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Abstract

We study a stochastic differential equation driven by a Poisson point pro-
cess, which models continuous changes in a population’s environment, as
well as the stochastic fixation of beneficial mutations that might compen-
sate for this change. The fixation probability increases as the phenotypic
lag between the population and the optimum grows larger, and successful
mutations are assumed to fix instantaneously (leading to an adaptive jump).
Our main result is that the process is transient (i.e., continued adaptation
is impossible) if the rate of environmental change v exceeds a parameter m,
which can be interpreted as the rate of adaptation in case every beneficial
mutation gets fixed with probability 1. If v < m, the process is positive
recurrent, while in the limiting case m = v, null recurrence or transience
depends upon additional technical conditions. We show how our results can
be extended to the case of a time varying rate of environmental change.

1 Introduction

We study the large time behaviour of the solution of a scalar stochastic differential
equation of the type

Xt = XO - U<t) + OégO(XS—7O[7£>M<dS,dOJ7d€>7
[0,t]xRx[0,1]

where M is Poisson Point Process on R, x R [0, 1] with mean measure ds v(da) d€
and o(z, o, &) = Lig<g(z,a)}. The goal of our work is to understand how a popu-
lation can adapt to a deterioration of its fitness, due for instance to continuous



change in the climatic conditions, thanks to mutations which improve its adapta-
tion to the new environment. ds v(da) represents the rate of appearance of new
mutations, while ¢g(z, «) is the probability that a mutation «, which is proposed
while the population’s fitness is given by x, gets fixed. We give a specific form to
that probability. The important property, which is reasonable to assume in our
case, is that whenever x — 400, g(z,a) — 1 for each a such that za < 0.

We start with the simple case v(t) = vt, with v > 0. With the notation m =
Jo° av(da), i.e. m is the mean movement to the right per time unit produced by
the positive mutations if all of them get fixed, which almost happens when x < 0
is very large in absolute value, our first result says that the Markov process X; is
positive recurrent if m > v, transient if m < v, with a speed of escape to infinity
equal to v —m. The most interesting case is the limit situation m = v. We show
that, depending upon the speed at which m(z) = [;° ag(z, a)v(da) converges to
m as xr — —o00, the process can be either null recurrent or else transient with zero
speed in case m = v.

We then generalize our results to the case where v(t) is a more general (and even
possibly random) function of time.

Note that [Kersting| (1986) has studied similar questions in discrete time. Similar
resuts for a SDE driven by Brownian motion with coefficients which do not depend
upon the time variable would be easy to obtain. Here we use stochastic calculus
and several ad hoc Lyapounov functions. Note that the Ito6 formula for processes
with jumps leads to less explicit computations than in the Brownian case. To
circumvent this difficulty, for the treatment of the delicate case m = v, we establish
a stochastic inequality for C? functions whose second derivative is either increasing
or decreasing, see Lemma [3] in subsection [4.3] below.

The paper is organized as follows. We define our model in detail in section [2], refer-
ing to models already studied in the biological literature. We establish existence
and uniqueness of a solution to our equation in section |3| (the result is not imme-
diate since we do not assume that the measure v is finite). Section {|is devoted to
the large time behaviour of X; when v(t) = vt, successively with m < v, m > v,
and m = v. Finally section [5|is devoted to the large time behaviour of X; when
v(t) takes a general form, but T = lim, .o, t~" 3 v(s)ds exists.

2 The Model

Our starting point is the model by [Kopp and Hermisson| (2009) of a population
of constant size N that is subject to Gaussian stabilizing selection, with a moving



optimum that increases linearly at rate v. That is, at time ¢, the phenotypic lag
between an individual with trait value z and the optimum equals © = z — vt, and
the corresponding fitness is

W(z) = exp (—ax2) , (1)

where o determines the strength of selection. For the adaptive-walk approxima-
tion, the population is assumed to be monomorphic at all times (i.e., its state
is completely characterized by x). Mutations arise at rate ©/2 = Nu (where u
is the per-capita mutation rate and © = 2Ny is a standard population-genetic
parameter), and their phenotypic effects « are drawn from a distribution p(a).
We neglect the possibility of fixation of deleterious mutations. Yet even beneficial
mutations have a significant probability of being lost due to the effects of genetic
drift. A mutation with effect o that arises in a population with phenotypic lag x
has a probability of fixation

s vt
where Wit )
s(z,a) = W — 1= —of|a|2]z] — |a|)]T x 1(saco) )

is the selection coefficient. Formula is a good approximation of the fixation
probability derived under a diffusion approximation (Malécot| 1952} |Kimura/|1962]),
which is valid when the population size N is large enough. Note that [Kopp and
Hermisson| (2009) used the even simpler approximation g(z, «) ~ 2s(z, ) (Haldane
1927; for more exact approximations for the fixation probability in changing en-
vironments, see |[Uecker and Hermisson [2011}; |Peischl and Kirkpatrick|/2012)). Once
a mutation gets fixed, it is assumed to do so instantaneously, and the phenotypic
lag = of the population is updated accordingly. Three example realizations of the
resulting adaptive walk are illustrated in Figure [1]

We now turn to a rigorous mathematical description of the above process. We
introduce a stochastic equation driven by a Poisson point process that describes
the evolution of the population, and we study whether the process is transient
(leading to certain extinction of the population) or recurrent (at least potentially
allowing survival). The key parameters are the maximal mean rate of adaptation,
m, and the speed of the optimum, v. We prove that the process is transient when
m < v and recurrent when m > v. We then perform an in-depth analysis of the
limiting case m = v, showing that transience or recurrence in this case depend
on additional conditions. Next, we generalize the results to a model with variable
speed of the optimum (i.e., v becomes a random function of t).
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Figure 1: Three example realizations of an adaptive walk, showing the evolution
of the lag X; between the population phenotype z and a linearly moving
optimum vt, for three different values of v. In (A) and (B) the process
is recurrent, whereas in (C), it is transient. Results were generated by
drawing random mutations from a standard normal distribution (v(«a) ~
N(0,1)) at times drawn from an exponential distribution with intensity
©/2 = 0.5 and accepting them (leading to an adaptive step) according
to the fixation probability given by equation with ¢ = 0.1.



The evolution of the phenotypic lag of the population can be described by the
following equation

Xt = XO — vl + a§0<Xs*70575>M<dSada>d£)' (4)

[0,t] xR x[0,1]

Here, M is a Poisson point process (PPP) over R, x R x [0, 1] with intensity
m(ds,do,df) = ds v(da) dE.

v(da) is a o-finite measure describing the distribution of new mutations up to a
multiplicative constant, which satisfies

/R|a\ A 1v(da) < oo, (5)

and
()0(1:7 «, g) = 1{539(1710‘)}’

where the fixation probability g(z, ) (see formula ([2)) of a mutation of size « that
hits the population when the lag is x can be expressed as

g(z,a) = (1 — exp (—20[|a|(2|x| — |oz|)+])) X 1(za<0)-

The points of this PPP (7}, A;, Z;) are such that the (7}, A;) form a PPP over
R, x R of the proposed mutations with intensity dsv(da), and the =Z; are i.i.d.
U0, 1], globally independent of the PPP of the (7}, A;). T;’s are the times when
mutations are proposed and A;’s are the effect sizes of those mutations. The =; are
auxiliary variables determining fixation: a mutation gets instantaneously fixed if
=i < g(X71,, A;), and is lost otherwise. Note that, in the model considered in Kopp

and Hermisson| (2009),
©

v(da) = Zp(a)da, (6)
whereas here, we do not impose that v has a density, nor that it is a finite measure.
Also, the exact form of the function g is not important for us. Our argument will
rely only upon the fact that for all @« > 0, g(x, @) T 1 as © — —oo while g(x, ) =0
if xa > 0.



3 Existence and uniqueness

Define for all z

av(da), (7)
Y(z) =m(z) — v, (8)
V@)= [ a%g(a,a)r(da).

V= /R a2u(da). (9)

m(x) is the mean speed towards zero induced by the fixation of random mutations
while X; = x < 0. V(x) is related to the second moment of the distribution
of these mutations. m and V are the limits of m(x) and V(z), respectively, in
the case that all mutations with o > 0 go to fixation (as we will show later,
this is the case if + — —o00). Note that our assumptions do not exclude cases
where m = oo and/or V' = oo, unless stated otherwise. However, since g(x,-) has
compact support, for each x, m(x) < oo and V(z) < oco. The cases m = oo and
V = oo correspond to a heavy tailed v. It would be quite acceptable on biological
grounds to assume that m < oo and/or V' < co. However, we refrain from adding
unnecessary assumptions. We rewrite the SDE as follows

X, = X, + /Otw(Xs)ds + M, (10)

where the martingale
t 1 _
M= [ [ [ aw(Xe )0 (ds, da, ), (1)
0o Jr: Jo

with M (ds, da, €) being the compensated Poisson measure M (ds, dev, d€)—n(ds, de, d€).

Proposition 1. Equation has a unique solution.

Proof. 1f v is a finite measure, then M has a.s. finitely many points in [0,] x R
for any ¢t > 0. In that case, the unique solution is constructed explicitly by adding
the successive jumps. In the general case, we choose an arbitrary compact set
K = [k, k] (with k£ > 0). There are finitely many jumps (¢;, ;) of M with o; ¢ K.
It suffices to prove existence and uniqueness between two such consecutive jumps.



In other words , it suffices to prove existence and uniqueness under the assumption
v(K*¢) = 0, and hence from (f]), we deduce that [ (Ja| + o?) v(da) < co, which we
assume from now on. Define for each t > 0

[y(U) =2 — ot + ap(Us-, a, )M (ds, da, dE). (12)

[0,t]xRx[0,1]

A solution of equation is a fixed point of the mapping I'. Hence it suffices to
prove that I' admits a unique fixed point. For A > 0,

t t
Ee M |Ty(U) = Ty(V)| = — /\IE/ e Dy (U) = To(V)| ds + IE/ lae™d D (U) — s (V)|
0 0

t
< - /\E/ e M0 (U) =T (V)| ds
0
+E/ lale ™ p(Us-, @, &) = @(Vi-, a, )| M(ds, dav, d€).
[0,t] xRx[0,1]
The above inequality follows readily from the fact that, for all 0 < s < ¢,
T:(U) = Lo(V)] = [Ts(U) = T (V)]
< la| x |o(Up=, a, &) — (Vo= o, &) | M (dr, dev, dE).

T J(s,t)xRx[0,1]

Thus,
t
NE [ e 0,(U) = Ty(V)] ds < E [ Jale™ [g(U,-,a) = g(Vi-, a) dsv(da). (%)
0

For 0 < w < v we have that

/R!&(g(u,a) — (v, ) |v(da) = /R la <6720|a\<2|v|7|a\>+ _ efzcr\a|(2|u\f\a|>+) v(da)

0
_ ~20]al2lvl-lal) _ ,~2¢lal@lul-laD)Y |,(4
/—2u e (e e ) lv(da)
—2u
+/ laf ‘e—2a|a|(2\v\—|a|)> _1’,,<da)
—2v

< 4o (/_ZU a2y(da)> X |u— v
+ 20 /2u o?(2v + a)v(da)

< 4o (/R;z;u(da)> X |u —wvl.

A similar estimate can easily be obtained for v < u < 0. For u < 0 < v , we have



that
/ (g, @) — g(v, a))lw(da) < / lag(v, )lv(da) + [ laglu, a)v(da)
R R_ R4

< 20/ o?(2v + o) Tv(da) + 20/ o (—2u — a) v (da)
R+

< 40/ a2\v|u(da)+4a/ o?|ulv(da)
Ry

§4U<4&%M®)xu—vL

Let T be arbitrary. Define for all A > 0 the norm on the Banach space L'(Q x
[0,77),

T
1Zl7s = E/O e Z,|dt.

We choose \g > ¢ = 4o [ &*v(da). We deduce from () that
c
EIT(U) = T(WV)llrr0 < 3BT = Viiz,s,-

Since ¢/A\g < 1, I" has a unique fixed point such that I';(U) = U, for all 0 < ¢ < T.
Since T is arbitrary, the result is proved. O

4 Classification of the large-time behaviour

Proposition 2. If Xy > 0, then X; becomes negative after a finite time a.s.

Proof. Let Ty = inf(t > 0, X} < 0). Since g(x,«) = 0 for zae > 0,

ATy 1
Xt/\T(; = XO - U(t A TO) + /O /IR /0 O“p(Xs*> «, S)M(d‘sv da? df)
S XO - U(t AN T()),

hence % %
0— - X
ATy < — o 20
v )
Let ¢ tend to oo.
Xo

To < — <0
v



Whether the process X; is positive recurrent, nul recurrent or transient depends
only upon its behavior while X; < 0. Hence, we only need to consider in detail
the case when X; is negative, in which case only positive mutations (« > 0) have
a positive probability of fixation. Thus the fixation probability becomes

gz, @) = (1 - exp (~200(2fe] - ) Lo

Proposition 3. The functions x — m(x) and x —— V() are of class C!,
strictly decreasing on R_ and

(13)

Proof. We prove this result for the function z —— m(z). A similar argument
applies to V(x). Let

h:R,XR+—>R+

(r,a) — h(z,a) = ag(z, a).

o Vo€ Ry, z — h(z,a) is differentiable.
e Vz € R_, the functions a — h(z,a) and o — $%(z, ) are piecewise contin-

uous and integrable over R, since they have compact support.

e For each fixed a > 0, if z,, € R_ such that z,, — x, and y = ngf1 Tp,

Oh
pATS

< 400[21[0,2|y‘+1]<04) S LI(V).

Thus, for all z € R_

Chzs(f) =— /R40a2 exp(—20a(2|z] — @)Lz (@)v(da) < 0.

As a consequence, x — m(z) is a decreasing function. Moreover
h(z,a) € L'(v),
For each fixed a > 0, 0 < h(z,a) T «, as  — —o0.

By the monotone convergence theorem, we have that

m(z) = /Rh(x,(x)y(da) — m.

r——00



To determine the large-time behavior of the process, we now consider successively,
the three cases v > m, v < m and v = m.

4.1 The case v > m

In particular, here m = [;° av(da) is finite. Let

N, = ap(X,—, a, &) M (ds, da, d€)

[0,t]xRx[0,1]

be the sum of all the jumps on the time interval [0, ¢]. We have that
N, :A/'t(+) +M(_) SM(_),

where

N =1x_sqdN,

N = Lix _<oydNj
Let m7)(z) = 1(,<oym(z), hence

=N - /Ot m ) (X,)ds.
Thus,
X, < Xo + /Ot(m(Xs) —v)ds + M

Lemma 1. If m < oo, then

tliglo " = 0. (14)

Proof. Mg_) is a square-integrable martingale, such that EME_) = 0. Define M°
as the Poisson random measure for new mutations i.e. a Poisson point process on
R, x R with intensity dsv(da). For all i € N* and n € N*, define

/11/ /agp Xs-, a0, )M (ds, do, dE),
w=f,m
/Zl/ aM®(ds, da),

}/1251_ Wi,
Mn:Z)/“

=1



Note that for all : € N*, 0 < & < n; and 0 < w; < m. We first establish

Lemma 2. . Mo
Proof.
_ Mf ~_
Mi My MJFM 3
t t] t t
where

/\jt :1 (/L;//asﬁ(Xs,a,f)M(ds,da,df)—/L; m‘(Xs)ds>
=3 (Am | [ae(Xo 0, €)M(ds, da, dg) + /LT m_(Xs)ds>

:1(fm+wrﬂ)‘m w7 (Y0 + 20m) =200

since for all n > 0,

+1
Von _ XY XLV n

n+1 n+1 n n+1 n—oo
and
n n’
hence
Wn
n n—oo

Back to the proof of Lemma 1. We now define

Y =Ygz

Since the (n;,7 € N*) are i.i.d, integrable and

P(n; > 1) =Y P(m > i) <Emp < oo,

i>1

10



it follows from Borel Cantelli’s Lemma that P(limsup 4;) = 0. Hence, a.s. there
exists N (a) such that for all n > N(«), we have Y,, = Y,,. But since E(Y,,) — E(Y7)
due to the dominated convergence theorem, it is sufficient to prove that

b (i-EGD)

n n

Due to corollary 3.22 in [Breiman| (1968)|[] it is again sufficient to prove that

= E(Y;)
1'2:21 5 <o

Indeed, we have that
= E(Y;)

< 2m.
i2

(]2

i=1
The underlying calculation can be found in the proof of theorem 3.30 in Breiman
(1968)). O

Remark 1. In the case m < oo and X; — —oo, we have that
1

since eventually X; becomes negative. Furthermore, if we assume that ono av(da) >
—oo then the previous Lemma implies that

M,

7_>O

t

whether X; — —oo or not. But we refrain from adding any supplementary as-
sumption on v.

Proposition 4. In the case v > m, X; — —oo with speed v —m in the sense that

Xt a.s.
T—>m—vast—>oo.
Proof.
Xy Xo / Mt Xo M,
—:——U s)ds+—< — —v+m+ —.
t t + t — ot T t

In the proof of this theorem, we replace Kolmogorov’s inegality by Doob’s inegality for mar-
tingales, and the result holds in our case.

11



Hence
. Xi
lim sup - < —v+m.
t—o0
On the other hand, it follows from that
Ve >0 3JK.> 0such that x < —K, = m(z) >m — €,

and since X, o~ by (17)), we have

Ve >0 dt. > 0 such that Vs > t. = X, < —K..
Statements and combined give

Ve >0 3Jt. such that Vs > t. = m(X,) >m —e.

Then, Ve > 0 and t > ¢,

X X 1 st —
= (m(XS)—v)ds—kM

t 1 t Jt. t
X t—t. M;—M
ZTtEﬂL(m—e—v)x Tt tt e |

Hence,

t—o00

X
liminth > —v4m

We conclude that X; — —oo with speed v — m.

4.2 The case v < m

The assumption is satisfied, in particular, when m = oc.

Proposition 5. In the case v < m, X; is positive recurrent.

(15)

(16)

(17)

Proof. Since © —— m(x) is continuous, strictly decreasing from R_ to R, and
m(0) =0 < v <m, 3N > 0 such that m(—N) = v. We choose an arbitrary

K > N, so that for all v < —K

(x) >m(—K)—v >0.

Assume that Xy < —K, and define the stopping time

Tx = inf{t >0,X, > —K}

12



We have

tAT,
Xt/\TK = XO + A K¢(Xs)d3 + O{QO(XS—,Oé,g)M(dS,dOZ,dg)

[0,tATK]XR4 x[0,1]

> Xo+ (m(=K) —v)(t ANTk) + Mty .

Thus,
0> ]E(Xt/\TK) > Xy + (m(—K) — U)E(t N TK)

Now let ¢t tend to oco. It follows by monotone convergence that

-X

E(Tk) < m(T)D—v < 0. (18)
Given any fixed T" > 0, let p denote the lower bound of the probability that,
starting from any given point x € [—K,0) at time to, X hits [0, +00) before time
T. Clearly p > 0. We now define a geometric random variable 3 with success
probability p. Let us restart our process X at time ty = Tk from z € [—-K,0). If
X hits zero before time T, then § = 1. If not, we look at the position X7 of X at
time 7T. Two cases are possible:

o If X7 < — K, we wait until X goes back above —K. Since Xp > —(K +vT),
the time «ay needed to do so satisfies

K +oT
E < ——m.
(az) = m(—K) —wv
This calculation is similar to (18)).

o If X7 > —K, we start afresh from there, since the probability to reach zero
in less than T’ is greater than or equal to p.

So either at time T or at time T + a, we start again from a level which is above
—K. If [0, +00) is reached during the next time interval of length T, then § = 2.
If not, we repeat the procedure. A.s. one of the mutually independent trials is
successful. We have that

B
TQ<TK+Z(T+OZZ‘),

=1

where the random variables («;), are i.i.d, globally independent of 5. Hence

1 K +0T
ET, ET |77+ —
0= K+p< +m(—K)—v)>’

and the process is positive recurrent. O

13



4.3 The case v =m

We first state a lemma that we will apply several times in this section.

Lemma 3. Let X; be a F'V cadlag process.
1. If ® € Ct, then
t
O(X;) = <1>(X0)+/ V(X )dX+ Y (X AX,)—B(X, )~ (X, )AX,,
0 s<t,AX 50
where AX, = X, — X,-, Vs.
2. Moreover, if ® € C? such that ®" is an increasing function and AX,; > 0
for all s, then

"(X,)(AX,)%

t
(X)) = (Xo) = | (X, )X, >
s<t,AXs#0

If ® € C? such that ®" is a decreasing function and AX, > 0 for all s, then
t 1
B(X,) — B(Xp) —/ P(X,)dX, <> Y (X, )(AX,)
0 $<t,AX 0
In particular, choosing ®(x) = 2%, we deduce that
t
X2= X2+ 2/ X,-dX, + 3 (AX,)’. (19)
0

s<t

Proof. The first part of this lemma is a well known result (see Protter [2005]). We
will only prove part 2 of the lemma. If ® € C? then it follows from Taylor’s
formula that there exists a random function § taking its values in [0, 1] such that
for all s

1
D(X,) — B(X,-) — (X, )AX, = 5@”(}(5_ + B, AX,) (AX,).
If ®” is an increasing function and y > 0 then
" (x) < @"(z + Byy) < "(x + y).

If " is a decreasing function and y > 0 then

'z +y) < "(z + Byy) < ().

14



Note that V' < oo and at this stage we do not assume that V' is finite. In the
case m = v, the asymptotic behavior of the process X; depends on the asymptotic
behavior of the mean net rate of adaptation v (z) defined in as r — —oo.

Proposition 6. We assume that m = v. If moreover

lim sup |z (x)| < v

)
T——00 2

(20)
then the process X; is null recurrent.
We first establish

Lemma 4. Under the condition m < oo, we have that

Vi(z)

lim =0.
Proof. Consider, for x < xq <0,
2|z|
V(l‘) < 1/ a2y(da)
x| ~ |z[ Jo
1 /2|a:o| ) 1 2l
= — a‘v(ida) + — o v(da
oldo I Ly

1 2|z 0o
< —/ ’ o’v(da) + 2 av(da),
|z| Jo 2|0

hence

lim sup Viz) < 2/00 av(da),
2

T——00 |x\ |zo|

and our condition implies that the last right hand side tends to 0, as g — —oc.
The results follows. O

We can now return to the

Proof of Proposition[f First note that, since m = v implies ¢(z) < 0 for all x < 0,
condition is equivalent to

hngnﬂxnmx)>«—¥ 

To prove recurrence under condition , we recall that

&:%+fw&m+Mb (21)

15



We will apply Lemma 3 with f(z) = log|z|, with x < 0. Here f” is decreasing.
Hence as long as X; remains negative,

th(X,) t 1 1 (AX,)?
log | X¢| §10g|X0|—i-/O X, ds—l—/o d./\/ls—§Z el

X37 s<t
(X
X

¢ i t 1
< log | Xo| —|—/ >d8+/ dM
0 s 0 X,

1t La2p(Xe-, a,8) - 1 V(X
- 5 N1 (ds, da, d —f/ d
2/0 /ﬂh/o Xz (ds, da,d§) =5 | X2

- t @D(Xs) V(XS) >
_log|X0|—|—/0< X,  2x ds + M.,

)ds

where M is a martingale. For all a < b < 0, define the stopping time
Sap =inf(t >0, X; <aor X; >0).

It follows from our assumption that there exists L > 0 such that

, V(z)
xlgn—fL <|:E|¢(:E) + ) > 0. (22)
For any N > L, from Doob’s optional sampling theorem, if —N < Xy < L,

Nenn (X)) VI(X)
( X, 2X?2 )ds.

t
Elog|Xins_y _,| < log | Xo| + IE/O

Letting ¢ tend to oo,
Elog |Xs_,_,| < log |Xo|.

Define the stopping times
T', =inf(t > 0,X, > —L),
T'y = inf(t > 0,X, < —N).
It follows from the previous estimate that
log N x P(T*y < T',) < log | Xy|.

We deduce that P(TfN < TIL) — 0 as IV tend to co. We conclude that the process
returns a.s. an infinite number of times above — L, hence also above 0 by a classical
argument (see the proof of Proposition . Therefore, the process X is recurrent.

Let now Xy < —(L + 1). For all N > L, multiplying by —1, we have

tAS_N,—L tANS_N L
Xins s, ] =151 = [ v(x)ds — | M.,
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By Doob’s theorem and letting ¢ tend to oo, since again ¢ (z) < 0 for z <0

S_ N
EIXs | = X0l ~E [ 77 9(X,)ds > | X, hence
LP(T', < T )+ NP(Thy <T')) > | Xl

We have
hmmfNIP’( Ly < T > | Xo| = L>0. (23)

It follows from Lemma 3 that

t
XE:Xg—/OQ\XSW( ds+/2X dM, + 3 (AX,)

s<t

On the other hand,

//1R<+/a90 X, §) M (ds, dev, d€)

+ / / ?9(X,-, a)v(da)ds.
Ry
Thus, from and the monotonicity of V(z)

s<t

9 5 t/\S_N7_L ~
Xt/\S N,—L S XO +/0 QV(_N)dS + Mt/\S_N’_La

where M. g v is a martingale. Letting ¢ tend to oo, we have for all € > 0

EX%_M_L < X§ +2V(=N)ES_y_p, hence
L*P(T', <T'y)+ N*P(Ty <T',) — X2

ES_y_p >
Nmb = 2V(—N)

It follows by monotone convergence that

E(T',) = lim ES_y_; > hmmf{NIP’(T N<T')x

N—o0

N X2
2V(=N) 2V(—N)}

Combining this with Lemma 4| and , we deduce that ET" ; = oo and the
process is null recurrent. O

Remark 2. Condition is rather weak. It is satisfied as soon as both the measure
v and V are finite. We give the proof below. It is also satisfied for some measures
that don’t have a second moment such as

da

1

17



Proposition 7. If v is a finite measure and V < oo then is satisfied.

Proof. Let for all z,

D) = [ (@) ~ L = af [ " avlda) - [ )

2|
+/ <|ZL’|OZ + Oé2> e—20a(2|x|—o¢)y(da)'
0
It follows by dominated convergence that
/0 a26_2"a(2‘x|_0‘)1[0,2|a:\]V(d04) —— 0,
since ,

oz2e_2m(2|x|_a)1[0,2\xl] % 0 for all a > 0,

and a?e 200,00 < a? € LHv).

On the other hand,

2|z

2|z ||
/ |z|ae 20— (d) = / |2 |ce 20— (da) + |2 e 200 C=0) (da).
0 0

|z
Note that if 0 < a < |z| then 2|z| — a > |z, thus

e—200¢(2|x|—o¢) < e—200¢|x\ )

In addition the function

fa: R—i— - R+

z = f.(z)=ze

—0z

has a maximum for z = i It follows that

/ |z|ae 200l (da) < —/ e~y (da) —— 0,
0 0

- oe Tr——00

again by dominated convergence. The second term also goes to 0 when x — —oc.
In fact,

2|z| 00
/| | ave270Cle=2) () < / aZe200Clel=a) (o),
0

z|
and by the same argument as before the result follows since

0526_20a(2‘x|_a)1[\x|,2\$|] % 0 for all a > 0,

and aQe’Q"O‘(Q‘m"“)1Hw|’2‘w” <ao*e L'(v).

18



Furthermore, it follows from the fact that V is finite that

o e} 2
|| av(da) < a—y(doz) — 0.
2|z| 2|x| 2 T——00

Hence,

limsup D(z) = —Z < 0.

T——00

]

We now consider the case m = v and lim inf [z ()| > ¥, which implies in partic-
ular that V' < oo.

Proposition 8. Assume that m = v and

lim inf |z (x)| > K (24)

T——00 2

If, moreover, there exist 0 < pg < 1 and 0 < By < 1 such that for all 0 < 8 < By

o2 [ alg(a.)v(da) —— 0. (25)

r——00
then X; s transient, that is, X; — —o0, and moreover % — 0.

Remark 3. The conditions of Proposition [§] are satisfied in the case where both v
is infinite and its tail is thin enough. For example, if

1
(de) = (=5 Lter + 9(0) Lo ) o

where g(a) < Cla|=®*) |a| > 1 for some 6,6 > 0. Condition follows
from the fact that V' < oo while |z (z)| — oo as |x| — oo, since, cf. proof of
Proposition [7]
1 1
|.1'|/ aefQJa(Q\adfa)l/(da) > ‘l"/ a766740a|:1:\da
0 0
|l dz
o ) —4doz <
= |z /0 e wd

Condition is easy to check.
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Proof. First note that condition (24)) is equivalent to

V
lim sup |z|Y(z) < ——.

T——00 2

Hence there exist K > 0 and 0 < p < pg such that

p (|x|w<> (2 +1>V;x))<o. (26)

z<—-K
Let f be the C*(R)-function such that f(—1) =1, f/(-=1) = p, and

p(p+1)
7(0) = "0l D

with p being a real number in (0,1) for which holds. Then it follows from
Lemma 3 applied to f, since f” is an increasing function,

F(X) < F(Xo) +/ DX F (X )ds+ / / F(Xo+a)ag(X,, a)v(da)ds + N,
where the martingale N is defined by
No= s [ 7 [0 + 70+ )] (X, 01 (ds, da, d),
Let us admit for the moment:
Lemma 5. If holds, then

Jim [z [T f (@ + a)ag(w,a)v(da) = p(p + V.

This implies that
lim |x|p+2/ "z + a)a’g(z,a)v(da) < lim p(2p+ 1)V (z).
T——00 0 T——00

Hence, there exists N > K such that for all x < —N,

/OOO (x4 a)aPg(z, a)v(da) < p(2p + 1) ";‘(pfg

Thus, for all £ > 0 satisfying —kN < Xy < —N,

o [P0+ o+ V)

IANS_gN,—N
f(Xt/\kaN,—N) < f(XO) +/O

+~N’t/\37k1v,71v'
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Now if k£ > 3, letting Xy = —2N, it follows from that

1
E(f(Xt/\kaN,fN)) < (2N>p
Thus, if we let ¢t tend to oo,
1 1 1
—P(5_ =TI )N <E
oo (S =Tow)) S B S oy

Now letting k tend to oo,
P(T'y < o0) <

R

Thus, the process is transient, which means
Xy —— —o0.
t—o0
And since m = v < 00, it follows from Lemma 1 that % — 0, hence

Xy

t t—oo

Proof of Lemma 4. For any 0 < 3 < By < 1, if v < —(1 — 3)7,

|z|P+? /Ooo f(x + a)g(z,a)a’v(da) = |z /Oﬁx f"(x+ a)a’g(z, @)v(da)

i j f”(x +a)a’g(z, a)v(da)
Bz 9
</ < ,,+2a g(,)v(da)

+ ’IK\HZP(P +1) /OOZlc a’g(x, a)v(da).

On the other hand,

| [P+ /OOO " (z + a)a?g(x, a)v(da) > p(p + 1)/0 —————a’g(z,a)v(da)

|z + apt?

> a1 [ (e a)u(da).
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Letting x — —oo in the two above inequalities, we deduce from ([25)), which holds
with pg replaced by p < po,

p(p+ 1)V < liminf |zt /OO "z + a)a’g(z, a)v(da)
T——00 0

< lim sup |z[P2 /OO f(z + a)a?g(x, a)v(da)
0

p(p+1)
(1 g2

Thus, letting 8 — 0, it follows that

V.

o [ + c)alg(e,0v(da) —— p(p+ 1)V

]

Remark 4. We have not been able to precise the large time behavior of the process
X; when the measure v is of the type
do 1
v(da) ~ wl{azl}a 0<d< 5

which still satisfies m < oo. In this case, V = oo, |z¢(z)| — o0 as |z] — oo,
and also fails.

5 Generalization to the case of a time-variable speed

In the following, we treat the case where the speed of environmental change is a
random function of time

o) = [ "on(s)ds + R, (27)

where v; is a random function such that

t/vl ds———»v

and R is a stochastic process. The stochastic equation describing the evolution of
phenotypic lag becomes

X, = Xo — ot +/ X,)ds + M. (28)

As above, we study three cases:
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5.1 The case v > m

Here we assume that R satisfies the condition

This condition is verified by a Brownian motion for example. It is easy to see that
results and hold in the new context of equation . Following the steps
of the proof in section 1, we can see that X; — —oo with speed v — m.

5.2 The case v < m

Define 7 as the set of bounded stopping times. Now we assume that there exists
0 < ¢ < oo such that ERy < ¢ for all T' € 7. This condition is verified for
example by a process sum of a martingale and a bounded process. In this case, we
will prove that the process X, is positive recurrent. We can see from and
that there exist M, N > 0 such that for y < —M and t > N,

1/t m—v

m(z) — 7 ) v1(s)ds > 5

We remind that
7', = iinf{t >0,X, > —M}.

For the purpose of notation and without loss of generality, we denote T v by T.
Assume that Xy < —M. It follows that for all ¢t > N,

AT
]E/U [m(Xs) — v1(s)]ds < —Xo + ERar,
since Xy < 0 for s < T. We have
AT AT
E/O [m(Xs) — vi(s)] ds = ]ElTZN/O [m(Xs) — vi(s)] ds

tAT
Y Elrey /O m(X,) — vi(s)] ds
< —Xo + ERiars
and hence,

m—v
2

tAT
E(1ron(t AT)) < —Xo + ERinp — Elpey /O m(X,) — vi(s)] ds

N
< —Xo+ERiar +/ vy (s)ds.
0
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Now let ¢ tend to oo, yielding

2
E<]—T>NT) < < X0‘|‘/ U1 dS“—C) < Q.
- m—v

Thus, E(T) < N + E(175nyT) < co. From here, it is not hard to prove that
EX 1 < oo. Thus, X; is positive recurrent.
0

5.3 Thecase v =m

Here we assume that R; = 0. Even in this case stronger assumptions need to be
made. Define

Vsup = SUp vy (s),
S
Uine = inf vy (s),

Vsup(T) = M(T) — Vsup,
Yint(2) = m(z) — vin,

We define two sets of assumptions:

Assumptions A

® Ugyp < 00,

o lim inf |2|thgp(7) > —%.

T——00 2

Assumptions B

® Vs < 00,
o limsup |z|tms(z) < _%'

r——00

Under the set of assumptions A, we can prove that the process is recurrent. We
have, however, not been able to prove null recurrence in the case of non-constant
v.

Ideas of Proof. Apply Lemma 3 to the process in equation with f(z) = log |z|,
with < 0. Here f” is decreasing. Hence, as long as X; remains negative,

su VXS t/Usu — V1S
log | X;| < log|Xo ]—i—/ <¢ p(s ) _ 2(Xs2>>d8+/0 stmds—l—M't

< log | Xo| +/ (@/Jsup( ) _ VX, )> ds + My,

2X?2

24



where M’ is a martingale. Then we continue the proof as for the case of constant
speed. O

Under the set of assumptions B and hypothesis , we can prove that

Xy, —— —o00 and R AN}

t—o0 t t—oo

Ideas of Proof. We take the same function f we constructed in the case of constant
speed. We have [’ > 0, and

F(X0) < F(X, +/ Pint (X ds+/ (Vg — v1(8)) f/(Xa)ds
*i/ [ /X, + @)%, cpv(da)ds + AT,
+/ Vint (X)) [1(Xs)ds + - // (X + a)a?g(Xs, a)v(da)ds + N7y,

where NV is a martingale. Then we continue the proof as for the case of constant
speed. O
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