assume that the initial growth rate of this process is positive
ry = by —d, > 0. (1.4)

This ensures that the mutant population process attains values of order K with positive probability,
at a time scale log K.

We consider the hitting times of successive levels n of the mutant population process when the
initial condition is N¥(0) = ng € N2

TE(no,n) =inf{t >0: NE(t) >n} =inf{t >0: XE(t) >n/K}. (1.5)

Our ambition is to finely capture the dynamics of the invasion process until macroscopic levels, and
to focus in particular on the intermediate scale, where the mutation process is large but negligible
compared to K.

Our first result proves that the mutation process is equivalent to the branching process Z before
reaching macroscopic level of order K, in the following sense, see Section 2. For any {x < K/(log K)*
and 1 > 0, we show that

NE(t
lim IP’< sup ar () —1‘ >7I;Z(T1{/1((NK(0)75K))>0)
K=doo \4<TE(NK(0),6x) Z(t)
NE(t
= lim limsupP( sup ’ M£2_1‘>U§W>0> =0,
T—=00 K_y00 T<t<TE(NK(0),¢x) Wer-
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where
W = lim Z(t)e ™" € [0,00) a.s.

t—o0

is an exponential variable with an additional atom in 0 corresponding to the extinction event. The
value of a is 1 or 2 depending on the exponential stability of the equilibrium of the resident population
alone, see forthcoming Theorem 2.2 for a precise statement. These two cases correspond to a hyperbolic
or a partially hyperbolic equilibrium. For the proof of the theorem, we use a coupling of the mutant
process and the branching process and we need to control the distance between them. We use that
individuals belonging to one of the two populations but not to the other in the coupling can be seen
as a branching structure with an additional immigration whose intensity increases with the value of Z
or N fvi

This approach is inspired and complements previous works. Exact couplings have been proved both
in the context of invasion of mutants in evolutionary biology and in epidemiology, where the models
lead to a resident population with a hyperbolic or a partially hyperbolic equilibrium. For the SIR
model in continuous time, we refer in particular to Ball and Donnelly [4] for a proof of exact coupling
before the population reaches the order of magnitude /K. Barbour and al [7] prove that exact coupling
holds before the mutant population reaches order K2/3 for multidimensional models in evolutionary
biology. Complementary results have been obtained for epidemiological models in [5, 6]. Our result
allows to compare the original mutant process and the branching process until sub-macroscopic levels,
more precisely before the mutant population reaches the order K/(log K)°.

When the population of mutants becomes large but is not yet macroscopic, we prove that the
deterministic approximation by the dynamical system is already valid in the following sense:

X ()

su
By i) 75(2)

t<TE(NK(0),0K)

— 1’ — 0, in probability,

K—oo

where v > 0, 1 < N (0) = KX (0) < K is the initial number of mutant and z£; is the solution
of (1.2) with the corresponding initial condition 1/K < z£(0) = XX (0) < 1 and 2 (0) close to a%.
The boundary of (R4 )? is invariant for the dynamical system but the latter is unstable around R, x {0}
in the invasion regime. This makes the problem delicate when controlling the stochastic flow. In the
time window [0, TX (N¥(0), vK)] whose size is of order of magnitude log K, X goes from X (0) < 1
to v. This requires to deal with a long time scale and escape an unstable equilibrium, as in [7]. We
consider in this paper different scales and techniques, which allow us to capture the expected renor-
malization X (¢)/2% (¢) from low density until any reachable macroscopic value. We refer to Section
3.2 for a precise statement which gives the admissible values of v and quantitative estimates for the
convergence. This yields the main novelty of this work.

The simulations of Figure 1 illustrate the different approximations corresponding to the SIR exam-
ple of Section 5.2, both by the branching process (from the initial time) and by the dynamical system
(from hitting times of large levels).

As a byproduct, we obtain in Theorem 4.1 the following convergence in law of hitting times when
K tends to infinity, on the survival event of N£. Under Condition (1.3), for ({x)x going to infinity
such that (/K — v > 0, we show the following convergence in law when K — oo

TE K (0), ) — 0BCE) () loe W

* T*

where the function 7 is continuous, 7(0) = 0 and W* is an exponential random variable with pa-
rameter 7, /b,. We refer to Section 3.1 for the definition of 7 and the characterization of admissible
values [0, v,) of the level v. This result is illustrated in Figure 2 corresponding to the SIR example of
Section 5.2. Thus, the hitting times of mesoscopic or macroscopic levels have Gumbel laws translated
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Fic 1. The black curve represents a trajectory of the process X (t) = NI (t)/K, the blue curve a trajectory of
Z(t)/K, and the red curve is the deterministic function z£ (¢) starting at time T (N¥(0), £K). Both figures represent
the simulations of the same trajectory in different scales (standard scale on the left, logarithmic scale on the right).
These simulations have been done with the following parameters: K = 100000, Fr(zgr,zan) = —1.5z0, Frpr(zr, 2ar) =
15zg — 1, 2% = 1, {g = VK and v = 0.055.

by (logCk)/r« + 7(v). We refer to [6, 7] for related results on the random time needed to see the
deterministic macroscopic curve.

In the situations when K is very large, as for huge cohorts of microorganisms (bacteria, cells),
(log (k) /rs gives a good approximation of the hitting times. But in many other cases, K is not so
large. We refer to the modeling of hematopoiesis and leukemias [11, 12] where K is the number of
sain stem cells, of order 10°. This is the original motivation for this work. The intermediate phase and
hitting times are indeed involved in the emergence and detection of cancer.

Assumptions. We consider the following assumptions on the birth and death rates. They ensure in
particular that the resident population alone has a positive equilibrium point (which may be unstable)
and that the mutant population can invade.

Assumption 1.1.

(R) Regularity: the functions br,dpr,byr,dy are C2(Ry x Ry, Ry).
(E) Equilibrium: there exists ¥, > 0 such that Fr(z},0) =0 and OpFr(z},0) < 0.
(I) Invasion: Fpr(2%,0) > 0.

Under Assumption (R), the bi-type birth and death process XX is well defined until its explosion
time, which may be finite with positive probability. In our framework, the process is studied before
hitting times of fixed levels, clearly smaller than the explosion time.

In the eco-evolutionary framework, Fis(2%,0) is called invasion fitness. It quantifies the individual
growth rate for a small mutant population in a resident population at the equilibrium.
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Fic 2. The histogram represents the values of T (N¥(0),vK) (conditionally to the non-extinction of NI). The
simulations have been done with the following parameters: K = 100000, Fgr(zgr,zrn) = —1.5zn, Fy(zr,z0) =
1.5zr — 1, o = 1 and v = 0.055. The size of the sample to draw the histogram is 10000. The curve is the
density f of the random variable log(vK)/r« + 7(v) — log(W*)/r«, where the density of —log(W*)/r. is equal to
72 /by exp(—7rxt) exp(—7rx /bxe T*t).

Notation.

o We write 2* = (2%, 0).

o For f: (wr,z0) € R? = f(xr,20), we denote Orf (resp. Oy f) the derivative w.r.t. the first
(resp. second) variable.

e If N(dz) is a Poisson point measure with intensity A(dz), we denote N (dz) := N(dz) — \(dx)
the compensated measure.

e Throughout the paper, C' denotes any positive constant depending only on the model parame-
ters. The value of C' can change from line to line. If a constant depends on some (non-model)
parameter 6 we write Cy.

2. Approximation by branching processes

In this section, we assume that at the initial time, the resident population is close to its equilibrium
and a single mutant individual appears.

Assumption 2.1. There exists C' > 0 such that for any K > 0,

Ng(©) .| C
‘}}{—IR S? and NEO)=1 a.s.

We introduce the branching process (Z(t) : t > 0) with individual birth rate b, = by (z*) and
(individual) death rate d, = d(2*), defined on the same probability space as NI and coupled with
NE in the following way:

Z(t) =1 +/ 1{u§b* Z(S,)}N;\’/[(ds, du) — / 1{u§d* Z(S,)},/\/’]fl/[(d&du)7
[0,t] xRy [0,t] xR
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where the Poisson point measures N}, and N§, have been introduced in (1.1).

We recall from (1.4) that r, = by — d, > 0 and the branching process Z is supercritical. The
survival event has positive probability and as ¢ tends to infinity, the martingale W (t) = Z(t) exp(—ryt)
converges a.s. to a finite random variable W which is positive on the survival event :

{W >0} ={vt>0:2Z(t) > 0}
The random variable W is exponentially distributed with an additional atom in 0 :

dy
w2 *50 + b =t b,

where dg is a Dirac mass in 0 and jiq(dz) = 1g, (z)ae”**dx and dx is the Lebesgue measure. We refer
o [1] Chapter 3 or [19]-Theorem 1 for such results.

Let us study the coupling between the processes Z and N1 First, when the branching process Z be-
comes extinct, so does the mutant process Nj; and we have the following result. Under Assumptions 1.1
and 2.1,

lim P(Vt>0: NE(t) = Z(t)|W =0) =1.

K—o0

Indeed, the two processes coincide by coupling on a time window whose size goes to infinity with
probability 1 as K goes to infinity. Besides, Z is a.s. absorbed at 0 in finite time on the event {WW = 0}.
Such arguments are classical for epidemiological models and can be adapted to our context. We refer
to [4].

Let us turn our attention to the survival event and state the main result of the section. It compares
the mutant process and its branching approximation as long as the process is not too close from
macroscopic scales. We prove that the ratio of the two processes converges to 1 in probability, with
an explicit speed, before time 7% (N¥(0),n) when the population size of mutants reaches a certain
threshold n (conveniently chosen), see (1.5) for definition.

Theorem 2.2. Under Assumptions 1.1 and 2.1, there exists C' > 0 such that the following result holds
for anyn >0 and K > 1.
i) if OrFr(x*) < 0, there exist L,C > 0 such that for any K > 2 and n < K/log(K), we have

VEIogE 1 1 log K\ /1°
]P’( sup 1‘>77;W>0)§C’ o8 + 1/3+ 1/ (nog ) ,
t<TE(NK(0),Ln) | Z(t) n K n K

i) if OrFr(z*) = 0, there exist L,C > 0 such that for any K > 2 and n < LK/(log K)?, we have
NE(t logK 1 '
]P’( sup M()—1‘>77;W>0>§C' o8 + 1/3+ v (logK )
t<TE(NK(0)n) | Z(1) n K

Let us state the immediate corollary which will be used in Section 4.

Corollary 2.3. If OrFr(z*) < 0, let us consider sequences (k)i such that 1 < {x < K/(log K).
Then NE/Z — 1 converges to 1 in probability as K goes to infinity, uniformly on the time interval
If OrFr(z*) = 0, a similar results holds for sequences (x ) such that 1 < £x < K/(log K)?.
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We refer to Section 4 for the asymptotic behavior of T (N%(0), ék).

The statement depends on the value of dgrFr(z*). Indeed, the proof is based on a comparison
between T4 (N%(0),n) and the first time where the resident population exits a neighborhood of its
equilibrium. The choice of this neighborhood depends on OrFr(z*). If OrFr(z*) < 0, the manifold
{zr = 0} is stable around the fixed point (z7%,0). This stability helps for the control of the resident
population and guarantees that the distance of the resident population process to its equilibrium
remains smaller than n (up to some well chosen constant). If drFr(z*) = 0, exponential (local)
stability of residents is lost and we can (only) prove that the distance is smaller than VKn. We refer
to Lemma 2.8 for details.

The proof of Theorem 2.2 will be obtained in several steps that we develop below. We first consider a
classical coupling to compare NI and Z. Let us introduce a decomposition with the processes realizing
the coupling and the additional part. The two subpopulations will be indexed respectively by ¢ and r.
We introduce

m™ (s) = min(Nyj o (8)bar (X (5)), Zq(s)bs), 1™ (s) = max(Nyy 4(s)dar (X (s)), Zg(s)d.),

where (Nf ., Ny ,) and (Z,, Z,.) are defined as follows:

t t
1+ / / 1u§mk(s,) N}Q(ds,du) - / / 1uSpK(S,) N]@(d&du)
R, o Jr,

/ /]R ) <us<NE (s— Yorr (X 5 (s—y) Nir (ds, du)
+

/ / 1NK —)dm (XK (s—))<u<lpK(s— led(dsvdu)
0o Jr,

Nt q(t)

N (2)

//R Locu— NE . )bM(XK(s—))ng\f[,r(s—)bM(XK(s—))N]?J(dsadu)
+

_/0 /]R 10§u—pk(S_)SNﬁ,r(s_)dkf(XK(S—))N’;\Z(dS,du)
+

and in a similar way,

Z5(t) = Nipg(t)

t
Zi((t) = AA lmK(s—)<u§Z}IK(s—)b*Nﬁ[(dsadu)
+
t
+/0 /R 125 (s -y <uspr (s—) N (ds, du)
.
t
+/ /R Lo<u— 25 (s—)b, <25 (s—)b, Nar(ds, du)
0 JRy

t
—// Lo<umpi (s—) <25 (s—yd. Nip(ds, du).
o Jr,

We can easily check that
Lemma 2.4. The following equalities of processes hold, almost surely:
Ny =N .+ Nyt Z=2zK+2ZkK.

Proof. That results from the fact that N£ Mgt N ]\I/(I and N are solutions of the same stochastic
differential equation for which pathwise uniqueness holds. A similar argument also holds for Z. O
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Let us introduce the time when the gap to the equilibrium for resident population goes beyond some
level n > 0 starting from the initial condition N¥(0) = ng € N%:

TE (no,n) =inf{t >0 : |[NF(t) —aRK|>n}=inf{t >0 : |XF(t) —a}| >n/K}.
We consider the (potentially random) initial population size N¥(0) and introduce the stopping time

4log K
T 3y, ) = T (N (0),m) AT (N (0),m) A =25 (2.1)

The residual processes N5, ZX will be compared to an inhomogeneous branching process and proved
to be negligible until TgM (m,n), with m and n suitably chosen.

Remark 2.5. This stopping time considers the first time when the population of mutants goes beyond
m or the population of residents has moved of n from its equilibrium value. It is also truncated at a
deterministic value of order log K. For this truncation, we can consider any time X log K/r, (with
A > 1). We choose A := 4/3 in definition (2.1) to optimize the convergence speed of Theorem 2.2. This
particular choice only matters in the proof of Lemma 2.8.

Lemma 2.6. Under Assumptions 1.1 and 2.1,
i) If OrFr(z*) < 0, for any L > 0, there exists C, > 0 such that for anyn < K,

1/2
<c (nh}fK) exp(CLnbgK).

E| s (ZK(0)+ NI (0 e

tST}{f M (n,Ln)

i) If OrFr(x*) = 0, there exists C' > 0 such that for any n < K,
2 n
E sup (ZE(t) + Nﬁr(t))e*”t <C <log K,/ > exp (C’ log K4/ ) .
tST}I{M(n,\/Kn) K K

Proof. Since by and dpy are locally Lipschitz, there exists C, > 0 (which may change from line to
line) such that for any s < T]I;f,]\/[(n7 Ln) and n < K,

n

Z¥(8)|bar (X () = bu| + Z5(5)|dar (X5 (s)) — du] < CLZf(S)K

(2.2)

almost surely. Then
n

Zf(s)b* —mE(s) + p(s) — Zf(s)d* < C’LZf(s)K

Therefore, the process ZX can be stochastically dominated on the time window [0, TI{{ u(n, Ln)] by a
branching process with inhomogeneous immigration Y, solution of

t
Y(t) = / / IUSCLZ(f(S—)% ./\/I(ds,du)
0 JRy

t t
+ / / 10§u§Y(sf)b* N]l\)/[ (dSa du) - / / IOSUSY(sf)d* N]ild' (dS, du)a
o Jr, o Jry

where N1 is a Poisson point measure with Lebesgue intensity on R, independent of N?, and Ng,.
We can easily note that for any ¢ > 0,

E[Z; ()] <E[Z()] =e"'
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and straightforward computation leads to
n .
E[Y(tATE y(n,Ln))] <Cp e et

Let M (t) be the martingale part of the semimartingale Y (¢), with quadratic variation process given
by
t
(M)(1) = / (CLzf(9) 7 +Y(5)(b. +d.) ) ds.
0

Using Doob and Cauchy Schwarz inequalities and T% 5, (n, Ln) < 4(log K)/3 by (2.1), we obtain from
the previous estimates

t
/ e "dM(s)
0

T}}%(,IM (n,Ln) 1/2 log K
) < CE( / e_QT*Sd<M>(s)> < Opy/ B
0

E sup
(tSTgM(n,Ln) K

We compute now

Y (t)ert = /0 L an(s) + /O t e (CoZE (5) o + Y ()b — ) = ¥ (5)(b. — ) )ds

t t
—TyS —7r.S K n
/0 e dM(s)+/O e OLZK (s)—ds.

Combining the previous estimates and using again Tfé w(n, Ln) < 4log K/(3r,), we get

_ nlog K nlog K
E sup Y(t)e ™| <Cp {1/ + .
<t<TK (n,Ln) K K

R, M

Using the domination of ZX by Y, we obtain

E sup ZE(t)e ") < Cry llogKﬁ,
tSTII?iM(n,,Ln) K

which proves the first estimate @) for Z,.

The assertion ) for N Alf” can be proved in a similar way. Indeed the individual birth and death rates
are respectively upper-bounded by b,+Cpn/K and lower-bounded by d,+Cpn/K fort < TI{{ u(n, Ln).
So Nfj . is dominated on the time window [0, T ,,(n, Ln)] by the process Y defined by

t
Y(t) = // 1u§cqu(57)n/K./\/‘I(ds,du)
o Jr,
¢ ¢
+// 10§u§Y(57)(b*+CLn/K)N][\)4(ds>du)_// 1O§u§Y(sf)(d*fCLn/K)N]‘\i4(ds>du)-
o Jr, o Jr,

The conclusion follows as above by considering Y (t) exp(—(r, + 2Cn/K)t) for t < T v (n, Ln).
For the second case i), we proceed similarly and (2.2) becomes

n
)

2 (X () = bl + 2 (X)) — o] < CZF (), 7
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almost surely for s < Tﬁ m(n, VK n), since n < K. Following Step 1 yields

1/2
E sup ZEte ™t | <C (10g K,/ n) .
t<TE ;(n,VKn) K

Proceeding similarly for N ﬁr ends the proof. O

Lemma 2.7. Under Assumptions 1.1 and 2.1,
i) If OrFr(x*) < 0, for any L > 0, there exists C, > 0 such that for anyn >0 and n < K,

NE log K\ /" log K
]P’( sup ’ (1) —1‘>77; W>O> S?ﬁ(n o8 ) exp (C’Ln o8 ) (2.3)
t<TK \,(n,Ln) Z(t) n K K

it) If OrFr(x*) = 0, there exists C > 0 such that for anyn >0 and n < K,

NE(t C [\ /
IP’( sup ‘ Zlvét()) — 1‘ >n; W> 0) < Yz (logK ;,) exp <C’logK Z) . (24)
t<TE  (n,vVKn) n

Proof. Let us prove i) and focus on the survival event {W > 0} where the process Z stays positive.
On this event, using Lemma 2.4, we obtain

INE@®) = Z(t) N3, () = ZE@)] NG, (8) = ZF ()|e"
Z(t) N Z(t) B W (t) ’

where W (t) = Z(t)e~ ™! is the classical martingale associated with Z.

We use now Lemma 2.6 i) and the the fact that W(t) converges to W a.s. as t tends to infinity.
We deduce that for t < T ,,(n, Ln), [N3; (t) — ZK(t)]/Z(t) tends to 0 in probability on the event
W > 0, as K tends to infinity.

Let us now obtain an explicit convergence speed. For convenience we define

Uk = sup Zy(t)e ™t + sup N]\I/(Lr(t)e*r*t.

t<TK, (n,Ln) t<TK, (n,Ln)

The previous computations ensure that

NE@® - 20| UX
Z(t) = inf,50 W ()

a.s. on the event W > 0. Moreover, choosing ¢ = nlog K/K, for any n > 0

1
P (UK > inf W(t); W > 0) <P (UK > 52/5) +P (inf W(t) < =e?/°; W > 0) :
t>0 t>0 n

By Markov’s inequality and Lemma 2.6,
P (UK > E2/5) < O eV /272/5¢Cre — 0, £1/10,C1e.

On the other hand, by Lemma 6.2 in Appendix,

P ( inf W(t) < 152/5; W>0) <o e2ox1i— gL .10
>0 n nt/4 nt/4

This proves the result in the case 7). Case i) is proven similarly. O
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Let us now compare the times when mutant and resident population processes reach their threshold.
Lemma 2.8. We note sk = 4(log K)/(3r,). Under Assumptions 1.1 and 2.1,
i) If OrFr(z*) <0, then there exists L,C > 0 such that for any K > 2 and n < K/log K,

\/KlogK_F 1 +<nlogK>1/10>

P(Tﬁ(NKm),n)2T5<NK<0>,Ln>ASK;W>0)s0< St st (g

i) If OpFr(z*) = 0, then there exists L,C > 0 such that for any K > 2 and n < LK/log(K)?,

1/10
log K 1
P (Tﬁ(NK(O),n) > TE(NK(0),VEn) A s : W > o) <c ( Oi + 7t <1ogK1 /Z) ) .
Observe that {TE(N¥(0),n) > TE(NK(0),m) A sk} = {TE(NE(0),n) = TgM(n,m)}. We are
using the result for sequences with m = {x which make the right hand side go to zero. This will ensure
that the mutant population process reaches its threshold before the resident population process.

Proof of case i). Let us note TX = T}I{ u (n, L) for convenience. The first step consists in controlling
the resident population. Let us prove that there exist L,C > 0 such that for any K > 2 and n <
K/log K,

P (Tf (N'(0), Ln) < Ty (N (0),n) A sk)

VKlog K
:IP(sup | X5 (t) — 2} >Ln> §0i7 (2.5)
t<TK ) ) K n
For that purpose, we first notice that, for any ¢t < T and K > 2,
XE@) << 1 and XK(t) <oty + LD <ot + —2 (2.6)
MY =K ~ logK RV =TRTHE =R T g K- '

Hence, the processes X and XX are bounded up to time 7%, uniformly for K > 2.
We define

1 ~
ME@t) = — 1 b(ds, d
®) K Jo4xr, {“SNQ(S*)”R(XK(S*”}NR( s du)
1 Ard
TR Sy, HusE ooy Nr(ds du),

where A%, and A& are the compensated Poisson martingale measures of A% and A&, We obtain
t
XH () =X(0) + () + [ GalX (s))ds,
0

where we recall that Gr(zg,zyp) = 2r(br — dr)(zRr,2nm) = g Fr(zr,zn). The quadratic variation
process of the martingale part M is the following

()0 = 5 [ XK ) (br(X(5) + (X (5)) s, 27)

Observing that Gr(z*) = 0 by definition of z7},, we rewrite the dynamics above as

X5 (t) X§(0)+MK(t)+Hf((t)+H§(t)+/0t(Xf-§(5) — 2R)ORGR(z7)ds,
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where .
HE (1) = / XE ()00 G r(z*)ds
0

and

HE (1) = / (Gr(X™(s-)) = Grla™) = (XE (5) = w3)OrGr(a*) = X {5 ()0 Gr(a™) ) ds.

Denoting
Y (1) = Xg (t) — 2%,
we have .
YA(®) = (XK (0) = o) + B0+ [ Y (5)9rGnla)ds, (2.8
0
where

HE(t) := M™(t) + H{* (t) + H3' (t).
Recall that OpFr(2*) < 0 and so dgGr(xz*) < 0. Then Lemma 6.3 ensures that for any K

sup [YA(s)] < TIXE©O) —ap|+T sup |HS(s)~ H(ls))],

0<s<TK 0<s<TK
with
1

-—_ * T O9nFa(r*)
I':= (14 |0rFr(z")]) 1 _ ¢OrFr(x™)

Using that HX = MK + HE + HE and

s [HE® ~ B ()] < foun)l s (B0~ HE(L)] < € (%)

almost surely for some constant C' > 0, by definition of T¥ and HE, HX  we get

sup YA (s)] <T ( sup |[M¥(t) — M= (|¢t])] —I—C'}z,) :

0<s<TK t<TK
Besides, using (2.6) and (2.7) and TX < Clog K, we get E [(M*)7x] < C(log K)/K. By Markov’s

and Burkholder-Davis-Gundy’s inequalities, we then obtain

P ( sup |[M5(t) — M=(|t])| > Z) SC’EE

t<TK n

sup IMK(t)I]

t<TK
SC’%E (M) i ]

1/2
SCE (logK) SC’VKIOgK.
n K n

Recalling that Y (t) = XE(t) — 2% and n < K and combining these two last estimates yields the
expected inequality (2.5) and ends the first step.

We turn to the second step and prove that

1/10
P (T (N5(0), &x) A TE (N5(0), Lék) > sic; W > 0) < CK /3 + 7710/4 (loqu/i?) . (2.9)
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Let us notice that, a.s. on the event {WW > 0},
{3 (N"(0),n) ATg (N(0),n) > sic}

< (istton <o { et <2}

NE(t) 1
Z]\?t) - 1) > 2}.

Hence, using Z(sx) = W (s )e™*5 = W (sg)K*/3 (by definition of sg),

K (4

NE(#) 1
70 ‘1'>2}

C{Z(sk) gK—l—l}U{sup

t<TK

P (T3; (N (0),n) A Tj; (N*(0),n) > si; W > 0)
N3 (#) 1

1> W>0].
Z(t) 2
The first term of the right hand side involves an estimate on the infimum of a single type branching
process which we state and prove in Lemma 6.1 in forthcoming Appendix. The second term of the sum

in the right hand side has been controlled in Lemma 2.7 7). Observing that the exponential term in
Lemma 2.7 is bounded since n < K/log K and combining these estimates yields (2.9).

<P (W(sK) <oKMW > 0) +P ( sup

t<TK

We can now conclude the case i) combining the two steps. More precisely we use that for any
z,y,z ER, (x > yAz) <= (x Ay >z or x Az >y). The result follows then from (2.9) and (2.5). O

Proof of the case ii). We prove a similar result under the hypothesis g Fr(2*) = 0. Let us prove that
there exists L > 0 such that for any K > 1 and n < L.K/(log K)?

log K
P| sup ’XR —xR‘ > Lyn/K | <C4/ 8 , (2.10)
t<TK n

where now TK := TgM(n, VnK).
For that purpose, we use again (2.8) and get directly

sup | XE(t) - ah| = sup [V () (2.11)
t<TK s<TK

<|IXE (0) = aR| + sup [ME(t)| + sup |H{*(t)| + sup |[Hy (¢)].
t<TK t<TK t<TK

We recall that Tk < 4(log K)/(3r,) and proceeding as in the case i), the following estimates hold

P sup [M*(t)|> = ,/ ,/ \/logK \/logK (2.12)
t<TK 2
K K logK
sup |H{*(t)| + sup |H3*(t)| < c T <C’—logK C
t<TK t<TK

For any n < K/(2Clog(K))?, we get

DN =
=

sup |H{(t)| + sup |H3 ()| <
t<TK t<TK

Then (2.11) guarantees

n 1 /n
sup |XE t)—xR| >/ = C{ su ME®D| > = /= 5.
{KTPK | R ( R‘ K} {thpK | )] B K}

and (2.12) yields (2.10) with L = 1/(4C?). The proof is concluded as for the case 7). O
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Theorem 2.2 becomes now a consequence of the two previous lemmas.

Proof of Theorem 2.2. We recall that sx = 4(log K)/(3r,) and in the case i) we use

NE(t
P sup ar(t)
t<TE(NK ()0 | Z(1)
<P (Ty (N¥(0),n) > TE (N5(0),Ln) A sk, W > 0)

NE(t
+P sup ar ()
t<TK , (n,Ln) Z(t)

—1‘>77;W>0>

—1’>17;W>0>.

The two terms of the right hand side can be controlled using respectively Lemmas 2.8 to choose L
and 2.7. This completes the proof for ¢) and i) is proved similarly. O

3. Approximation by dynamical systems

The goal of this section is to approximate the process XX = (X g , XE) defined in Section 1 by the
dynamical system defined by (1.2) under degenerate initial conditions. Usually such an approximation
is proved when the initial conditions are of order of magnitude one (cf. for example [20]). Here, we
focus on a small deterministic initial density of mutants, 1/K < x3 = N (0)/K < 1 and an initial
density of residents zr = NE(0)/K close to the equilibrium value z%. The initial mutant density
may be very small regarding K but we still enjoy a large number of mutants allowing to compare the
stochastic process to its expected deterministic behavior. Starting from such sub-macroscopic level of
mutants, the time for them to reach macroscopic levels will be of order log K. We will compare the
density process and its deterministic approximation on this time scale of invasion. They are both small
at the beginning and we will show that their ratio remains close to 1 on the full time window allowing
to reach macroscopic density of mutants.

This section emphasizes the role of (small) initial conditions and we introduce the flow notation for
convenience. The process XX (x,.) started from z is defined for any K and time ¢ by
1
X (2,t) =24 + e L{u< KX (25— Ybu (X 5 (2,5—))} N e (ds, duc) (3.1)
[0,¢] xRy
1

7 . Ly kX (5 ydo (X (25— ) Ve (ds, du).
xRy

for ¢ € {R,M}. The flow ¢(z,t) = (¢r(x,t), dar(x,t)) is the solution of (1.2) starting from initial
value z, i.e. the unique solution of

B0 =, 5ol t) = Glola 1),

where we recall that
Ge(z) = To(be(x) — do(x)).

In this section we assume that the flow ¢ satisfies a boundedness assumption: the solution remains in
a compact set if it starts close to the equilibrium z*.

Assumption 3.1. There exists a compact domain D of Ri such that

e >0, (2 —e, a2 +¢e)x[0,e) CD  and {¢(z,t):x € D,t >0} is bounded.
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3.1. Properties of the dynamical system and hitting times

Let us consider the hitting time for the mutant population starting from x
v (z,v) =1inf{t > 0: op(x,t) = v},

where by convention inf @ = oo and in that case the hitting time is infinite. The following result
quantifies the hitting time 7/ (x,v) in function of the two variables z and v, starting close to the
equilibrium a* = (2%, 0). Let us define, for n > 0,

C(l’ﬂl) = sup{d)M(x,t) < 7J\/f<:l;’77)}

where Tps(x,n) is the first time when the growth rate of mutants is smaller than 7:
Ta(z,m) = inf{t > 02 Far(¢(z,1)) < n}.

We set
vy = lim inf C(x
"= 0 2€B, (z*)N(R?)? (@,m),
where B,(z*) denotes the ball of radius r centered in z*. Observing that v,, is decreasing with 7, we
let  go to zero and define v, as the upper-bound of the values of mutants which can be reached in
the increasing phase, starting from the neighborhood of the equilibrium:

vy = lim vy,.
nl0

The next result guarantees that v, is positive and finite. It also quantifies the hitting times 73/ (z, v)
when z goes close to z* and v is smaller than v,.

Proposition 3.2. Under Assumptions 1.1 and 3.1, the value v, is positive and finite.
Besides there exists a continuous increasing function 7 : [0,v.) — Ry such that 7(0) = 0 and for any
v € (0,v,),

1
lim  sup |TM(I,U) — —log(v/wnr) — T(U)| =0,
T—x* UG(IM,T)] Tx

where the limit is taken for x € (R%)? if OpFr(z*) <0, and for
v € D(n) = {(zr,2m) € (R})? : |og — akllog(1/zar) < 0}

for some n >0 if OpFr(z*) = 0.

The proof of this proposition necessitates the three next lemmas, which guarantee the resident
process to remain close to its equilibrium value as long as the mutant process remains small.

Lemma 3.3. i) If OpFr(z*) < 0, then there exists ug € (0,1) and C > 0 such that for any u < ug
and © = (TR, xp) € By(z*),
sup |¢gr(z,t) — 2| < Cu.
t<7n(z,u)
it) If OpFr(z*) = 0, then there exist ug € (0,1) and ng > 0 such that, for all u < ug and x €
Bu(x*) N D(no),
sup |¢gr(z,t) — 2| < Cu.

t<7n (z,u)

ii1) In both cases, for all u < ug and x € B, (z*) N D(np),

v (z,u) < Tzlog(l/xM).

*
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Proof. We begin by proving i). As dgFr(z*) < 0, we can find r > 0 such that for any = € B, (z*),
OrFr(x) < OrFr(z*)/2 < 0. (3.2)

For convenience we introduce the gap with initial position for the resident population dynamics and
the first time when the flow leaves B,.(z*):

yr(t) := ¢r(x,t) — xR, sp(z) :=1nf{t > 0: ¢(z,t) & B.(z*)}. (3.3)

Let us use that by definition of the flow ¢g

yR(t):/O qSR(x,s)FR(qS(m,s))ds:H(t)+/0 or(x, 8)yr(8)OrFr(zR, dri(x, s))ds, (3.4)
where
1) = [ onler,)(Pa(6(e.9) = va(s)rFa(en. dus (z.5))ds.

Recalling Assumption 1.1 (R) and using Taylor expansion, there exists C,. > 0 such that

|Fr(é(z, s)) — Fr(zr, om(2,5)) — yr(8)OrFr(zR, dr1(2,5))| < Crlyr(s)|?

for s < s,(x). Using that Fr(z,) = 0, we get also |Fr(zgr, oum(z,s))| < Cr (|Jzr — 2%| + |dm (2, 8)])
and

sup  [H(t) — H([t])] < C» (wR —apl+| sup (|on(, )+ |yR(3)|2)> :

t<TAsy(z) t<TAsy(z)

Thanks to (3.2), we can use Lemma 6.3 for (3.4) and we get any T > 0,

t<TAs,(x) t<s,(z)AT

sup IyR(t)|§Cr< sup H(t)—H(LtJ)I> (3.5)

t<TAs,(x)

<C. <$R —aRl+  sup  (lou(z,s)|+ |yR(5)|2)> :
We work now for times when yp is also smaller that 1/(2C,.) and introduce

5r(z) = inf {t >0:|yr(s)| > Qé'r} A sp(x).

Then for s < 5,(), this yields C,|yr(s)|* < |yr(s)|/2 and gathering terms with ygr,

sup  |yr(t)| <20 <1‘R —xg[+] sup ¢M($’3)> -
t<TAS,(z) t<TAs,(z)

For any u > 0 and = € B, (z*),

sup lyr(t)| < 4C,u. (3.6)

t<7m (z,u)AS,(x)
Thus, setting u, = (r/2) Ar/(8C,) A 1/(8C?) ensures that for any x € B, (z*),

sup lyr(t)] < (r/2) A1/(4C,),

t<7ap (x,ur)AS-(2)
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which guarantees S,(x) > 7as(x, u,). Thus for u < u,, 5.(x) > Tar(x,u) and (3.6) becomes

sup |yr(t)| <4Cru,

tST]u(m,u)
since Ty (z, u) < Tar(w, ur) < 5p(2).
We prove now (i) and consider the case drFr(z*) = 0. Recalling that the flow is bounded

from Assumption 3.1, a Taylor expansion in z* yields now |Fr(¢(x,t))| = |Fr(é(z,t)) — Fr(a*)] <
C(lpr(z,t) — %% + |¢am (2, t)]) and recalling that yr(t) = ¢r(z,t) — 2R,

lyr(t) = [¢r(@, ) Fr(d(z,1)| <C [ler — ok + yr(t)* + du(2,1)] . (3.7)
Let us now introduce the first time when the quadratic contribution may become dominant :
s(z) = inf{t > 0:yr(t)? > |z — 2k|* + ou(z, 1)}

Before this time, we can use [y (t)] < 2C [|zg — 2| + ¢ar (@, t)] and we get for t < s(),

/ ya(s)

Let us use again the notation s, (z) introduced at (3.3), and fix > 0 to some small enough value
such that for ¢t < s,.(x), Far(o(x,t)) > /2. Hence, for t < s,.(z),

t
lyr()] = <c [|xR ~aper | ¢>M<x,s>ds} .
0

t t 1 9 ot 9
/0 om(z,s)ds :/0 8S¢M(Jc,s)mds < Z/o Osdnr(x, 8)ds < E¢M(a:,t). (3.8)
We obtain for ¢ < s(x) A s,.(x),
t
elt) = | [ (s)| < € llon = okl loa(1/rar) + ons(a.)] (39)

Let now z € D := D(1/(4C?)) = {(zr,xm) : |zr—a%| log(1/zp) < 1/(4C?%)} and t < 7ar(z, 1/(4C?))A
s(z) A () such that ¢ (z,t) < 1/(4C?). We get

[|xR - x}}|2 + d)M(x,t)} .

N |

lyr(t)]* < 2C° [(lxr — a%| log(1/zum)?|xr — 2} [* + du(2,1)?] <
This implies that for any x € D, s(z) > 7as(z,1/(4C?)) A s,.(x) and (3.9) becomes

sup lyr()| < Cllzr — 2kl + én(z,1)].
t<tm(z,1/(4C?))As,(z)

Finally choosing some ug < 1/(4C?) Ar/(4C), the inequality above implies that Ta(x, ug) < s(z),
which proves the result.

Proof of iii). For all t < mps(x, u),
r
O (@) > dua(,1) 5,
whence, for all ¢t < 7y (x, u),
o (x,t) > wpret ™2,
The inequality above implies that 7ps(x,u) is finite. On the other hand, since ¢ — ¢pr(x,t) is
continuous, we know that ¢ps(x, 7ar(x, u)) = u. Consequently

T (T,u) Ty /2
w > zyem@WT2)

which implies
2
v (z,u) < r—log(u/xM).

Considering u smaller than one, this proves the result. O
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We also need an estimate of the cumulated gap :

Lemma 3.4. i) Assume that OrFr(xz*) < 0. Then there exist ug € (0,1) and 19 > 0 such that for all
u <wug,n <n and x € By, (z*) N D(n),

M($7u)
/ sup |pr(z,s) —xk|dt < C(u+n).
0 s<t

ii) Assume that O Fr(x*) = 0. Then there exist some ug € (0,1) and 19 > 0 such that for all u < ug,
and n < ng and x € By(x*) N D(n),

TM(r,u)
/ sup |¢R(m,s)—x§%\dt§0(u+n2).
0

s<t

Proof. Here again, « € B, (z*) and we will choose u small enough to have the following estimates.
Firstly, let us prove the result under the assumption OgFr(z*) < 0. Using (3.5) and noting

2(t) = sup lyr(s)]

we have for all t < 7/ (z,u),
2(t) <C (|lzr — k| + dum(z,t) + 2(1)%)

since the function t — ¢pr(x,t) is non-decreasing on [0, 7a7(z, u)] for u small enough. As a consequence,
™ (z,u) 7™ (z,u) 7™ (z,u)
/ z(s)ds §C<TM(:E, u)lxrp — x| + / oz, 8)ds + z(Tar(x, w)) / z(s)ds).
0 0 0

We use Lemma 3.3 to estimate z(7as(x,u)). Moreover (3.8) gives a bound for OTM(I’U) bz, 5)ds.

Adding that 7ps(z,u) < 2log(1/x ) /7% (see Lemma 3.3 iii)), we obtain for any x € D(n),

™ (z,u) T (z,u)
/ z(s)ds < C 17—|—u+u/ z(s)ds | .
0 0

Then for u € (0,1/(2C)], for « € D(n),

™ (z,u)
/ z(s)ds < 2C(n + u).
0

We conclude using that ¢r(x,s) — a5 = yr(s) + zr — 2} -

We can proceed similarly under the assumption OgFr(xz*) = 0, using now (3.7) and

[ [ sopasans [0 [ st < ( /OTZ@)dt)?

The proof is completed. O

Lemma 3.5. For allv € (0,v,), there exist 1 € (0,7,) and r > 0 such that, for all z € B,(z*)N(R%)?
and t < mpr(x,v), Fy(o(x,t)) > n.

Proof. Since v < v,, there exists nn € (0,r,) such that v < v,. Hence there exists r > 0 such that

inf C .
v xeBr(i?)m(Rj;)z (z,m)

Let z belong to B,(z*) N (R%)?. Then v < C(z,n) = sup{¢m(z,t) : t < Tar(z,n)} and we get
Fpr(o(z,t)) > n for t < mpr(x,v) by continuity of t — Fps(o(z,t)). O
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We can now prove Proposition 3.2.

Proof of Proposition 3.2. Recall that r, = Fys(2*). We consider the case drFr(z*) < 0 and the other
case can be treated similarly. Thanks to Lemma 3.3, we can choose ug > 0 and 79 > 0 such that, for
all u < wug, and x € By (z*),

|pr(z, Tar(z,u)) — k] < sup  |or(z,t) — 2k| < Cu. (3.10)

t<7n(z,u)

Then
{p(x,t) : t < Tag(z,u)} C ([ — Cu,zfy + Cul x [0,u]) N (RE)?.

Since Fys(xz*) > 0, we can choose u; € (0,ug] such that
n = inf {Fp(p(z,t)) : t < Tpr(x,u1), 2 € By, ()} > 0.

This ensures that v, > u; > 0. Besides, starting close to the neighborhood of z*, the flow is bounded
by Assumption 3.1. This ensures that v, is finite.

Let us now prove the second part of the proposition. We start by proving the result for small
values of v using the first part which guarantees a lowerbound for the growth rate of mutants. For any
v € (0,u1] and z € B,(z*) and t < 7ps(x,v),

Fy(p(x, 1) = 1.
Furthermore
TM(aja ¢M(x> t)) =t
and
at(bM(ma t) = d)]V[('T? t)FM(¢R<x’ TM(J:’ ¢M($v t)))’ ¢M(x’ t))

By separation of variables (put u = ¢pr(x,t)) and integration on the time interval [0, Tps(z, v)], we get

v 1 1
v (T, v) = /IM W On@ T @)W du = Elog(v/xM) + Ry (x),

for any v € (0,u1] and = € By, (z*) (with zp; <) and t < 7y (x, v), where

Rule) = /M . (FM<¢R<w,TL<x,u>>,u>> - 1) -

To get the expected estimate, we need to evaluate the term inside the integral for u close to 0. Using
that Fs is locally Lipschitz and r, = Fys(2*) and (3.10), and we obtain that for any u € (0,u1] and
x € By, (z*) (with zpr < w),

. (FM<¢R<x,TL<x,u>>,u>> - 1) =

The integral of the right hand side is convergent at 0 and we get

lim sup Ry(x) =0.

v—0 zEBy, (z*):wp <v

Besides, for any ug € (0,u1], (x,u) = Far(¢r(x, Tar(z,u)), u) is uniformly continuous on {(z,u) : x €
By, (%), xpm < u,u € [ug,u1]}. It can be shown by a linearization argument at the equilibrium z*
(Hartman Grobman Theorem). Combining both facts and splitting the interval [z,,,v] = [z, uo] U
[ug, v] yields

sup {|Ry(z) — Ry(2")| : w,2" € Bo(a*) N (RY)?, v € [max(zar, ), 1} — 0.
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The uniform Cauchy criterion ensures then that R, (z) converges, uniformly for v € [vg, v1], to a real
number 7(v) as x goes to z*. Therefore,

(o) = tim [ 1( ! - 1) du (3.11)

e—zr [ ou \ Fy(or(r, (2, u)),u) 7y

and the previous estimates also guarantee that 7 is continuous on (0, u;] and that 7(v) goes to 0 as v
goes to 0. This ends the proof for v € (0, u;].

To deal with v € [u1,v,), we can split the time to reach v using the time to reach first u; :
TM(:E’ U) = TM(@‘, ul) + TM(:E’ Uy, U)7

where T/ (x,u1,v) yields the time to go from u; to v:

v l 1
L u Ey(or(z, T (2, 0)), u))

rar (@ 11,0) = 7o (D@, Tar (@, 02)), w1), v) = / du. (3.12)

It remains to check that this term converges as x goes to «* (uniformly for u € [ug, us] where ug < v,).
This can be achieved as above using uniform continuity of (z,u) € {(x,u) : @ € By, (x*),u € [u1,uz|} —
Fr(dr(x, Tar(x,u)), u). It ensures that the limit is continuous and increasing with respect to v.

The case OrFr(z*) = 0 is treated in similar way. The linearization argument for proving uniform
continuity is more subtle in that partially hyperbolic case and we can use [28]. O

3.2. Quantitative approximation of the stochastic process

The main result can now be stated. We consider a large number of mutants but authorize this number
to be small compared to initial resident population size. This makes the limiting process to be null on
finite time intervals and we look at large time intervals Tp;(zx, v) and renormalized values to describe
how the mutant density escapes from the absorbing and unstable boundary. Thus the initial density
of mutants is small, and the initial density of residents is close to the equilibrium.

Theorem 3.6. Under Assumptions 1.1 and 3.1, for all xx = (x5, 2%,) € (R%)?, satisfying
1/K <z <1 and |zfy —af|log (1/2}) < 1,

there exists ng > 0 such that, for any v € (0,v,),n € (0,19), there exists some C > 0 satisfying for all

K € N*,
K
XE (2g, 1) _1‘ >77> ._¢

P sup N
<t<T1\/[(CDK,U) QSM((EK,t) /Kxﬁ

Observe that our initial conditions are satisfied as soon as the initial number of mutants N (0)
goes to infinity but remains negligible compared to K and the initial density of mutants X g (0) is close
to the equilibrium value up to a term of order of magnitude 1/log K. Our result stops at hitting times
Tam (2, v) but could be easily extended on finite time intervals and with initial conditions of order
one, following classical results of [24, 25].

In all this subsection, the hypotheses of Theorem 3.6 are in force, and we denote, for @ € {R, M},

and
YE@) = XE@t) - =K.
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In addition, we introduce the following stopping times: for @ € {R, M},

: XX(t)
oK ::1nf{t>0 : D) 22} 0K =05 Aok,

¢
of ::inf{t>0 : / sup Ylgf(r)dSZn} for n > 0,
0

r<s

X ::inf{t>0 : sup [YE (s)| 25} for € > 0.

s<t

In order to prove Theorem 3.6, we need the following result providing a control in probability when
K goes to infinity of the stopping times 6% 0'5( and 5.

Lemma 3.7. There exist L,ng > 0 such that for all 0 < n < ng,

C . _ 1/2
P (o5 < rar(sc, Ln) A 65) < K 12 (log (1/2%))?, (3.13)
~K K, Ky Criy2 K\\1/2
]P)(ULTISTM(I']QL’I])/\Q Aoy, ) ggK (log (l/xM)) , (3.14)
K K c —-1/2 K\\1/2
P (05 < 7a(zk,Ln) AOy;) ggK (log (1/277)) (3.15)
Proof. To begin with, let us prove (3.13). For the sake of notation, let us denote
SE .= my(xge, L) A OK A off.
By definition of off ,
SK
{of <Tm(ak,Ln) AOF} = {/0 stip‘Y]?(r)]ds>n}.
To control the probability of this event, we use that
t
YE () = HE (1) + / YE (5)0pGr(25 (5))ds (3.16)
0

for all ¢ > 0, where

HE(t) := M5 (t) + RE(t) + /Ot Y5 (5)0mGRr(z™ (s))ds,

1 ~
MK t) i = — 1 , e
(t) K/[O,t]xR+ {ngX{g(s_)bR(XK(s—))}NR( 5, dz)
1 o~
_ = 1 -
K Jio,xr {ZSKxé‘(s—mR(XK(S_))}NR( s,dz),

RE (1) = / [Gr(XK(5)) — Gr(a™(s)) — Y ()0 Cr(e¥(s)) — Y (5)0pGr(x¥ (s))] dr,

In a first time, let us treat the case IrGr(x*) = }0rFr(2z*) < 0. Thanks to Lemma 6.3 we have

sup [Y' (s)| <sup |H™(s) = H(|s])] < 2 sup|H" (¢)].
s<t s<t s<t
On the other hand, if dgGg(z*) = {0rFr(z*) =0,

™™ (K ,Ln) 7™ (K, Ln)
/ 105G r(=" ()] < C / (& () + |5 (r) — a) dr < CL,
0 0
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using respectively Assumption 1.1 (R) and Lemma 3.4. Besides, by Gronwall’s lemma,

O] < sup ) exp ([ orGr(a r)lar).

Combining these two estimates, Lemma 3.3 implies that

Y& (1) < sup |H" ()] < 2sup |H"(s)],
s<t s<t

for n < np fixed to some small enough value.
Gathering the two cases, we have proved that if g Fr(z*) <0, for t < 7as(2x, Ln) A 0K,

sup |V (s)| <2 sup|HK( )|
s<t

t
<2 sup|M* ()| + 2 sup|R" (s)] + 2/ VE(8)] - 100 Gr(a™ (s))|ds. (3.17)
s<t 0

s<t

In addition, for ¢t < 7p(zk, Ln),

g = til 25V (s)ds
/0 25 (5)ds = / Py ) ()
<c /O (@Y (s)ds = CaXS (1) — 25.(0)) < o (1), (3.18)

Using twice this inequality and |Y3§ (r)| = o (r)|[ X5 (r) /2%, (r) — 1] < 225 (r) for r < 0K,

SK s SK s
/ / Y5 (7)] - |00 G (2™ (r))|drds < C’/ / x5 (r)drds < Cx%,(S™) < CLn. (3.19)
0 0 0 0

By Taylor-Lagrange’s inequality and Lemma 3.3 (which guarantees that the process ¥ is bounded
up to time S¥), we also have

/ sup [R (r)|ds < C / / (YE )+ [YE ()] - [VE )|+ [YE ()7 drds.
0

r<s

Since S¥ < 7y(2 g, L), and using the same computation as (3.19),

SK s SK s
/ / VE () 2drds < Ln/ / VE () |drds < C(Ln)?.
0 0 0 0

Besides |Yj§ (r)| - [V (r)| < |V (r)|sup|YE ()] for r < s,
r'<s

SE - s SK
/ / Y5 (r)] - [V (r)|drds < CLn/ sup|YE ()|ds < CLn>.
0 0 0 r'<s
Similarly, fOSK [YE(r)|?drds < Cn fOSK sup |V (r')|ds < Cn?. Combining these estimates yields
r’'<s

SK
/ sup |RX (r)|ds < On?. (3.20)
0

r<s
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Plugging (3.19) and (3.20) in (3.17), we can choose L > 0 small enough and get

TM(rK,Ln)/\eK TM(IK,Ln)/\GK n
P / YA (s)ds > n | <P / M (s)lds > 7).
0 0

Using again Doob and Cauchy-Schwarz inequalities,

1/2
S CE [<MK>TM(:CK,L7])/\0K]

t<7n (25, Ln)NOK

E l sup |MK(t)‘

Tz (@5, L) AOE 1/2
< CK™'?E / XK (s)(br + dR)(XK(s))ds]
0

< CK_l/QTM(xK, Ln)l/Q.

Using Markov’s inequality and the comparison of 7y (zx, Ln) with log (l/xf\f[) (see Section 3.1), we
get

(x5, L) AOK C 1/2
P / [YE(s)|ds >n | < —K~/2 (log (1/237)) .
0 n
This proves (3.13).

Now we prove (3.14). By definition of &fn,

{&ﬁsTM<xK7Ln>A0KMf}—{ sup |Y1§<s>><Ln>1/2}.

S K
SSSK/\O'LTI

For the sake of readability, let us denote

To control the probability of the event above, we use (3.17) again. We have that
TK
| G- 10u Gt (9)las

)
T K T (zk,Ln)
Y,
§C/ xﬁ(s)' %(SﬂdsgC/ X (s)ds

0 zyy(s) 0

™ (T ,Ln)
< C/o m(xﬁ)’(s)ds < C(zX (ra(z g, L)) — 25,(0)) < CLy,

and

TK TK TK
sup |RX (s)] <C / XK (s) — 2k (s)Pds + © / VI (s)2ds + C / VI (5)] - VS (s)]ds
0 0 0

s<TK

<C(Ln)* + CLy* + C(Ln)* < Cn?.

Since 7 is arbitrary small, we have

P ( sup |V (s)| > Ln) <P ( sup |MSK| > L77/4>
s<TK

s<TK

<Oy [(M")ri]'* < O K2 (10 (1/245)) 7,
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which proves (3.14).
Finally, we prove (3.15) using (3.13) and (3.14). Notice that

{Gg < 7m(rk,Ln) /\Hﬁ} C sup |Y1§(t)| >15.
a ’ a t<tym(zk,LN)ANOK {Ef‘{(t) a

Then, by Lemma 3.3, we know that for all ¢ < 7p/(zk, Ln),
pi (t) > af — OLn > 23;/2,
if 7 > 0 is small enough. Hence, for n > 0 small enough,
{08 < mutec, Ly Ao} €8 s VE @) > 25/
t<tym(xK,LN)NOK
Q{&fv < 7m(zg,Ln) A GK}
g{(fé( < TM(Z‘K,LT]) AN QK} U {5’577 < TM(:vK,Ln) AOK A 0'717(}

Since the probabilities of the two last events above are controlled respectively by (3.13) and (3.14),
the result is proved. O

Proof of Theorem 3.6. We decompose the proof of Theorem 3.6 in three steps. The first step is the
approximation of X AI/([ by x{\ff until the level of the mutant population dynamics reaches some small
macroscopic value. The second step is more classical and consists in showing that the approximation
still holds true during an additional time length 7" > 0. In the last step, we show that within these
time intervals the mutant population dynamics reached levels vy < v*.

Step 1. In this first step, we prove that there exist C, L, 79 > 0 such that for any n € (0,170),

XKt 1 1
B sup %()1’>n <ot (3.21)
t<tm(zr,Ln)| Tar (t) n K]}f/[ (0)

We use that

b
%_\N
>

~—

ai(s

(1) :1‘/0 75, (5)

(bar — dM)(xK(s))ds

1 b
' /[0 e, Ko (s) Hushe Xty oo oo M (05 d)

1
— —1 N (ds, du).
/[o,ﬂx]m Rk (5) s kX5 (o) g 055} N (5, )

Writing N ]I\’/[ and N ]fl/[ the compensated measure of 1’\’/[ and N J{l/[, and introducing the locally square
integrable martingale

1 -
EE(t) := —1 N (d ,d
M() [0,t]><]R+ KCC{V([(S) {uSK-Xﬁ(sf)-bM(XK(S*))} M( o U,)
1 ~
— —1 N (d ,du),
‘/[07t]><R+ KK (s) {usKXf(s)du (XX ()} r(ds, du)
we have
Xir(t) F X (s)

=1+ B8+ M2 (Fa (X5 (s)) — Fu (2% (s))) ds.

23 (1) o a(s)
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Let us denote TX = 1y (z g, Ln) A 0% for convenience. We observe that

™ 1 XE(s) 20 1
Ef)rx = MO (bar 4 da ) (XE d<—/
Consequently,
K
sup X%(t) 1‘
t<rr | T (1)
TK
<tiuT];L}EM +C/ |XM ﬁ(s)’—l—‘Xg(s)—mg(s)’)ds
TK XK( ) T
< sup }Eﬁ(tﬂ—i—C 28 (s) - sup | =M —1‘ds+/ |X§(s)—xf§(s)|ds.
t<TK 0 r<s | 2R (r) 0

So, by Gronwall’s lemma, for any T < 7as(z g, Ln) A 65,

sup
t<TK

X3 (t) K A K C d
o —1) < | sup |EM(t)|+C’/ | X5 (s) — x5 (s)| ds Jo" whi()ds (3.22)
zy () t<TK 0

Besides, by Burkholder-Davis-Gundy’s inequality,

< 1/2
<E[(Ef)2] < CK~'°E VO e ds] .
M

Besides Fi (2% (t)) is lower-bounded on [0, 7as(zx, Ln)] by some x > 0 thanks to Lemma 3.3 since
Fy(z*) > 0 if  is chosen small enough. Then % (s) > e®*z % (0) and

E

sup [ B ()]

t<TK

1

S O —
K3 (0)

, (3.23)

3=

E [sup | B2 (t)]

t<TK

where the value of C' has changed in the last inequality, but is still independent of K.
Let us recall that, thanks to (3.18), we have

TM (ZK,L’I])
/ 2 (s)ds < CLa.
0

So, (3.22) can be rewritten as

XK (t) Tz (x5, L1)
}? —1‘ <C sup |Eﬁ(t)|—|—0/ ’Yg(s)’ds.
$M(t) t<tym(zK,LN)NOK 0

sup
t<Tnm (:EK,L’I’])/\QK

By Markov’s inequality and (3.23),

n C
P sup [EL(H)] > ) <<
<t<T" 2C) 7 p Kk (0)

Besides, by (3.13) from Lemma 3.7,

T .y 1 1/2
P Y (s)|d < ZK7Y2(] - )
</ Yie () S>2c> (°g(xM<o>>)
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We obtain from the three last inequalities that

XK 1
P | sup I]g(t>—1’>n Sg-i.
r<7 | 2y (t) n Kz¥.(0)

Using now that for n € (0,1), we obtain

{91\12 < o0, Oy < TM(xKan)} C 4 sup
t<TK

and (3.15) proves (3.21).

Step 2. We fix T > 0 and we prove now that the approximation of XX by 2 is still valid on the
time interval [Tps(xk, Ln), Tas(xx, Ln) + T). The fact that the mutant population dynamics has left
the neighborhood of 0 makes such estimates more classical. More precisely, we denote

X&) =X+ ralew, L)), &5() = a (¢ + mar (e, L))
for e € {R, M}. First, we observe that

— inf K
v =, ik Ty (t) >0,

since the boundary R, x {0} is stable for the flow ¢, which is continuous, and the initial value 7% (0)
belongs to a compact set of (R%)? (thanks to Lemma 3.3)). Then

x5 -2k )]

M oK S K
P sup e ) <P (sup K50 - 25 0)] > noma )
t<T Ty (1) t<T

and it remains to prove that for any n > 0,

P <sup XEt) - az«]{;(t)‘ > 77) — 0. (3.24)
t<T K—o0

This result is a classical approximation of population processes by dynamical systems on finite time
intervals, see Ethier-Kurtz [20]. For sake of completeness and to give explicit bounds, let us prove the
result here. We use again a stopping time which ensures boundedness :

6% .= inf {t >0 0 XKt > 285 (¢) or XE(t) > 2@{,?(15)}.
We have, for any ¢ < 6%,
XE@ -2k < |MEw)| +c/0t (1K (s) = 25 ()] + |1 X8 () — 2B (s)]) ds,
where M g , M are locally square integrable martingales satisfying

(ME), ox < CtK™1.

Then, Gronwall’s lemma implies that

sup (\Xﬁa)—aeﬁ(t)hiX{g(t)—fﬁ(wD<( sup [MF ()| + sup |M£§<t>|> T

t<TAOK
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Hence, using Markov’s and Burkholder-Davis-Gundy’s inequalities, we obtain

t<TAOK

- 5 1 _
P ( sup (| X5 (0) - a0 + [KE @) -2k 0)) > 77’) < OrK (3.25)
Finally, let us now dismiss the stopping time 8%. Let Af,,(, (T') be the event

a5y o= {sup (|50 - 2t 0] + [ R0 - a5 0) >}

We have _
P (AK(T)) < P ( K(r 0{9K>T})+]P’<AK( )m{éK<T})
< P (AR AG5)) + P (A5(T 7 0F))

IN

P (A (T 70)).
Recalling that (3.25) provides a control of P (Aff,(T A éK)) , (3.24) is proved.

We can now conclude the proof of the theorem using the two steps. Combining the two results yields
the expect control until time 7y (zg, Ln) + T, for any n € (0,19) and T > 0. We just need to check
that T, can be chosen (independently of K and zx) so that 7a/(xx, Ln) + Ty > Tar(xk,v). This is
indeed the case, as can be seen from (3.12) with u; = Lz for instance. O

4. Thresholds hitting times

In this section, we use the results of the two previous sections to approximate the hitting times of the
process (N (t));. Let us recall that, for any n > 1, we have defined in (1.5) the stopping time

Tii(no,n) :==inf {t >0 : Nij(t) >n}.

The main result of this section is the following, which complements the results of [6, 7]. We recall that
vy is defined at the beginning of Section 3.1. It gives a quantitative information on the law of hitting
times of thresholds of order K but also for thresholds of size less than K.

Theorem 4.1. Grant Assumptions 1.1, 2.1 and 3.1. Let ((x)kx be some sequence which tends to
infinity and satisfies (x /K — v as K — oo, for some v € [0,v,). Then, for any & > 0,

log(Cre /W)

Tx

—7(v)

K—oo

im P (|50, ) - 2w o) -

where T is the increasing continuous function such that 7(0) = 0 defined in (3.11) and

d* * —
W = lim e "™'Z(t) L 250 + % Pr, /b, Ha(dz) = 1R, (x)ae” “dz.

t—o0 b*

To prove this result, we first focus on the submacroscopic phase and use the branching process ap-
proximation to determine the asymptotic behavior of the hitting times of the mutant population pro-
cess. For this purpose, we need the following lemma which guarantees the hitting time Tﬁ(]\f (0),¢K)
to go to infinity, for suitable sequence ({f).
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Lemma 4.2. Under Assumptions 1.1 and 2.1, for any sequence £ tending to infinity and satisfying
€k < K/logK (resp. £ < K/(log K)?) if OpFr(z*) < 0 (resp. OrFr(x*) = 0), the hitting time
TE(NE(0),£k) goes to infinity almost surely as K goes to infinity.

Proof. For the sake of notation, let us write T2 := T (N¥(0),£x) in all this proof.
By Lemma 2.8, for any € > 0, there exists some K. € N* such that, for all K > K_,

P (Vt < Ty, bu(XK(t) <be+1) >1—e.

In particular, we can couple the process N with a branching process Z, starting at Z, (0) = 1 with
individual birth rate b4 := b, + 1 and without death, such that, for all K > K,

P (Vt < Tgp, Niyg(t) < Z4(t) > 1—e.

It is known that_ZJr(t)e*b*t is a local martingale converging to some finite r.v. W, that is finite a.s. As
a consequence W, := supZ, (t)e~*+! is also finite a.s. Introducing TX the hitting time of the value £
t>0

by the process Z, we have
{N3H(Thp) < Z(Tip)} < {Tw; > T}
Besides, by definition of T, on the event {T5 < oo},
(€] = Z(TF) < WiehTZ,
which implies
TS > o og([6xc] /W)
Consequently, for all £ > 0,

P(Tﬁ N +oo> >1 e

K—o0

Letting € go to zero proves the result. O

Proposition 4.3. Under Assumptions 1.1 and 2.1, for any € > 0,

lim IP’( _log(§x /W)
K—oo

Tx
for any sequence & tending to infinity and satisfying Ex < K/log K (resp. & < K/(log K)?) if
OrFr(x*) <0 (resp. OrFr(z*) =0).

Ty (N7(0),€x)

’25;W>0):0

Proof. Consider the case g Fr(z*) < 0 and let (i) be a sequence tending to infinity and satisfying
¢k < K/log K. We apply Corollary 2.3. Then for ¢ > 0, there exists Ky such that for any K > K,

P(Vt €075, 1 -e)Zt) < NE®) < (1 +e)Z(1t)| W > 0) >1—¢,

where we write TX = TE (N (0),&x) for convenience. Since Z(t) exp(—r4t) converges to W almost
surely as ¢ tends to infinity,

Z(t)

Plsup| ———————=—1|>|W >0 0
(gl —1 251w >0) -

as u goes to infinity, then there exists ¢y such that

]P’<Vt >to, (1—e)We™' < Z(t) < (1+e)We™' | W > 0) >1-—e.
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In addition, by Lemma 4.2, we know that P(TX >tq|W > 0) > 1 — ¢ for K large enough.
Combining these estimates,

]P’(Vt € [to, TX], (1 —e)*We™t < Nip(t) < (14 )*We™ | W > o) >1-3e.
Adding that £x < NE(TE) < ¢k + 1 by definition of TX | we obtain for t = T
IP’( (1—e)®We™Tr <€ +1, € < (14e)2°We™! | W > 0) >1-—3e.

Finally, taking the log inside the last probability yields the result. O

Lemma 4.4. Let f,g:[0,to] = R. Assume that g is differentiable and

a=inf ¢ >0, B= sup |f(t)—g(t)
[0,0] te[0,to]

Then for any x € [g(0), g(to) — B], {t € [0,t0] : f(t) > x} is non empty and
B

|inf{t > 0: f(t) > a2} —inf{t > 0: g(t) > x}| < o
Proof. Let t(x) € [0,t0] be the (unique) time when g(¢(x)) = «. Then for ¢ < t(z) — ¢,
f@) <g@t)+p<gtx)—cat+f=xz—cat+pB<z

where the last inequality holds for any € > 3/a. This forces inf{t > 0: f(¢t) > a2} > t(x) — . Similarly
for t € [t(x) +&,t0) and € > §/a,

f) 2 g(t) =8> g(t(z)) +ea = > w.

This yields inf{t > 0: f(t) > z} < t(x) + € and completes the proof since £ can be chosen arbitrarily
close to §/a. O

We can now capture the behavior of the hitting time when X £ (0) is large compared to 1/K using
the approximation by the dynamical system. For = € (R;)? and v € R, , we consider the hitting times

mar(x,v) = inf{t > 0: 2z (t) >0},  SK(z,0) =inf{t >0: XE(t) > v}, (4.1)
where z(0) = X% (0) = z.
Lemma 4.5. Under Assumptions 1.1 and 3.1, assume
/K < XE(0)<1 and |XE(0)—a%|log(1/X5(0) <1

in probability as K — co. For any sequence of positive v > XAI/([(O) upper-bounded by some constant
v < Uy, for any e > 0,

lim P (|S37(X5(0),vk) — 7 (X™(0),0)| =€) = 0.

K—o0

Proof. There exists C' > 0 such that for any ¢ € (0,1/2] and u € [1—¢,1+4¢], | log(u)| < Clu—1| < Ce.

Using Theorem 3.6, we have
XE(t
log( Ig()) ‘ >Ce | =0.
Ty (1)

lim P ( sup

K—o0 t<rar (XK (0),05)
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We apply now Lemma 4.4 with
£ = log(XE®),  g(t) = log(l5(1)):
By Lemma 3.5, there exist some n > 0 and Ky € N* such that, for all K > K,
P (V¢ < 7 (X5(0), vk ), Far (2 (8) > m) > 1 —e.

Then, noticing that ¢'(t) = Far (2% (¢)) and that | f(t) — g(t)| = |log(X E (¢)/2%(t))| allows to conclude.
O

Finally, we end this section with the proof of the main result.

Proof of Theorem 4.1. To begin with, if (x < K/(log K)?, then v = 0 and the result has been proved
in Proposition 4.3 above.
Otherwise, let () be any sequence such that

€k < (i and & < K/ (log K)?,
and let vy == (i /K. Writing XX (t) := XK (t + TE(N*(0),£k)), and using the notation of (4.1),
T3 (N5(0), Cx) = T (N*(0), €xc) + S (X(0), vrc).

Finally, since X% (0) satisfies the assumption of Lemma 4.5 (cf Lemma 2.8), the result is a direct
consequence of Proposition 4.3 and Lemma 4.5. O

In this part, we have obtained an approximation of hitting times which allows to quantify the
stochastic effects. Developing more deeply our approach, we could study the speed of convergence in
Theorems 3.6 and 4.1. This is left for a future work.

5. Examples : competitive and epidemiological models
5.1. Lotka-Volterra competitive model

We consider the dynamics of a two-dimensional population composed of resident and mutant individ-
uals, which have their own demographic parameters and interact in a competitive way, for example in
sharing resources or niche areas. This model is included in the framework of the paper, with constant
individual birth rates

be (X (s—)) = ba

and individual death rates of the Lotka Volterra form :
dr(X"(5)) = dr + c1,1XR (s) + c1,2 X737 (5),

da (X5 (s)) = dur + c21 X5 (s) + c2.2X 17 (),

with the individual birth and death rates bg,by; > 0 and dgr,dy; > 0 and the competition matrix
(¢i,j)1<i,j<2 with non-negative coefficients. We assume that the coefficients bgr —dr, bar — dar, ¢1,1 and
c2,2 are positive.

The corresponding dynamical system is the competitive Lotka-Volterra system. The limiting ODE
is (1.2) with

Fr(xzr,xp) =br —dr — c1,1%R — C12% 01, Fy(zg,xm) = by —dy — c21TR — C22T 0

Then
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Let us check that the previous results can be applied. First, we observe that the regularity in Assump-
tion 1.1 is satisfied. Second, (z%,0) is an equilibrium and

8RFR(SU}({70) = —C22 < 0.

This means that the first part of Assumption 1.1 is satisfied for (z%,0). Moreover, z7, is a stable

equilibrium for the resident population alone, which corresponds to the first case considered in the

branching process approximation.

Finally, we start from a population with only one mutant, N5 (0) = K —1, NX(0) = 1 and we consider
C

x5, = 1. So the invasion condition Fas(x%,0) > 0 reads bas — dar — (br — dg)=L > 0. It is then easy
c

)

to compute v*, which is

bar — d ~ (bp—d
i Fr(0,2%,) <0, orv = oM Zduen = Cbr=dr)ear oo ey

€22 €1,1C2,2 — C1,2C21

by — dys

Ty =

The branching process Z is a birth and death process with individual birth rate by; and individual
death rate dps + c217%.

5.2. SIR model

Let 8 > 0 be the infection rate (per pair of individuals) in a mixed population and v > 0 the individual
recovery rate. Let K > 1 be the total population size. At time ¢, the number of susceptible individuals
is denoted by S (t), the number of infected individuals is denoted by I(t) and K — S (t) — I (¢)
yields the number of recovered individuals. Each susceptible becomes infected at time ¢ with rate
BI(t)/K. Starting from one infected individual, the process N = (NEK NE) = (SK 1K) is the
unique strong solution of

SK(t) =K -1 7/ 1{u§ﬁSK(s—)1K(s—)/K}NI(dS;du)-
[O,t]XR+
IK(t) =14+ / 1{u§531<(S,)IK(S,)/K}/\/}(CZS,du) — / 1{u§’yIK(87)}NG(dS7 du),
[0,t] x R4 [0,¢] xRy

where N7 and Ng are Poisson point measures on ]R%r with intensity dsdu.

The process N¥ is a bitype birth and death process as considered in Introduction with N7 = A%, =
N and birth and death rates defined by

br(zr;znm) =0, dr(rrizn) = Brm

bu(zrizm) = Brr,  du(Trizm) =17.
The ODE describing the limit of N¥ /K is given by (1.2) with

Fr(zr,xym) = =P, Fuy(xr,xam) = Brr — 7.

Let us check that our results can be applied to the case where the first derivative of Fr with respect
to xr cancels. First, we observe that regularity of Assumption 1.1 is satisfied. Second, for any xg > 0,
(zg,0) is an equilibrium and

8RFR(xR, 0) =0.

This means that the second part of Assumption 1.1 is satisfied for any xr > 0. Moreover, there is no
geometric stability for the resident population alone, which corresponds to the second case considered
in the branching process approximation.

Finally, we start from a population with only one mutant, S¥(0) = N5 (0) = K—1,1%(0) = NE(0) =1
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and we consider z}, = 1. So the invasion condition Fi(z7},0) > 0 reads § > 7. The branching process
Z is a birth and death process with individual birth rate # and individual death rate .

In this example, the maximal value of the invasive population is the peak of the epidemic and can
be computed. Indeed, at the peak time, the derivative of x; is zero and adding that vylog(xs) + 8(1 —
xs — xy) = 0, one can check that

Y, gl
v 1+10g<>.
) g B 5

We obtain the following results when there is an outbreak of the epidemic. The hitting times for

the infected population are defined by

5 (n) = inf{t >0, I*(t) > n}.
Proposition 5.1. If 5 > ~, then
i) for any & < K/(log K)? and n > 0,

lim P sup

( ’IK(ﬂ 4
Kotoo \i<rK(ex)

1(t) ’>77%I(TIK(§K))>O):Q

where I is the unique strong solution of

I(t) =1+/ I{USBI(S,)}NI(dS,du) —/ 1{u§71(s,)}/\/‘g(d8,du).
[0,t] xRy [0

JSIXR4

it) For any v < v, and € > 0,

IX(t
lim limsup P sup T(K)—l‘ > IK(T)>0) =0,
Tooe Koo \telTrf(wi)] | Ko™ (1)

where (a:?’T(t),xf(’T(t)) is the solution of
dos (1) = —pag " (et (0),
K, T K,T K, T
Gz (1) = (Bag () =7z (1)

such that (g " (T), 3" (T)) = (S¥(T)/K, I¥(T)/K).

Point ) is a consequence of Theorem 2.2 and point ii) comes from Theorem 3.6. These two parts
have an intersection : in the time window when the number of infected individuals is large but negligible
compared to K/(log K)?, we have informally

I5 () ~ I(t) ~ WelP=0t o 5T ).

We obtain also an approximation of the time when the epidemics reaches a given level :

Corollary 5.2. Let (Cx)x be sequence which tends to infinity and satisfies (/K — v as K — oo,
for some v € [0,v,). Then, for any e > 0,

lim P < — 710g(<K/W) -7
K—o0

T'x
where T is an increasing continuous function such that 7(0) = 0 defined in Proposition 3.2.

71 (Cx) (v)

25,W>0)—0,
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6. Appendix
6.1. Minimum of the martingale associated with the branching process Z

Recalling the notation of Section 2, we are interested in the minimal value of the martingale W (t) :=
Z(t) exp(—r4t). Such object for simple branching processes has already attracted a lot of attention.
We are not aware in the literature of the estimates given here and provide the proof for completeness.
This relies on classical L? estimates to control the speed of the convergence of the martingale.

Lemma 6.1. For any ¢ > 0, and any Z—adapted stopping time T,
PW(r)<e; W>0)<C (s +e'E {1{T<oo}e_’”*7/2D ,
where W is the almost sure limit of W(t) as t goes to infinity, and C is some positive constant

independent of € and . We use the convention W (+o00) := W for the inequality above to make sense.

Proof. To simplify the proof, we firstly treat the case where 7 is deterministic and finite. To begin
with,
Z(7)

W(r+1)=W(r)=e"" | Y Ne ™ —Z(r) |,
i=1

where, conditionally on Z(7), the N; are i.i.d. with the same distribution as Z(1). This implies that

2(0)
E[W(r+1) = W(n)*]| ="E [Var | 37 (Nie™™ = 1) |2(7)
i=1

=e *""E[Z(7)]Var [Nje™™ —1] < Ce ™. (6.1)
On the other hand, we write
PW(r) <e;W>0)<P(W<2e;W>0)+PW(r)<e; W > 2)
<P(W<2;W>0)+P(W -W(r)>¢).

Recalling that, on the event {W > 0}, W follows an exponential distribution, we can bound the first
term of the sum above by 1 — e~ %% < Ce.
The second term of the sum can be handled as follows:

P(W—-W(r)>e)=P|> W(r+n+1)=W(r+n)>e
n>0

géZE[|W(T+n+ 1) = W(r +mn)]

n>0
. ,11/2
<e~ ZE[|W(T+n+1)—W(T+n)| }
n>0
SCE_IG_T"T/2 Z e—r*n/2 < 05—16—7‘*7/2.

n>0

This ends the proof in the case where 7 is deterministic.

Now to prove the result when 7 is some almost surely finite Z—adapted stopping time, we just
have to do the same computation conditionally on F.. Indeed, since Z(7) is F,—measurable and
Z(t+ 1) — Z(7) independent of F(7), (6.1) becomes

E[W(r+1) =W’ 17| < e,
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and the last computation of the previous case gives
P (W —W(r) > ¢e|F,) < Ce e 7/2,

The result of the lemma is then proved by taking the expectation in the inequality above.
Finally let us treat the case where 7 is not necessary almost surely finite. We write

PW(r)<e;W>0)=P(W(1)<e; W>0;7<00)+P(W(1)<e; W>0;7=00)
<P(W(r)<e; W>0;7<00)+P0<W<eg). (6.2)

Note that, on the event {7 < oo}, we have the almost sure convergence
Liw@anycewsor —2 Liw(n)<ew>o0}-
Hence, by Fatou’s lemma,
PW(r)<e; W>0;7<00) Slimninf]P’(W(T/\n) <eg; W>0;7<00)
§lin}11nf PW(rAn)<e; W >0).
Then, applying the result of the lemma with the almost surely finite stopping time 7 A n, we obtain
P(W(r) <2 W > 057 < 00) < C (e + & Himinf E e+ (40/2] ).

Noticing that
e—r*(T/\n)/Q < 1{T<OO}6_T*T/2 + e—r*n/Q,

we have
P(W(r)<e; W>0;7<00)<C (5 gy {1{T<®}67T*T/QD .

In addition, to control the second term of the sum in (6.2), we recall that the distribution of W is

dy Tx o/ Tx
550 + ag(a)
Hence , § ,
PO<W<e)="= (1 - efﬁ5> < ()%
by b
Recalling (6.2), the result of the lemma is proved. O

Lemma 6.2. With the same notation as in Lemma 6.1, for any 0 < e < 1,
P (géf) W) <e; W> 0) < Cel/4,

for some positive constant C independent of €.
Proof. Let us introduce

1
s := —log(1/e).
Tx

On the event {W > 0}, we have Z(t) > 1 for all ¢ > 0 and further, for ¢t < s., e”™! > . As a
consequence

t>se

{2§£W(t)§E;W>O}§{inf W(t)ga;W>0}.
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For some A > 1 whose value will be fixed later, let us denote
Se = inf {t >s. 0 W(t) < 81/>\} .
Since A > 1 and 0 < ¢ < 1, we have € < ¢!/*, hence

{inf W(t) < 5} C{S. <0} C {W(SE) < 51/)‘}.

t>se

Note that the last event above is trivially satisfied only if S, < oc.
Then, thanks to Lemma 6.1,

P(W(S) e W >0) <C (467 E [1gs, conye ™ 5/2) )
Recall that, by definition of S, Sc > s., and so

_r*85/2:| < emTese/2 _ 12
- b

E |15, <oope

implying that
P(W(S.) e/ W >0) <C (/4271

Finally, choosing A := 4 to optimize the bound above proves the result. O

6.2. Perturbation of stable dynamical system

We provide a result which is strongly inspired from Lemmas 3.1 and 3.2 in [27]. We consider an
exponential stable dynamical system : 3’ < —cy, with ¢ > 0. We add a source term, which acts as a
perturbation given by h. The following result allows to control the value of the dynamical system in
terms of fluctuations of the source term h on a unit time interval.

Lemma 6.3. Assume that there are three measurable and locally bounded functions y, h, ¢ with h(0) =
0 and satisfying for all t > 0,

t
o(6) =5(0) + h(0) + [ y(s)(s)ds,
0
Suppose in addition that ¢ is bounded, upper-bounded by some negative number and
—oo < inf ¢ < sup ¢ < 0.

Then, for allt > 0,
sup Jy(s)] < T (|y<o>| v sup |h(s) - h(Lsm) ,

s<t s<t

where T' = (1+[[¢[|o)/(1 — exp(sup ¢)).

Proof. To begin with, we introduce
t — —
(ID(t,s) _ efs o(r)dr <e C(t s)’
for some positive constant C':= — sup ¢ > 0. Then

O(t,t) =1; (L, s)P(s,u) = (t,u),
0y D(t,5) =P (t, 5)p(t) 5 05 (¢, s) = —D(t, 5)(s).
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a standard constant variation argument, one can write

y(t) = ®(¢,0)y(0) + h(t) —l—/o D(t, s)h(s)p(s)ds.

Then it results the following decomposition:

[t] j
y10) =0600) + Y 0(0.3) () =G = 1)+ [ 8051006 () s - 1) s

t

+h(t) = h(t]) + /LtJ O(t,5)d(s) (h(s) — h([t])) ds.

Using the upperbound of ¢, we obtain

j—1<s<j lt]<s<t

L]
ly(6)] <e=“y(0)| + e ( sup |h(s) —h(j — 1)|F’) + sup [h(s) = h([t])|T",
j=1

with I := 1 4 [|¢[c. The result is proved by choosing I' = I" 3722, e =T"/(1—-e9). O
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