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SURVIVAL OF A SINGLE MUTANT IN ONE DIMENSION

By ENRIQUE ANDJEL?, JUDITH MILLER*} AND ETIENNE PArRDOUX
Université de Provencet and Georgetown Universitys

We study a one dimensional two-type contact process and give
necessary and sufficient conditions on the initial configuration for
both types to survive forever. These results are proved under the
assumption that the rates of propagation (and death) of the two
types are equal.

1. Introduction. The aim of this paper is to study the probability
that a single mutant in an infinite population of residents will survive. We
consider this problem in the framework of the one dimensional two—type
contact process.

We will prove that if the mutant has no selective advantage nor disad-
vantage, compared with the individuals of the resident population, then,
provided we are in the supercritical case (which means that a single individ-
ual’s progeny may survive for ever), a single mutant with an empty half-line
in front of him, and all sites behind him occupied by resident individuals,
has a progeny which survives forever with positive probability, while any
finite number of mutants, with infinitely many residents on both sides, have
a progeny which goes extinct a. s. Note that we define the progeny at time
t of a given ancestor at time 0 as the set of individuals alive at time t, who
are the descendants of that ancestor at time 0.

We shall next discuss how far those results remain true or differ signifi-
cantly, in case of a selective advantage or disadvantage.

Let us now explain what we mean by the contact process. Note that
this process is often presented in the language of infection. We shall rather
consider it here as a model of the spread of a population. Consider first the
usual one—type contact process with birth parameter A > 0. This process
{&, t > 0} is a {0, 1}%~valued Markov process, hence &; is a random mapping
which to each x € Z associates & (x) € {0, 1}. The statement & (x) = 1 means
that the site z is occupied at time ¢, while & (x) = 0 means that site z is
empty at time ¢. The process evolves as follows. Let = be such that &y(x) = 1.
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We wait a random exponential time with parameter 1 4+ 2\. At that time,
with probability 1/(1 + 2X), the individual at site = dies; with probability
A/(142X), the individual, while continuing its own life at site z, gives birth
to another individual; the newborn occupies site x + 1 if it is empty, and dies
otherwise; and with probability A/(1 4 2)), it gives birth to a newborn who
occupies site x — 1 if this one is empty, and dies otherwise. Then the same
operation repeats itself until site £ becomes empty, independently of what
happened so far. The same happens at any occupied site, and the exponential
clocks at various sites are mutually independent. Note that we will use the
same notation & to denote the random element of {0, 1}% defined above,
and the random subset of Z which contains all sites z € Z where &(z) = 1.

The two-type contact process {n;, t > 0} is a {0,1,2}*valued Markov
process which starts from an initial condition (A, B), where A and B are two
nonintersecting subsets of Z, A denoting the set of sites which are occupied
by type 1 individuals and B the set of sites which are occupied by type 2
individuals at time £ = 0. In other words,

0, ifz¢g AUB;
no(z) =41, ifxc A
9, ifzeB.

The two—type contact process with equal birth rates A evolves exactly like
the one-type process, with each individual possibly giving birth to individ-
uals of the same type. We shall consider in section 4 the case where the
birth rate of the mutants (i. e. type 2 individuals) differs from that of the
residents (i. e. type 1 individuals).

The (one-type) contact process has been extensively studied and plays
a central role in the theory of interacting particle systems (see [3], [4] and
references therein) but there are very few papers on the two-type contact
process (see [2] and [5]).

Let us now present a useful construction of the contact process, called
the graphical representation, which is valid in both the one-type and the
two—type cases (at least in the case of equal birth rates), the two—type case
with different birth rates requiring an additional refinement, which we will
explain in section 4 below. The important feature of this construction is that
processes corresponding to different initial conditions are coupled through
it. Indeed, {&, t > 0} (resp. {m:, t > 0}) is a fixed function of both the
initial condition, and the set of Poisson point processes, which code all the
randomness, which we now introduce.

Consider a collection {P#, P*" PP~ t > 0; = € Z} of mutually inde-
pendent Poisson point processes, such that the P*’s have intensity 1 while



SURVIVAL OF A SINGLE MUTANT 3

both the P**’s and the P*~’s have intensity A, all defined on a probability
space (2, F,P). At each time of the point process P*, we place a § on the
line {y = z,¢t > 0} in the set {(y,t); y € Z, t > 0}. At each time t of the
point process P*" we place an arrow from (z,t) to (z+1,¢). Finally, at each
time t of the point process P¥~ we place an arrow from (z,t) to (x — 1,¢).

The process {£1,: t > 0} is defined as follows. An open path in Z x
[0, +00) is a connected oriented path which moves along the time lines in
the increasing t direction without passing through a ¢ symbol, and along
birth arrows, in the direction of the arrow. Now

{y; &*(y) =1} = {y € Z; 3z € A with an open path from (0,z) to (t,)}.

In the case of the two—type contact process, we need to put a restriction
on the definition of an open path. An open path follows only those arrows
which reach a site where no individual is alive at that time. For A, B two
disjoint subsets of Z, we define {ntA’B, t > 0} as the {0, 1,2}%valued process
whose value at time ¢ is given by

{y; nf’B(y) =1} ={y € Z; 3z € A with an open path from (0,z) to (¢,y)}
{y; nf’B(y) =2} = {y € Z; Jx € B with an open path from (0, z) to (¢,y)}

Given a finite subset B C Z, write Bt = {z, z > y,Vy € B} and
B™ ={x, z <y,Vy € B}.
The aim of this paper is to prove
THEOREM 1.1.  Suppose that 0 < |B| < co. Then
P ({z, m*P(@) =2} #£0,% > 0) >0
if and only if at least one of the two sets AN BT and AN B~ is finite.

From the results needed to prove Theorem 1.1 we can also deduce:

THEOREM 1.2.  Suppose that 0 < |A| < oo and 0 < |B| < co. Then

B ({2, 5P (e) = 1} £ 0. {2, P (2) = 2} £ 0,9 > 0) > 0.

We conjecture that Theorem 1.2 holds for the two-type contact process on
Z% for all d > 1. In [5] it is proved that for d < 2 and all initial configurations
lim¢ oo P(n(z) = 1,m:(y) = 2) = 0 for all x,y, while for d > 3 the process
admits invariant measures p such that for all x # y, u({n: n(z) = 1,n(y) =
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2}) > 0. Although this last result may be seen as evidence favoring our
conjecture (when d > 3) it does not imply it nor is it implied by it.

The paper is organized as follows. In section 2, we recall and prove several
results on the one-type contact process which are needed in further sections.
In section 3, we study the case of a single or a finite number of mutants con-
fronted with an infinite number of residents, in the case of equal birth rates.
Theorems 1.1 and 1.2 are proved in subsections 3.3 and 3.4 respectively.
Finally, in section 4, we conclude with a discussion of the case of unequal
birth rates (i. e. when one of the two species has a selective advantage). We
formulate one result and two conjectures.

2. Some results on the one—type contact process. Let {524, t>

0} denote the contact process starting from the configuration whose set of

occupied sites is A. We will write & for ét{m}. We shall use the notation

(2.1) p=P(& #0, ¥t > 0) = lim P(&] #0).

It follows from well-known results on the contact process, see e. g. Liggett
[3], that there exists A. < oo such that p > 0 whenever A > \., which we
shall suppose from now on.

Let Z~ be the set of integers smaller than or equal to 0 and let Z™ be the
set of integers greater than or equal to 0.

Let r; = sup {a; L () = 1} and let ¢; = inf {x L8 (1) = 1}.
It is known that since A > A, there exits v = v(A) > 0 such that

lim — = — lim % =v as. and in L' (Q, F,P).

t—oo t t—o00

For a proof of these results the reader is referred to Theorems VI.2.19 and
VI.2.24 in [3].
Let Ry = supg<; 7s.

LEMMA 2.1. P(r; > a) > 5P(R; > a), Vt, a.
PROOF: Let 7, = inf {s: rs > a}. Then
P(ry > a|Ry > a) = P(ry > almg < t).
By the strong Markov property this is bounded below by

inf P(¢0 N 1[0,00) # 0),
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which by symmetry is at least

e oo _P
nfsPE #0) =75

LEMMA 2.2, lim; % =wv a.s. and in L.

PROOF: The a. s. convergence follows from the a.s convergence of % and
the fact that v > 0.

For the L! convergence note first that since % > % and %t converges to
v in L', it suffices to show that

Ry +

lim E [—v

t—o00 t

=0

To doso fix e > 0 and let ¢ = %. Then write

t—o0 —00
n=1 n=

lim P(?—vZan)Stlimc P(?—vZan)

where for the first inequality we used Lemma 2.1. Hence

. Ry o > Ry
limsupE |— — v ShmsupsZ]P — —v>en| <e.
t—o0 t t—o0 n=0 t

Since ¢ is arbitrary the lemma is proved. O

The following lemma is an easy consequence of the fact that v(A) > 0
whenever A is strictly bigger than the critical value of the contact process
on Z.

LEMMA 2.3.  The critical values of A for the contact processes on N and
7. are equal.

Let p* denote the upper invariant measure for the contact process on
N. This is defined as follows. Denote by {x;, t > 0} the one-type contact
process on N. This process takes its values in {0, 1}N . In accordance with
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the above conventions, for A C N, we write X{f‘ for the contact process on N
starting with the initial condition x§'(z) = 1 iff 2 € A. Then u* is the weak
limit, as t — oo, of the law of y}.

Define moreover for n € {0, 1}, Y () = inf {z > 0: n(z) = 1}.

LEMMA 24. a:=E,+(Y) <oo.
For the proof of this result, we will need the following
LEMMA 2.5. Denoting again ry = sup{z, &/ (z) = 1}, we have
Yy = P(inf r; < —n).
pr (Y >n) =P(infr, < —n)
PRrOOF: We first exploit the well-known self-duality of the contact process.
Since there is a one to one correspondance between the open paths from
some (y,0), y € N, to some (z,t), € (0,n] and the open paths from some

(x,0), z € (0,n] to some (y,t), y € N obtained by reversing the directions
of the arrows,

P(3z € (0,n] : 3 (x) =1)=P3z € (0,n]: x7 #0).
Letting ¢ — oo in the above identity yields
(Y <n) = P(3x € (0,m], x§ £ 0, vt > 0).

The last right hand side is the probability that there is an infinite open path
starting from some (z,0), x € (0,n], which visits only points located at the
right of the vertical line {1} x R . This has the same probability as the event
that there is in (—n, 00) X R4 an infinite open path starting in (—n, 0] x {0},
i. e. it equals P(infy~ ¢ > —n). The result follows. O

Proor orF LEMMA 2.4 In view of Lemma 2.5, it suffices to show that for
the contact process on Z there exist constants K, ¢ > 0 such that for

P(infr; < —n) < Ke™" ¥V n > 1.
t>0

It follows from Corollary VI.3.22 in [3] that for some Kj,c > 0 we have:

(2.2) P (n < ;t) <Kie ™ Vi>1.
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We first deduce that (here and below [t] stands for the integer part of t)

v v
i < —t| < < 2
g <nzﬁffneNT" = 2t> =F ( U {r" = 2n})

n>[t], neN
< Z P (rn < ;n>
n2[t]
< ngid.

Next note that defining 7 = inf{n < s <n+1, ry < 5t} (with the convention
that 7 =n + 1 on the set {inf,<s<py17s > 5t}), we have

v v
1 < — _ — < —
{n<;2£+1 rs < —t}N{rpt1 —r =0} C {rp41 < 2t}

where the two sets on the left are mutually independent, and
P(rp41 —rr =0) > P(X =0),

the law of X being Poisson(\). In other words P(r,41 — 7, = 0) > e, and
we have

P (inf re < vt) < IP’( inf 1, < vt)
s>t 2 n<s<n+1 2
n>[t]

v
<ty P (rn+1 < 2t>
n=[t
< Ke .

We have shown in particular that

(2.3) P(inf r; <0) < Ke .

Fix 8 > 0 such that 2A\8 < 1 4+ v3. Now, write

]P’(%Izlg re < —n) < P(ogitngfﬁn re < —n)+ }P’(tiznﬁfn re <0).
It follows from (2.3) that the second term of the right hand side decays
exponentially in n. Hence, the lemma will be proved if we show that the
first term also decays exponentially in n. To do so, let 7 = inf{t : r, < —n}
and let Y,, be a Poisson random variable of parameter 2\8n. It now follows
from the Strong Markov property applied at the stopping time 7 that:

P(rapm < v6n) > B(r < Bn)B(Y, < (1+ vB)n).
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Since limy, .o P(Y,, < (1 +vB8)n) =1 and from (2.2) P(ry, < vfBn) decays
exponentially in n, it follows that the same happens to
< = i < —n).
P(r < fn) P(ogl%fﬁn re < —n)
O

Let T~! be the operator on the set of probability measures on {0, 1}N
defined by

T~ (v) (n(z1) = 71, (@n) =) = v (@1 +1) = Y1, (e + 1) = 7)),

for any n > 1, y1,...,v, € {0,1}.

The natural partial order on {0, I}N induces a partial order on the set of
probability measures on {0, 1}N which we denote by <.

We have

LEMMA 2.6. T (ut) > pu'.

PRrOOF: Consider the contact process {x:, ¢ > 0} this time on N U {0},
starting again from yo = 1. Let now {X,, ¢t > 0} denote the same process,
with the same initial condition and the same realization of the graphical
representation, except that we delete all arrows between states 0 and 1. The
restriction to N of the asymptotic (as t — 0o) law of X, coincides with pu*,
while the same law associated with y; coincides with T~!(u%).The result
follows from the fact that for all t > 0, z > 1, P(yy(x) > X (z)) = 1. O

To prove our next lemma we will use Theorem 2 from [1]. This theorem is
stated for the contact process in Z but its proof is also valid for the contact
process on N. In this lemma the space {0,1}" is endowed with its natural
partial order, and ™ denotes the upper invariant measure for the contact
process on N.

LEMMA 2.7. Let f be a continuous increasing real valued function on
{0, 1}N which depends only upon coordinates which are greater than or equal
to x+ 1 (for some x € N). Then

[ fat e =0, = 1) = 0.n() = 1) > [ fdu*.

PRrROOF: Consider the contact process {x¢, t > 0} on N, starting from yo = 1.
Applying the above mentioned result of [1] we obtain:

E(f(xe) [ xe(1) =0,...,xt(z = 1) = 0, xe(x) = 1) 2 E(f(x1) | xe(x) = 1),
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for any deterministic initial configuration 7. It then follows from Lemma 2.8
below that

E(f(xt) [ x¢(1) =0,...,xt(z — 1) = 0, xe(z) = 1) = E(f(xt))-

It remains to let ¢t — oo. O

LEMMA 2.8. Let {x¢, t > 0} denote the contact process on N, starting
from any deterministic initial condition. For any t > 0, the law of x: has
positive correlations.

PRrROOF: For the contact process on [1,--- ,n], the result follows from Theo-
rem 2.14 on page 80 of Liggett [3]. Our result then follows by letting n — co.
O

Note that Lemma 2.8 applies as well to the contact process {&, t > 0}
on Z.

Let S™Y = {& # 0, Vt > 0; & # 0, Vt > 0}. Recall that both processes
{&F, t > 0} and {&/, t > 0} are constructed with the same set of Poisson
processes {Ptx,Ptx’J“,Ptx’_, x € 7} as explained above. Note that on the
event S™Y the process starting from {z,y} survives but this does not mean
that under that initial condition the progeny of (say) x lives forever. We
now show that (recall the definition of p in (2.1))

LEMMA 2.9. Forall x,y € Z
P(S™Y) > p?

PrOOF: Denoting by p the upper invariant measure of the contact process
{&, t > 0} on Z, i. e. p is the limit as ¢ — oo of the law of ¢7, we have
by the same duality argument already used in the proof of Lemma 2.5 the
identities

P& # 0,V > 0) = p(n(z) =1
P(&/ # 0,¥t > 0) = u(n(y) = 1),
P(S™Y) = p(n(z) =1

Letting ¢ — oo in the result of Lemma 2.8 applied to the contact process on
Z implies that p has positive correlations, which implies that

p(n(z) =1,n(y) =1) > pn(x) = 1) x p(n(y) = 1).

The result follows from this inequality and the three above identities. O
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We now fix some A > A and let v = v(X). We pick

2

v o p

O<e< =N —.
fSoh Yy

From now on tg will be a large enough multiple of % so that the following
holds :

(2.4) P(B(tg,e)) > 1—¢,
where

£
B(tg,e) = {v—eg Tto <vtev—e< —t §v+5}.
to to
Let us define new processes. For any z € Z, we write
ri =sup{z: & (z) =1} - z,
0 =inf{x : & (x) =1} — 2,

where as usual the sup (resp. the inf) over an empty set is +oo (resp. —o00).
Now we define the event

TO EO
C(v,to,s):{v—5§Jogv—ke,v—gg—ttogv%—s}
0 0

vtg vilo

ﬂ Tto to
v—5§T§v+5, v—eg—t—glw-s ,

0 0

and prove:

LEMMA 2.10. Let € be as above. Then, for any large enough tg, we have:
P (C(v,tg,€)) > p* — 2.

PROOF: First note that on the event {£? # 0, ¥t > 0} we have: r) = r; and
¢9 = ¢, and a similar result holds for V% and ¢“%. Hence the result follows
from translation invariance, Lemma 2.9 and (2.4). O

From now on, tg will be a large enough multiple of % such that both the
inequality (2.4) and Lemma 2.10 hold.
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3. The two—type contact process with equal birth rates. Let 7
denote the contact process with two types. For A, B C Z with AN B = (),
{7724 B> 0} now denotes the contact process where at time zero A is
the set of sites occupied by individuals of type 1, and B is the set of sites
occupied by individuals of type 2. The dynamics is the same as before, using
the same construction with the same collection of Poisson processes, except
that now an individual of type o € {1,2} located at site z gives birth at
time ¢ to an individual of the same type at site z + 1 (resp. at site z — 1), if
t is a point of the Poisson process P%? (resp. P*) and the site z + 1 (resp.
z — 1) is not occupied at time t.

3.1. A single mutant in front of an infinite number of residents may sur-
vive. In this subsection, we consider the process {7724 ’B, t > 0} only in the
case where A < B, meaning that all points in A are located on the left of
each point of B. A consequence of the definition of our process is that a.
s., for all t > 0, ;4(x) = 1 and n(y) = 2 imply that < y. Whenever the
process starts from one of these configurations then it remains in that set
with probability 1.

For a configuration 7 in that set we define

br(n) =sup{z:n(z) =1}and
bl(n) = inf {x : n(z) = 2}.

We now have the following consequence of Lemma 2.10 (here P45 denotes
the law of {77;4’3, t>0}):

COROLLARY 3.1. For tg large enough, we have

2
P00l {vto} ({bT(UtO) < Uzto} N C’(v,to,e)) > % — €.

PRrROOF:
By Lemma 2.10 and symmetry arguments we have:

Uto 2

PO ({br(m,) < 52} 1 C(wito,0)) 2 5~ =

For ¢ large enough, on C(v,tp, &) there is an open path from (0, 0) to some
point in [—(v+¢€)tg, —(v—e)to] X {to}. Any open path starting from (vtg,0)
remains strictly to the right of the previous path, since otherwise there
would be an open path from (vtg,0) to [—(v+¢e)ty, —(v—e)to] x {to}, which
cannot occur on the event C(v,tg,e). Consequently adding to the initial
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configuration extra 1-type particles to the left of the origin does not alter
the process to the right of that open path. Therefore

]P)(_OO’O]’{UtO} ({b?"(nto) < UQtO} N C(U,to,&))

— plOHvto} ({br(nm) < U;O} n C(%to?&?))

P
2

v

— E&.

O

To show that a similar result holds for the two type contact process on
(—o0, %vto], we start with another lemma concerning the two type contact
process on Z:

LEMMA 3.2. Astyg— oo,

P{O}{Uto} <{b7"(7]t0) < U2t0} N C(’U,t(bf:)) -

POl ({30 € [0 200 o) = 2f 0 fortmg) < 52 0 Cost0,9))

converges to 0.

PRrROOF: It suffices to show that

pl0}vto) ({v e (“;0 3?0} e () £ 2} N {br(nto) < ”;0} n C(v,to,e)) ,

converges to 0 as f goes to infinity. But on the event {br(n;,) < %} there

are no 1's at time #; on the interval [%2 + 1, 3%0], hence we only need to

prove that for the one type contact process

plvio} ({v re (;0 ?ﬂ iy () = 0} n C(v,to,8)>

converges to 0 as tg goes to infinity. But on the event C(v,tg, ) the set of

vtg 3vitg
2 4

condition of the process is Z or {vtg} . Since starting from Z we have more

occupied points than under the invariant measure the result follows from the

fact that under the invariant measure the probability of having an empty

interval of length n tends to 0 as n tends to infinity. O
Now we can prove:

occupied points in the interval ( } is the same whether the initial
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COROLLARY 3.3.  Consider the two type contact process (; on (—oo, %’Uto]
and let A = {C 2br(Q) < %vto}. Then, taking to large enough we have

2
p(—o0:0).{vto} ({br(g ) < U;O} N {Elx : %0 <z < 31)7507 Cro(x) = }) > %—25.

PROOF: In this proof we will consider the two type contact process on both Z
and (—oo0, %vto]. These two processes are constructed on the same probability
space with the same Poisson processes. For the second of these pocesses
{(Pg; x> 3vt}, {PP7; o> 3utg]} and {P7"; @ > Suto} play no role.

On the set {3z € [%4e, 340 p, (z) = 2} there is an open path from
(vto,0) to [Ye,3U0] x {t5}. We now show that the probability that this
path ever reaches the vertical line {z = 242} between time 0 and time %,
converges to 0 as tg goes to infinity. Indeed, if that happened, there would
be either an open path from (vtg,0) to {3vto} x [0, 2to] or an open path
from {3vto} x [3to,to] to [Juto, Jvto] x {to}. The existence of the first of
these paths has a probability which converges to 0 as ty goes to infinity by
Lemma 2.2. By reversing the arrows and using symmetry and again Lemma
2.2, we see that the same happens to the second path.

Hence, if we define

t t
B = {EI an open path from (vtg,0) to {U; 5 O} {to}

which remains to the left of the line x = 31;0} ,

we deduce from Lemma 3.2 that

PO} {vto} <C’(v,t0,s) A {br(%) < v;o }) _ ploHuto} (B N C(v,tg,e) N {br(mo) < U;()})

converges to 0 as tg goes to infinity . The result follows from Corollary 3.1
and the fact that starting both 7, and ¢; from ({0}{vto}) we have:
t
B {br(m,) < 57} NC(v,to,)

Uto } { ’Uto 3’Ut(]

{M®_2 30 << B G =2}

We now introduce the following partial order :
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11 = 12 whenever both

{z:m(x) =2} C{z:m(z) =2} and {x:m(z) =1} C{z:n(x) =1}.

Intuitively > means “more 1’s” and “fewer 2’s”. Note that 11 > 1y implies
br(m) > br(nz) and that if ~ > ¢, then we can couple two versions of our
process in such a way that

(3.1) P(y = n; Yt >0) =1.

This partial order extends to probability measures on the set of config-
urations: p; > po means that there exists a probability measure v on
({0,1,2}%)? with marginals p; and ps such that v({(n,¢) : n = ¢}) = 1.

In the sequel for any probability measure x on {0,1,2}” and any i € N,
T%(u) will denote the measure p translated by 4. That is the measure such
that foralln € N, all z1 < z9 < --- < x, and all possible values of a1, ..., a,
we have:

T ({0 :n(z1) = ar,...,n(xn) = an}) =
p({n:n(@r —i) = ar,....n(@n —1) = an}) (%)
Moreover, if 1 is a measure on Alm) where A is any subset of {0, 1,2}, then
T*(p) will be the measure on A"+%%) satisfying (*).

As before p+ denotes the upper invariant mesure for the contact process
on N and p3 will be the measure obtained from u* by means of the map:
F :{0,1}Y — {0,2}" given by F(n)(xz) = 2n(z). With a slight abuse of
notation the measures u* and p5 will also be seen as measures on {0, 1, 2}

and a similar abuse of notation will be used for the translates of theses
measures.

We start the process {7, t > 0} from the initial distribution 7z determined
by

e (i) The projection of 7 on {0,1,2}(~%*%l is the point mass on the
configuration
1, ifz <0,
n(z) =<0, if0<x <ty
2,

if x = vtp,

e (ii) the projection of 7 on {0, 1,2}[Pto+1:2) j5 TVt (1 1),
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In the sequel ° will denote a random initial configuration distributed ac-
cording to .

We now proceed as follows. We partition the probability space into a
countable number of events: C, Dy, D1, ... and let the process run on a time
interval of length ¢y3. Then we show that the distribution of 7, conditioned
on any event of the partition is < than a convex combination of translations
of fi. Hence the unconditioned distribution of 7, is also < such a convex
combination. Then we replace 7, by a random configuration n' whose dis-
tribution is this convex combination and let the process run on another time
interval of length tg and so on.

For each n € {?’%ﬂ} U{2vtg, 2vtp+1, ...} we define two new processes: ,(s
on {0,1,2}(=>" and ,,& on {0,2}["*1:) These evolve like the process 7;
and are constructed with the same Poisson processes P, Pj“";”Jr and P?. For
the first of these processes the Poisson processes {P? : z > n}, {P" 1z >
n}and {P,"" : z > n} play no role. A similar statement holds for the second
process. The initial distribution of these processes are the projections of 7 on
{0,1,2}(=%) and {0, 1, 2}["*1:%) respectively. In all cases considered later
the second projection will concentrate on {0, 2}"+1:%),

Our partition of the probability space is given by :

t t 3ut
C= {br(svtogo) < PO g U0 o 20 G (2) :2},
A 2 2 5 - B

Dy = {Qs, = vto +m}NCC for m=0,1,...,

where @y, = max{Ry,,vto} (recall that R; = sup,<;7s).
Note that on C'

1. The set {z : m(z) = 1} is contained in (—oo, %] (indeed since

{z, 31’%Cto(x) =2} # 0, {z, Uto(ﬂf) =1} ={z, 37’%Cto(x) =1})
2. the set {z : () = 2} contains {z : vty &, () = 2}

3. The distribution of svt, &, is > T 3 pg (this follows from Lemma 2.6).
2

Therefore, the distribution of 7, conditioned on C'is < v where v is deter-
mined by:

3vt
1. The projection of v on {0, 1, 2}(_0‘)’70] is the point mass on the con-

figuration
1, ifz<de
(@) =1 " to 2’ 3ot
0, if 5t <o <50
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and
3v 3v
2. the projection of v on {0, 1, 2}[%“’00) is T2 (1ug).

It follows from Lemma 2.7 (applied to ug instead of ut) that if Y is a
random variable such that

P(Y =n) = M+({77 : 77(90> =0,z=1...,n— 1777(77‘) = 1})7
then

o0
v < S P(Y = )T
n=1

vt
Hence the distribution of 7, given C'is = > o2 P(Y = n)TTO"'"ﬂ.
A similar argument shows that the conditional distribution of 7, given
D,, is <

x
S P(Y =n)T0t g
n=1

where Y is distributed as above.

Putting our results together we get :

PROPOSITION 3.4. Let [i be the initial distribution of our process and let
n' be a random configuration distributed as

00 00 0o oo
P(C) Z Z ]P)(Y = n)T%‘*‘”ﬁ + Z P(Dm) Z P(Y _ n)TUt0+m+nﬂ.
n=1m=0 m=0 ne1

Then ny, = nt.

PROPOSITION 3.5. Iftq is large enough and n' is distributed as in Propo-
sition 3.4, then w := (to) *E(br(n') — br(no)) < v.
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PrROOF: Write
= t
E[br(n") — br(n ZIP )(”20+n>

T Z Z P(C¢ Qt, = vtog + m)P(Y = n)(vto +n +m)
m=0n=1
< P(C) {U;O + IE(Y)} + P(COE(Y)

o0
+ Z P(C*, Q, = vto +m)(vtg +m)
m=0
Uto

= P(C)— +E(Y) + E(Q) — E(Qu; C)

< P(C) 20 4 EB(Y) + E(Qu) — P(C)ot

- 2
vto

= E(Qu) +E(Y) - P(C) 52,

Hence it follows from Lemma 2.2 that

Ertne) b)) (1P,

lim sup
to—o0 tO

We can now prove:

COROLLARY 3.6. Let @i be the initial distribution of the process. Then

br(m)
t

lim sup <w a.s.

t—o0

PRrOOF: It follows from the last two propositions that for ty large enough,

there exists an i.i.d. sequence of random variables (X}, ),>1 such that E(X;) <

vty and for all n > 1 br(nu,) — br(no) < Yiq X;. The strong law of large

numbers implies that the conclusion of the corollary holds along the sequence

nty, and the gaps are easy to control since for any initial configuration, the

process br(n;) — br(ng) is bounded above by a Poisson process of parameter
A

O

It follows readily from this result that

COROLLARY 3.7.

= ]P’Z*’{l}(the type 2 population survives for ever) > 0.
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PROOF: First suppose that the initial distribution of the process is it and call
7o the initial random configuration. It then follows from the above corollary
that there exists x > 0 such that n9(z) = 2 and there is an infinite open
path starting at (x,0) such that for any (y,t) in this path we have n(y) = 2.
This conclusion remains true if we suppress all the initial ”2’s” to the right
of z. The corollary then follows from the Markov property and (3.1). O

3.2. A finite number of mutants do not survive in between a double infinity
of residents. The aim of this subsection is to prove

THEOREM 3.8. Consider the two type contact process {77;4’3, t > 0},
where |B| < oo, and the set A contains an infinite number of points located
both to the left and to the right of B,

Then a. s. there exists t > 0 such that

{z; n2B @) =2} =0, Vs>t

Let us first prove the following weaker statement. We shall then verify
that the Theorem follows from it.

PROPOSITION 3.9.  Foranyn,m € Nlet Ay, ={xr €Z: 2 < —morz>
n} and B = {0}, then a. s. there exists t > 0 such that

{a; ninmB(z) =2} =0, Vs>t

PROOF: By the Markov property and (3.1) it suffices to prove the result for
n =m = 1. Indeed starting from that configuration, for any n, m > 1, with
positive probability we find ourselves at time one with the same unique type
2 individual located at x = 0, sites —m +1,..., —1 empty, sites 1,...,n —1
empty, and some of the other sites occupied by type 1 individuals.

Let a; denote the number of descendants at time ¢ of the unique initial
type 2 individual (hence oy denotes also the number of type 2 individuals
at time ¢). On the event that the lineage of the unique type 2 individual
survives for ever we have ay — oo as t — oo a. s. Hence if that event has
positive probability, E(a;) — oo as t — oo.

Denote by 7 the rightmost descendant of the ancestor located at site 0 at
time ¢ = 0. If that individual has no descendants at time ¢, then r; = —ooc.
In any case, r; < r, where r; denotes the rightmost individual at time ¢,
with all sites of Z_ occupied and all sites of N empty at time 0. Again we
consider those various configurations with the same graphical construction.
It is known (see e. g. Liggett [3] Theorem 2.19 page 281) that r/t — v a. s.
and in LY(Q). Let now fix ¢ large enough so that
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L E(%) <v+1;
2. E(ay) > 1+ 6, where 6 > 0.

Now by stationarity and 2., the expectation of the number of descendants
at time ¢ of the n (we assume that n is odd) ancestors located at points
—(n—1)/2,...,(n—1)/2 at time 0 equals

nE(ay) > n(1+9).
On the other hand, from 1. and symmetry,
nE(a:) <n+ 2t(v+1).

Choosing n > 2t(v + 1) /4, the last two inequalities yield a contradiction. OJ
In order to deduce Theorem 3.8 from Proposition 3.9, we shall need the
following Lemma.

LEMMA 3.10. Let (xn)n>0 be a strictly increasing sequence of strictly
positive integers and let (Ym)m>0 be a strictly decreasing sequence of strictly
negative integers. Then,

P(3n:Vt>03a:plonblza—lon=2 0y — 1) = 1,

and
PEm:Vt>03z:plymblymtlymt2 3 ) = 1) = 1.

PROOF: Define for n, m > 0 the events

Cp = {V t>0,3 @ :plonhlon=bon=2 3 () = 1),
Dy ={V t>0,3 2 :plymhlomTlomt2F ) — 1},

From Corollary 3.7, symmetry, translation invariance and (3.1),
P(C,) =P(Dy,) >~y Vn,m>0.

On the set {(z,t) : x € Z,t > 0} the Poisson processes used in the construc-
tion are n-fold mixing with respect to translations on Z for any n € N. Since
Tp+1 = T + 1, this implies that for all & > 1

lim sup P (Q?ZOC’]CV]») <(1-)"

N—oo

Consequently
P (Np>0Cr) < (1=7)"
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for all kK > 1. This shows that
P (Up>0Cp) = 1.

The result for the D,,’s is proved similarly. (|
ProoOFr OoF THEOREM 3.8 By the Markov property, it suffices to consider
the case where A = {y,, : n € N}U{z,, : n € N}, B = {0} and the sequences
(zn,) and (y,) are as in the previous lemma.

For all n,m > 1, we define

Enm = {Vt >0, do: nfwn}’{x"_l’x"_z“'}(x) = 1} ﬁ

{Vt >0, Jz: n,;{y’"}’{ymﬂ’xmﬁ"“}(x) = 1} .

From the last lemma we know that P(U, ,,Ep ) = 1. Hence, it suffices to
show that for all n,m € N, we have:

P(vt>03x: n"% @) =2 Em) =0.

But on the event F,, ;,, the evolution of ”2”’s is not altered by adding ”1"’s
to the left of y,, or to the right of x,. Therefore the result follows from
Proposition 3.9. U

3.3. Proof of Theorem 1.1. 'The only if part follows from Theorem 3.8.
Let us prove the if part.

We consider the case where |A N B*| < oo. The other case is treated
similarly.

Define the set of configurations

A ={n; s. t. n(z) =2, and n(y) = 1Rightarrowy < x}.

We let
T =inf{t >0, n: € A}.

Clearly |AN BT| < oo implies that
PAB(T < o0) > 0.

Hence from the strong Markov property it remains to show that whenever
ANBT =,

pAB (the type 2 population survives for ever) > 0.

This last statement follows from translation invariance, (3.1) and Corollary
3.7.
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3.4. Proof of Theorem 1.2. By the Markov property and symmetry it
suffices to show that the theorem holds for some A and B. To prove this,
let (zp)n>0 and (Ym)m>0 be as in the statement of Lemma 3.10 and let C,,
and D,, be as in the proof of that lemma. It follows from that same lemma,
that there exist n and m such that P(C,, N D,,) > 0. This implies that

plvmHend(v ¢ > 03 2,y n(z) = 1,m(y) =2) > 0.
Hence, the theorem holds when A = {z,,} and B = {y,, }.

3.5. Corollary for the one—type contact process. The following is an im-
mediate consequence of the above results.

COROLLARY 3.11. Let {&, t > 0} denote the one-type contact process
starting from the configuration & and let A = {x, & (x) = 1}. It follows
from our results that

1. if A contains both a sequence which converges to +00 and a sequence
which converges to —oo, then no individual has a progeny which sur-
vives for ever;

2. if |A| = 400 but sup A < oo, then exactly one individual has a progeny
which survives for ever.

PROOF: The first statement is a consequence of Theorem 3.8. For the second
statement first note that it follows from (3.1) and Corollary 3.7 that for any
initial condition having a rightmost individual, the probability that this
individual has a progeny which survives forever is bounded below by v > 0.
We then define an increasing sequence of stopping times: 71 is the smallest
time at which the progeny of the rightmost initial individual dies out, 7 is
the smallest time at which the progeny of the rightmost individual at time
71 dies out and so on. It then follows from a repeated application of the
Strong Markov Property that P(7, < oo) < ™. Hence, with probability 1
for some k, 7, = oo which implies that at least one individual has a progeny
wechich survives forever. Suppose now that two individuals, say x < y, have a
progeny which survives for ever with positive probability. Adding infinitely
many individuals at time ¢t = 0 on the right of y cannot possibly modify
the fate of the progeny of x. This would mean that the progeny of x would
survive for ever with positive probability, in the presence of infinitely many
individuals at time ¢ = 0 on both of its sides. This contradicts Theorem 3.8.

4. Remarks about the case of unequal birth rates. Let us first
indicate the modification of the graphical representation which is required
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in order to cover the case where the two types of individuals have distinct
birth rates. Assume e. g. that type 1 individuals have a birth rate A > 0,
while type 2 individuals have a birth rate p, where u > A. Consider a collec-
tion {PF, PP, PP, PP PP > 0; 2 € Z} of mutually independent
Poisson point processes, such that the P*’s have intensity 1, both the P%*’s
and the P%~’s have intensity A, and both the P%**’s and the P%~*’s have
intensity g — A. At each time of the point process P*, we place a § on the
line {y = z,¢ > 0} in the half plane {(y,?); y € R, t > 0}. At each time ¢ of
the point process P®T we place an arrow from (z,t) to (z + 1,t). At each
time ¢ of the point process P*~ we place an arrow from (z,t) to (x — 1,1).
At each time t of the point process P¥** we place an arrow from (z,t) to
(x + 1,¢) and mark it with a *. Finally at each time ¢ of the point process
P¥™* we place an arrow from (z,t) to (z — 1,t), and again mark it with a
*.

We now need to define what is an open path in this framework.

An open path for the type 1 individuals in [0, 4+00) X Z is a connected
oriented path which moves along the time lines in the increasing ¢ direction
without passing through a § symbol, and along birth arrows, in the direction
of the arrow, but only following those arrows which are not marked, and
which lead to a site where no individual is alive at that time. The x—marked
arrows are forbidden to type 1 individuals.

An open path for the type 2 individuals in [0,400) X Z is a connected
oriented path which moves along the time lines in the increasing ¢ direction
without passing through a § symbol, and along birth arrows, in the direction
of the arrow. This time both types of arrows must be followed, provided they
lead to a site where no individual is alive at that time.

We continue to denote by A the birth rate of the type 1 population and
denote now by p the birth rate of the type 2 population. It is not hard to
deduce from our argument that for any A > A, there exists ¢ > 0 such that
for all A — e < p < A, the if part of Theorem 1.1 remains true. This is true
in particular if g > M., the critical birth rate for survival of the contact
process allowed to give births only on one side, and any A. In that case A —
can be arbitrarily large.

We conjecture that on the other hand, for any A > A., the if part of
Theorem 1.1 fails when g is too close to A..

Concerning the only if part, we conjecture that whenever g > A, a single
mutant’s progeny can survive for ever, even if all other sites are initially
occupied by residents. This belief is based on the conjecture that again if
i > A and the initial condition is the pair (Z_,Z. ), then the front between
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both population moves asymptotically with a negative speed.
Acknowledgment We thank T.M. Liggett and J. Steif for useful discus-
sions concerning the proof of Lemma 2.7.
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