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MAXIMAL DISPLACEMENT OF SPECTRALLY NEGATIVE
BRANCHING LEVY PROCESSES

CHRISTOPHE PROFETA

ABSTRACT. We consider a branching Markov process in continuous time in which the particles
evolve independently as spectrally negative Lévy processes. When the branching mechanism is
critical or subcritical, the process will eventually die and we may define its overall maximum, i.e.
the maximum location ever reached by a particule. The purpose of this paper is to give asymptotic
estimates for the survival function of this maximum. In particular, we show that in the critical case
the asymptotics is polynomial when the underlying Lévy process oscillates or drifts towards +oo,
and is exponential when it drifts towards —oo.

1. INTRODUCTION

1.1. Description of the model. We consider a one-dimensional spectrally negative branching
Lévy process in the sense of Kyprianou [10]. It is a continuous-time particle system in which indi-
viduals move according to independent spectrally negative Lévy processes, and split at exponential
times into a random number of children.

More precisely, an initial ancestor begins its existence at the origin at time ¢ = 0. It moves
according to a spectrally negative Lévy process L up to an independent exponential random vari-
able e of parameter 1. It then dies and splits into a random number of children with distribution
P = (Pn)n>0. Each of these children starts his life at the location of the ancestor and behaves inde-
pendently of the others, following the same stochastic pattern as the ancestor : it moves according
to L and branches at rate 1.

We assume that the offspring distribution p is non trivial, has expectation smaller or equal to
one and admits moments of order at least 3 :

As a consequence of the first two conditions, the branching process will almost surely die in fi-
nite time, and one may define its overall maximum M, i.e. the maximum location ever reached
by one particle. The purpose of this paper is to study the asymptotics of the survival function of M.

The investigation of the maximal displacement of branching processes, or equivalently of their
right-most particles, has already received a lot of attention in the literature. The emphasize has
been put so far on the supercritical branching Brownian motion for which it is known that the
survival function of the right-most particle is a travelling wave solution of the F-KPP equation, see
Bransom [3].

Key words and phrases. Branching process ; Extreme values ; Spectrally negative Lévy process.
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In our subcritical/critical set-up, this problem was first tackled by Fleischman & Sawyer [6] in
the case of the branching Brownian motion, as a model of propagation of an allele mutation in a
population. In this case, one may write an ODE satisfied by the survival function of M, and the
result follows by standard analytic methods. A generalization to symmetric stable Lévy processes
was obtained by Lalley & Shao [12], using a pseudo-differential equation and a Feynman-Kac rep-
resentation of the solution. More recently, the case of a-stable Lévy processes with positive jumps
was solved in [15], using a different method based on integral equations. It was in particular proven
that the asymptotics of the survival function of M is given as a power —« in the subcritical case,
and —a/2 in the critical case. We will see in the following theorems that the situation is different
for spectrally negative stable Lévy processes.

It is finally noteworthy to point out that in the literature, the term ”branching Lévy process”
might refer to a construction more general than the one we just described. One may indeed encodes
both the displacement of particules and the offspring reproduction into a general Lévy measure :
we refer for instance to Bertoin & Mallein [5] or Mallein & Shi [14] for a study of such processes.

1.2. Statement of the results. For A € C such that ®(\) > 0, let us define the Laplace exponent
U(A) = InE [eM1] of L by

2 0

n
U(A\) =aX+ 7/\2 + /_OO <€)‘m —-1- /\331{\90\<1}> v(dz)
where a € R is the drift coefficient, n € R the Gaussian coefficient and the Lévy measure v satisfies
fEOO($2 A1) v(dx) < +oo. We exclude the case where —L is a subordinator (for which M = 0 a.s.).
As a consequence the function W is strictly convex and tends to 400 as A — —+oo. This implies
that for any g > 0, the equation ¥()\) = g admits at most two solutions, and we denote by ®(q)

the largest one :

®(q) = sup{\ > 0, ¥'(\) = ¢},
The function ® is well-known to be related to the maximum of L. Indeed, let us denote by S the
running supremum of L :

St = Sup L87 t> 07
s<t

and let e be an exponential random variable with parameter 1 independent of L. Then, the random
variable S, is also exponentially distributed, see Bertoin [4, Corollary VII.2] :

P(Se > z) = e~ ®M)2, (1.1)
We start with the subcritical case.

Theorem 1. Assume that the branching process is subcritical, i.e. E[p] < 1. Then, there exists a
finite constant k > 0 such that
P(M>z) ~ re ®UERD
- T—+00

Comparing this asymptotics with (1.1), we see that in the subcritical case the branching mecha-
nism reduces the decay of the survival function of M, although it remains exponential. Of course,
when there are no branching, i.e. E[p] = 0, then M = S, a.s. and the equivalence is in fact an
equality.
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Before turning our attention to the critical case, we need to introduce the scale functions W@,
with ¢ > 0, which are defined on [0, +00) via their Laplace transforms by

e —wa(fﬁ d 1
/0 ‘ S T

These functions are increasing, a.e. differentiable, and known to be related with the exit time
problem for spectrally negative Lévy processes, see for instance Kuznetsov, Kyprianou & Rivero
[9] or Hubalek & Kyprianou [7]. Analytically, the behavior at +oc of the scale function W(©) = W
will explain the difference in the two cases of the following Theorem 2. Indeed, when ¥'(0%) < 0,
the function W% has an exponential growth at 4+oc given for ¢ > 0 by

1
w0 ()

while in the case ¥/(07) > 0, this asymptotics is rather subexponential.

for R(B) > ®(q). (1.2)

W@ (z) 29z (1.3)

Theorem 2. Assume that the branching process is critical, i.e. E[p] = 1.
(1) If ¥'(0") > 0, then :
29/ (0*
PM>a) ~ 2200

Tr—400 0‘2 €T
(2) If ¥'(07) = 0, then there exist two positive constants k1, ke such that for x large enough :

K1 K2
W (x) sPMz2) < W (z)

(3) If ¥'(0) < 0, then there exists a finite constant k > 0 such that :
P(M>xz) ~ re 207

r—r—+00

To better understand Theorem 2, it might be useful to recall the following facts on the large time
behavior of the underlying Lévy process L, see Bertoin [4, Corollary VII.2] :

i) When W/(07) > 0, the process L drifts a.s. towards 4+o00. As a consequence, each particule
tends to drift upward, and the branching mechanism allows to obtain a power decay instead
of an exponential one. Note that the inequalities given in Point (2) remain valid in this case
since lim W(x)=1/%'(07").

T—r+00
it1) When W/(07) = 0, the process L oscillates, i.e. limsup L; = —liminf L; = +oo. In this case,
t—+o00 t—+o0
the fact that some particules may enjoy big deviations towards +oo also yields a power decay.

This is typically the case of the branching Brownian motion.

i71) Finally, when ¥/(0") < 0, the process L drifts a.s. towards —oo. This case is then very similar
to the subcritical case of Theorem 1, i.e. the branching mechanism only slightly reduces the
tail of the asymptotics.

When ¥/(07) = 0, as is usual, Theorem 2 may be refined by assuming a specific asymptotics of ¥
at 0.

Corollary 3. Assume that E[p] = 1 and that ¥ is reqularly varying at 0, i.e. that there exists a
constant o € [1,2] and a slowly varying function £ such that

B(N) ~ A (%) . (1.4)

A0
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Then,
ml@ <PM>z)< mg@
x x
and there exists a sequence (x,,) such that
2 T(2
P(M > z,) Q) e,

tnotoo 02 T(a)
Remark 4. From Bertoin [4, Proposition VII.6], Assumption (1.4) is equivalent to the Spitzer’s

condition :

1t 1
lim — [ P(Ls > 0)ds = —.
0 [0

t—+oo t

The simplest example is of course the a-stable spectrally negative Lévy process for which one may
choose W()\) = A%, hence ®(q) = ¢'/*.

1.3. An integral equation. To prove Theorems 1 and 2, we shall write down an integral equation
which is similar to the stable case with positive jumps studied in [15] or to the centered branching
random walk case studied in Lalley & Shao [13]. Let us set

u(z) =P(M >z) for x>0,

and u(z) = 0 for 2 < 0. The choice to take u null on the negative half-line will allow to work with
Fourier transforms without need of renormalization.

Lemma 5. The function u is a solution of the nonlinear integral equation :

1
(@) = EPIE [1(1,coyue — Lo)] - 2E [0 = 9] B [1(1,cop®(a — Lo)]
+E [1{g,<nwle - Le)] + R(@) (1.5)
where the function w is such that
Vz >0, 0 < w(z) <E[P3ud(z), (1.6)

and the remainder R satisfies the bounds :

—o(1)x ;
|R($)|§{Ke if v >0,

KP(Le <x) ifx<0 (L.7)

for some constant K > 0.

Proof. Let x € R and recall that e is an exponential random variable of parameter 1 independent
of L. We start by applying the Markov property at the first branching event :

+oo
P(M < z) = poP (Se <:E)+anIP’(Se <z, Le+ MW <z ... Lo+ MM < x)
n=1
where the random variables (M("))neN are independent copies of M, and are also independent
of the pair (Le,Se). Using the formula P(M > z) = u(z) + 11,0y we thus obtain the integral
equation :
+0o0o
1—u(@) = Ligeop = PP (Se < 2) + > P E [Lgocay (1= u(z — Le) = Liperay)"] - (1.8)

n=1
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Note that developing the power n on the right-hand side, one may remove the indicator 1¢, .7}
since by definition {Se < x < Lo} = 0. Plugging the Taylor expansion with integral remainder

(1—w)" =1 —nu+t ”(”2_ Dy2_mn= 13(” =2, /01(1 )1 — 1)t

in (1.8), we deduce after some simplifications that

u(:E) = ]P)(Se > l‘) - 1{m<0} + E[p]E [1{Se<x}u(x - Le)]
- %E [p* = P E [1s.<opt®(z — Le)| + E [1g,capw(z — Le)] (1.9)

where the function w equals :

o) =) Yo" [y - 0P < )

n>3
Looking at (1.9) and adding and substracting 1;1,, <.}, one now obtains formula (1.5) with R given

by
R(z) =P (Se > ) — lizcoy
FE | (5o ~ Lzocn) (Ellute - Le) = 4B [ ~ ) (o — L) + o~ L)) |.
Finally, for z < 0, we have using that Se > 0 a.s. and u(z) <1 :
|R(2)| < E [1{,<a} (E[p] + E [p?] + E[p])] < KP(Le < )
)

while for z > 0, using the explicit distribution of Se given by (1.1
< Ke ®Mz,

|R(z)| < P(Se > x) + 2E 15,52 (E[p] + E [p*] + E[p%])]
0

Starting from Lemma 5, the proofs of Theorems 1 and 2 both rely on the same three steps :

i) We first obtain some a priori estimates on u using Equation (1.5).
1) We then use these estimates to write down a new integral equation satisfied by wu.

ii1) We finally compute the asymptotics of u using this new equation.
One of the key observation will be to notice that the three expectations on the right-hand side of
Equation (1.5) are in fact convolution products. This will lead us to work with Laplace and Fourier

transforms.

2. THE SUBCRITICAL CASE : PROOF OF THEOREM 1

We start with the subcritical case and first prove that the asymptotics of u must be at least
exponential. In the following, we shall exclude the case E[p] = 0 for which M = S, a.s.

Lemma 6. Assume that E[p] < 1. There exists two constants C,0 > 0 such that
Vx>0, u(x) < Ce™,
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Proof. Using that u is decreasing and bounded by 1, we first write
P(Le > 0)u*(z) <E [1{Le>0}u2(x —Le)] <E [1{se<m}u2(a: — Le)| + P(Se > ). (2.1)

Of course, since L is not the opposite of a subordinator, we necessarily have P(Le > 0) > 0. Going
back to Equation (1.9), and using the bound on w given in (1.6) as well as the obvious inequality
Le <S¢ a.s., we obtain for > 0 :

SE[p* 9] P(Le > 0)u*(2) < EIPJE [1{s,coyule — S)] — u(a)
+ E[p?’]E [1{Se<x}u3(x — Se)] + (1 +E [pz]) P(Se > x). (2.2)

Notice that we have implicitly used the fact that E [p2 — p] > 0 since p is integer-valued. We now
integrate this relation on [0,n] with n € N and § > 0 :

/n & <%E P* — p| P(Le > 0)u’(x) — E[P’[E [1i5,<u’(a — 59”) d
0

(n—Se)*
< E[p]E [655"/ e u(x)dx
0

— /n e u(x)dr + (1+E [p?]) /n e P(Se > z)dx
0 0

< <E[p]IE [6656} - 1) /On e u(z)dr + (1+E [pQ]) /On e"P(Se > x)d.

Since E[p] < 1, we may choose § € (0, (1)) small enough such that E[p]E [¢?®] < 1. Then, letting
n — 400, we obtain :

" 1 1+ E[p?

lim sup/ e <—E [p* — p| P(Le > 0)u(z) — E[p3]E[e5Se]u3(a;)> dx < ;[I)]E[eés‘*].

n—+oo J(Q 2 5
Since u decreases to 0 as x — 400, we deduce that

+o0
/ e u?(z)dx < 400
0
and finally, for x > 1,
+00 T
/ %2 (z2)dz > / U (2)dz > @D u?(z) (2.3)
0 z—1

which implies the result. ]

Thanks to Lemma 6, we may now take the Laplace transform of Formula (1.5) with A € (0,0).
To simplify the computation, we set

g(r) = w(z) ~ 5E [p" — p] v (2).

Using the Fubini-Tonelli theorem to compute the convolution products on the right-hand side of
(1.5), we obtain :

/Remu(:n)d:E:E[p]E [e)‘Le} /Remu(x)dx—l—E[e)‘Le] /RE)\mg(l‘)dl‘—F/E)\mR(iﬂ)diﬂ.

R
By definition, the Laplace transform of the random variable Le admits the expression
+o00 1
E ALe _ —t tU(N) dt =
[e*e] /0 e e T390 N



which yields the formula

Az = ! M (g(x x))dx e R(z)dx
/Re a)ds = T —xm)/R (9(x) + Elp| R(z))d +/R R)ds.  (24)

Observe that this expression remains valid for 0 < A < ®(1—E[p]). We now prove that the fraction
on the right-hand side may be written as a Laplace transform. Indeed

+00
! _ / o~ (1=Elpl ¥ (M)t g
1-E[p] —=¥(A) Jo

400 +oo
= / e~ (1-ElPg [eALt} dt = / e)‘z/ e~ U=EPDIp(L, € dz)dt.
0 R 0

From Kyprianou [11, Corollary 8.9], the g-potential measure of L is known to be absolutely con-
tinuous with density 8@ given for ¢ > 0 by :

+00
/ e MP(L; € dz)dt = 09 (2)dz = <<I>/(q)e_¢(q)z - W(‘J)(—z)) dz. (2.5)
0
As a consequence, inverting Equation (2.4), we obtain a new integral equation for w :
u() = / (9(2) + ElpR(2)) 80FF) (2 — 2) d= + R(a). (2.6)
R

Finally letting © — 400 and using the bound (1.7) on R as well as the asymptotics (1.3) of W@
gives the result :

T—r+00

lim PPz (1) = /(1 — E[p]) /R e®U=EPDz (0(2) + E[p]R(2)) dz = k.

It seems however difficult to compute explicitly s as it is given in terms of wu. O

3. THE CRITICAL CASE : PROOF OF THEOREM 2 WHEN ¥/(0%) >0

We now assume that E[p] = 1 and we recall that in this case 0> = E[p® — p] denotes the variance
of p. For the first part of the proof, we shall deal with Point (1) and Point (2) of Theorem 2
simultaneously.

3.1. A priori estimates. As in the subcritical case, we start by proving some a priori estimates
on the function u. These estimates will be necessary to justify some of the computation later.

Lemma 7. For any § > 0, there exists a finite constant Cs such that :

Cs

Proof. We shall prove by induction that for every n € N, there exists a constant C, such that

Va >0, u(z) < Cy 2L, (3.1)
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3.1.1. The base case n = 1. We start by taking the Laplace transform of Equation (2.2), whose
right-hand side only involves the random variable Se. This yields with A > 0 :

0_2 +oo 400
P(Le > 0)7/0 e M u*(2)dz — E [e_’\s‘*} E[p®] /0 e Mud(2)dz < (1+ E[p?)

i.e. using the explicit distribution of Se

400 2 2

—Az g” 2 31,3 1+ E[p]

P(L — —E dz < ———

[ e (P> 06 - Bl ) dx < Tk

As before, since u is decreasing and converges towards 0 as x — 400, we deduce by letting A | 0
that u? is integrable. Then a change of variables yields

u? <—> / e “dz < )\/ e Mu?(2)dz < )\/ u?(2)dz.
A 0 0 0

Setting x = 1/A, we finally conclude that there exists a finite constant C; such that :

1-E [e_)‘Se]

u(z) < <

- ﬁ
which is (3.1) for n = 1.

3.1.2. Induction step. Fix n € N and assume that Formula (3.1) holds true. Multiplying Equa-
tion (2.2) by x and taking the Laplace transform, we obtain after some simplifications using the
decomposition z = z — Sg + Se :

/0+00 e Mz <]P’(Le > 0)%2u2(z) — E[p3]u3(z)> dz

<E [See_)‘Se] /0+0<> e Mu(z)dz + % +E[p*|E {See_’\Se} /0+00 e M3 (2)dz.

Fix € small enough and take A > 0 such that for any = > A

E[p®|u(z) < P(Le > 0)(%2 — €.

A change of variables then yields

% /);00 e “ru’ (;) dx

+oo P 2 +00 A
< £ [/\Se] /0 e M <X) dz + % + E[p°|E [Se) /0 ud(2)dz + E[p?’]/o 2u3(2)dz

i.e., for A small enough such that AA < 1/2,

cu? <l> /1 e Txdxr < NES, ]/+0<> e *u <E> dz + N°K
A Jiye B “Jo A

for some constant K > 0. Plugging the induction hypothesis in the right-hand side yields

1 1 1 oo 1

eu’ <—> / e Txdr < N7 C,E [Se]/ e 2 T mdz + N2 K
1/2 0

and replacing x = 1/\ as before, we finally obtain the existence of a constant C,, 1 such that :

1
w(z) < Cryq xzit L
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As a consequence, we deduce that (3.1) holds for every n € N, which proves Lemma 7 by monotony.
O

3.2. A new equation for u. The purpose of this subsection is to prove the following new equation
for the function u :

Proposition 8. The function u is a solution of the integral equation :
+o00 2
u(z) — R(z) = / <%u2(x +2z)—w(x+2) - R(x+ z)> W(z)dz.
0

In the following, we shall denote the Fourier transform of a measurable function f (provided it
exists) by :

F()(©) = /R €% f(2)d.

In particular, since u is decreasing and converges towards 0, we deduce from Abel’s lemma that
F(u) is well-defined (although u might not be integrable). Taking the Fourier transform of Equation
(1.5), and applying the Fubini theorem on the left-hand side since u? is integrable from Lemma 7,
we deduce that

O’2 ; . .
— Bl F(u?)(€) = / et / u(@—2)P(Le € dz)dz—F(u)(§)+E[e ) F(w)(€)+F(R)(). (3.2)
R R

To compute the convolution product on the right-hand side, we shall rely on the following lemma, :

Lemma 9. Let f : R — R be an integrable function and let ¢ : [0,4+00) — [0, 4+00) be a measurable
function, null on (—00,0) and such that
+oo
VE £ 0, / e o () da
0

Then, the Fourier transform of the convolution product is given by :

Lo ([ ote=2100s) o= Fi)) < F ). 620

Proof. Of course, Lemma 9 is just a consequence of Fubini theorem if ¢ is integrable. But when
© is not integrable, as will be the case here, some care is needed. Fix n > 0. Applying the Fubini
theorem and a change of variable, we first write

n 400 +oo n—z
/_n e’fx/o f(z —2)p(2)dz dx :/0 e’gch(z)/ €Y f(y)dy dz.

—n—=z

< +00.

To avoid lengthy expressions, we shall proceed in two steps by cutting the last integral at 0.
Integrating by parts, we first write:

n—=z

Flp)(©) /0 ¢ (y)dy — /0 ¢ () /0 ¢ (y)dy d
—+o0 ) —+o0 ) —+o0 +o0 ) )
- /0 €% p(2)d / ¢V (y)dy + /0 ( / e@so(z)dz) € f(n — y)dy.

The first term will converge to 0 as n — +o00. To study the limit of the second term, fix A large

enough such that
+oo |
/ e p(2)dz
X

Vo > A, <e.
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A 00 - .
/0 </y+ eiﬁz(p(z)dz> eiﬁ(n—y)f(n _ y)dy‘ n /A+ </y+ eifzgp(z)dz> eig(n_y)f(n B y)dy

oo A
/y o] [ 1fm—uldy+e [ 1f@lts —e [ If@)de

A similar argument shows that

We then have :

< sup
y=>0

+oo 0 ) 0 )
Jim [ [ payas = F)e) < [ an
As a consequence, we have obtained that

' +00 n +00
L [ re—apezde = tim [ [T fa - 2tz do
+o0o

n—-+4o00

= lim €T p(x) / €% f(2)dz dx
0

n—-+400 n—z

= F(p) (&) x F(£)(€)

which concludes the proof of Lemma 9. O

Recall now that the distribution of Le is actually the l-potential measure of L, i.e. from (2.5)
the random variable Le is absolutely continuous with density given by 8. Applying Lemma 9 to
Equation (3.2) with f = () and ¢ = u, we thus obtain

0,2

5 Bl ) F(u?)(€) = B[] F(u)(§) — F(u)(€) + E[eF]F(w)(€) + F(R)().

By definition, the characteristic function of Le is given by

iere] _ [T oo, 1
E |:€ ] = e e dt = 17\1’(26)
0 _

which yields the equation

0.2
f <_u2 e R> () = V(i) Flu — R)(E).

2
Integrating by parts the right-hand side, we further have
L F (Tt —w-R)(© = F(R-u))©) 53)
W(ig) 2 B ' '

The next step consists in showing that the function £ — £/ ¥ (i€) is actually the Fourier transform
of W’'. Indeed, from [7], since W/(07) > 0, the function W is concave on (0,+00) hence it is
absolutely continuous on any compact subset of (0,4+00). As a consequence, we may integrate by
parts the definition of W given in (1.2) to obtain

+o0o
—Bx / o 5
e Wi (x)dr = —, R(B) > 0. 3.4
/ (@ = Gz, RO (34)
We now check that Formula (3.4) remains valid for 8 = i£ with £ # 0. The function W’ being

positive and decreasing, let us denote by wy its limit :  lim W/(z) = inf W/(2) = ws. As a
r—+00 x>0
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consequence, from Abel’s lemma, the Fourier transform of W’ — we, is well-defined for £ # 0. Let
¢ > 0 and take A large enough such that

/x+00 e EE (W (2) — woo )dz

Integrating by parts, we have for h > 0 :

e i /
/0 (e_hx - 1) e (W (x) — oo )da

Ve > A, <e.

+o0o +o0o .
=h / e_hx/ e (W' (2) — woo)dz d:
0 T

A 400 )
< h/ / e EF (W' (2) — woo)dz| dz + €
0 T
which proves that
+00 . +00 .
lim e M8 (W (1) — woo )da = / e T (W () — woo ).
rl0 Jo 0
Then, using the continuity of ¥, we obtain still for £ # 0 :
i& . h + &
o — UM —
U(i&) o W(h+if)
+00 ) +00 .
= lim e~ =88 (W (1) — weo )da + / e~ hee= 8Ty da
hi0 Jo 0

400 ) w
= / e (W (x) — woo )z + —=.
0 i€

Plugging thls last expression in (3.3) and computing the convolution product, using again Lemma
9 with f = % “u? —w— R and © = W' — wy, one obtains :

/0+°° o~ /0+°° <%2u2(z +2z) —w(z+z)— R(z+ x)> (W' (2) — woo)dz da

2
— F(R-0)©) - = (Tt e = R) (O 69

We now check that the terms in wy, cancel. When ¥/(07) > 0, we necessarily have ws, = 0 since
the function W' is integrable as can be seen by letting 8 | 0 in Formula (3.4) and applying the

monotone convergence theorem
o0
1
W (z)dr = ——r.
f, e = g

When ¥/(0) = 0, the cancelation will follow from the observation that

F(Fw-w-r) 0= [ (T -we) - ke ) d =0

—00

Indeed, applying the dominated convergence theorem in (3.3) thanks to Lemma 7, we have

9 .
lim F <7u —w— R> (&) = lim \I/(zg)]__ (R—u)") (&) =0.

£€10 ¢lo i€

As a consequence, integrating by parts the last term of (3.5) and inverting the Fourier transform,
we deduce that
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/0+°° (%2U2(z +z)—w(z+z)— R(z +x)> (W' (2) — weo)dz

=R +us [ (G el - R )
e. /0+°° (%Qu2(z +z)—w(z+x)— R(z+ :17)) W'(2)dz = (R — u)'(z). (3.6)

Finally, integrating both sides and using again the Fubini theorem :

u(z) — R(x) = /x+00 /TJFOO (%2212(2) —w(z) — R(z)> W'(z —r)dzdr
+oo s 12

a

_ / <7u2(z) ~w(z) - R(z)> W(z — x)dz

+o0 2
_ / <%u2(z +2)—w(z+2)— R(z+ x)) W (z)dz
0
which is the announced equation. O

3.3. Study of the limit. The last part of the proof now consists in studying the asymptotics of
u, using the new equation :

+o00 02
u(z) — R(x) = a:/o <7u2(x(2 +1) —w(z(z+1)) — R(z(z + 1))> W(zz)dz. (3.7)

Notice that by a coupling argument with the subcritical case obtained in Theorem 1, we have for
any offspring distribution such that E[p] < 1 :

lim inf e ®EPD2y (1) > 0,
T—r+00

In particular, since ®(0) = 0 in the case ¥/(0%) > 0, this implies that for any § > 0,

lim inf e*¥u(z) = 4o0. (3.8)

r—r—+00

As a consequence, we deduce that for x large enough, there exists a constant C' > 0 such that

0.2 2

?uz(l’) —w(z) — R(x) > %zﬂ(x) (1 — Cu(x) — C'e_(q)(l)_‘g)x) >0

which proves that the integrand on the right-hand side of (3.7) is positive for = large enough. Sim-
ilarly, we deduce from (3.6) that the function u — R is decreasing for x large enough.

Going back to Theorem 2, Point (2) is equivalent to showing that

0< ligJirnfy(:p) < limsupy(z) < 400 (3.9)

T—r—+00

where we have set, to simplify the notation :
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3.3.1. Computation of the upper bound. We first prove that the limit superior of  is finite. Let us
2

take A large enough such that for any = > A, the quantity %-u?(z) — w(z) — R(z) is positive. We

then decompose :

2 o2
u(zx) > :E/l W(xz) <7u2(3:(z +1) —w(x(z+1)) — R(z(z + 1))) dz

> %QwW(w)qﬂ(iax) — 2W (2)E[p®|ud(22) — xW(x)Ke—M’(l)r

for some constant K > 0 given by the bound (1.7) on R. Then, multiplying both sides by W (z)
and taking the supremum on [A,n|, we deduce that

2 (W@ \?, Epu4) (W@ O\, .
aup T (W(%)) (1(30))* < sup () + L ilf,%(W@:c)) ((22)) + C

for some constant C' > 0 independent of n. Furthermore, since W is positive, increasing and
concave, we have the bounds

W(x) W(x) 1 /m , 1 2 WwW(0) 1
1> > > d = -4 - > —.
2 Wize) = Wan) = W \J, VWO ) =5t symy 23
Therefore ) 5
o E
2 s (1) < sup (@) + P Du(24) sup (1(a))? + €
[3A,3n] [A,3n] [A,3n]
and dividing both sides
o2 E[p? > suppa 34 7(2) +C E[p?] SUupP|[4,34] (v(x))*
— — ——wu(2A4) | sup ~v(z) < |1+ : + u(2A4 ’ .
<162 T ued 34,3n] (@) SUp[34,3n) 7() p 2 SUP[34,30) V()

Finally, by taking A large enough for the left-hand side to be positive and letting n — 400, we
conclude that

sup y(z) < 400
z>3A

which implies that the limit superior is finite.

3.3.2. Computation of the lower bound. We now turn our attention to the limit inferior of . Fix
9 > 0 small enough. Using the limit superior as well as (3.8), we deduce that there exists K > 0
and A > 0 such that for every z > A, one has

o2 1

1-6
T - RO <K (qps) ) - RE)

Starting from (3.6), and recalling that the function u — R is decreasing for x large enough, we first
write the bound

+oo W (22
(R(x) — U(x))/ < K(u(x) — R(a:))l"“s/ W' (xz)

ST

which implies, since z — W (z) is increasing,

(Rl) — u(z)) W) [ W(w2) .
(U(x) — R(gj))1+5 <K <(3;W(33))1_5 + /1 (;E(l n z)W(g;(l n Z))l_éd ) . (3.10)
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Furthermore, since W is concave and z > 1, we have the series of inequalities :
W' (xz) _ We2) 1 _ (W(2)) _ (W x)>5 1
((1+2)WEA+2))7° = 22 (22W(z2)' 0 (22)*° (2)2720"
As a consequence, we deduce that the integral in (3.10) is bounded by

+o0 W' (xz) W(x) | 1 (W (2))°
x/l (:E(1+Z)W(:E(1—|—z)))1_5dz§< x >/m 2w T T e

Then, integrating (3.10) on [A,y], the last inequality implies that there exists a constant C' > 0
such that :

X

! ! V(W ()’
(w(y) — B)  ((A) — R(A) 5C/A s de < CW ()

i.e.

1 ~1/6
)~ R = (CuW ) + )
(u(4) — R(A))°

Finally, passing to the limit inferior, we conclude that

lim inf y(y) = lim inf y W >0 50

lim inf () = lim inf yW (y)u(y) = C° >
which proves Point (2) of Theorem 2.
3.4. The case ¥/(07) > 0. We now prove Point (1) of Theorem 2. In this case, we may improve the

previous inequality using the fact that W converges towards some positive value W (oco) = 1/%/(01).
Indeed, let us first write Equation (3.7) under the form :

0,2 400 0.2 +o0
u(z) = 5 / (x4 2)W (x4 2)dz + I(z) = > / ()W (2)dz + I(z) (3.11)
0 T
where the remainder [ is given by :
0,2 +oo o +o00
I(z) = R(z) + 5 / u(x + 2)(W(2) = W(z +x))dz — 5 / (w(z+z)+ R(z+x))W(2)dz.
0 0
Differentiating and solving Equation (3.11), we deduce that
1
) = —
1
- (3.12)
1w (2)dz + A — 1(0) — 2 [ LG g

Fix ¢ > 0 small enough. Using (3.9) as well as the bounds on w and R, the function [ is smaller
than

+o00
[I(z)] < K (;2 é/o a _:Z)Q(W(x + z) — W(zx))dz)

§K<%+2WQEOO) /0 (1432)2‘1” W(OO);W(ax) /:“’ (le)de)
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for some constant K > 0. Furthermore, taking 6 = 0 in (3.10), we also deduce that = — 22|u/(z)|
is bounded for x large enough. As a consequence, for x > 1, there exists a constant C' > 0 such

that
ﬁdz <C | |(z)|zdz < CK (In(z) + 2W (c0)ex + [ (W(o0) — W (ez))dz ) .
1 u-\z 1 1
Going back to (3.12), this yields the bounds
1
5 ! < liminf zu(z) < limsup zu(z) < —
GW(oo) +4KCW (o0)e — @7+o0 T—>+00 G W(oo) —4KCW (00)e
and the result follows by letting € | 0 :
1 2
lim zu(r) = ¥—— = —2\1’/(0+).
T—+00 %W(OO) o

3.5. The regularly varying case. We now assume that Assumption (1.4) holds :

U(N) g A G)

where « € [1,2] and ¢ is a slowly varying function. Recalling that W is increasing, we deduce from
(1.2) and the Tauberian theorem that W is regularly varying at +oo :

W (z)

Let us define for z > 0 the function »(®) by

xa—l

0o L)l (z) (3.13)
(1 + 2)W(z + x2))?

From the asymptotics (3.13), this function converges a.s. :

b@(2) =

(@) za—l
() :c—)-l—oo\ (14 z)2”

We now come back to Equation (3.7) which we rewrite :

+00
vy =L /0 V(@1 + )@ (2)dz + I(z) (3.14)

where the remainder I(z) is given by
+oo
I(z) = aW(z)R(z) — /0 (z(1 4+ )W (2(1 + 2)))(w(z(1 + 2)) + R(z(1 + 2)))b®) (2)dz.

Since W is increasing, the inequality b®)(z) < 1/(1 4 2)? together with the bounds on w and R
given in Lemma 5 allow to apply the dominated convergence theorem to obtain

lim I(z)=0.

T—r—+00
Now, applying Fatou’s lemma in Equation (3.14), we deduce that

) 0_2 +o00 Za—l
. . > M M —
iyt o(a) > byl ) [ e
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ie.

L 2
gglllg%x) = o?B(a, )

where B denotes the Beta function. Similarly, applying the reverse Fatou lemma since v is bounded,
we conclude that

2 oy (@)
——— 11 Su xZ).
o?B(a,a) — gg—>+ooI:)7

Finally, the existence of a sequence (z,,) such that

. . 2
JAm () = Tz (@n)u(en) = 2oy

is a consequence of the continuity of v. Now, Corollary 3 follows from the asymptotics of W given
by (3.13) and the formula for the Beta function B(a,a) = I'*(a)/T'(2x). O

Remark 10. Notice that if we neglect the remainders, the equation

0.2 —+o00 ) Za—l
= 1 ——d
f@) =% [ P ) g
admits as solutions the functions
xa
Je(z) =

<c + (U—;B(a, a)> e :c)a

where ¢ is any parameter in [0, +00]. This expression is in agreement with the explicit solution
obtained in [6] for the Brownian case.

4. THE CRITICAL CASE : PROOF OF THEOREM 2 WHEN ¥/ (07) < 0

In this case, the underlying Lévy process drifts a.s. to —oo, and we shall see that the asymptotics
of M is no longer polynomial but exponential. Consequently, the proof will be similar to the
subcritical case of Theorem 1. We start with the following a priori estimate :

Lemma 11. Assume that W'(07) < 0. Then, for any § > 0, there exists a finite constant Cs such
that

®(0) —
Vo > 0, u(x) < Csexp <—%m> .

Proof. Fix A € (0,®(0)) and notice that since ¥ is convex and ¥/(07) < 0, we have E [ee] < 1.

Let n € N. Integrating Equation (1.5) against exp ()\:17 — %e”), we obtain :

oo Ma+L L \@+L a® 4 31,3 LR Lox
/ E [e (@+Le) exp <—Ee (@t e)ﬂ <7u (x) — E[p°lu (:E)) dx —/ e’ exp (—Ee m> R(z)dx
0 0

o0 1 +0o0 1
< / E [eA(“'Le) exp <——e)‘(””+Le)>] u(z)dr — / e exp <——e)‘m> u(z)dz.
0 n 0 n

Integrating by parts and recalling that u is decreasing, the right-hand side is further equal to

+oo
%E [e—%e“ . 1} +/0

1 Az

E [e_ﬁe - e_%GMMLe] |u/(z)|dx.
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Observe finally that this last integral is negative, since, from Jensen inequality,
E [e_%ekx _ e_%ekx+ALei| S e_%ekx . e—%eAzE[eALe] é 0

As a consequence, we deduce that
+00 1 02 +00
lim sup/ E [eA(“'Le) exp <——e’\(m+Le)>] <—u2(m) - E[p?’]u?’(x)> dx < / AN R(x)da.
n—+oo J0O n 2 0

Applying the monotone convergence theorem, this implies that
+o0
/ N (x)dr < +o0.
0

Lemma 11 now follows from the fact that u is decreasing, using the same argument as in (2.3). O

The remainder of the proof is now similar to the subcritical case of Section 2. Taking the Laplace
transform of (1.5) with A € (0, ®(0)/2) , we obtain :

_ﬁ /R e (";u?(;p) — w(w) — R(;E)) di — /R N (u(z) — R(x)) da. (4.1)

We now observe that since ¥(A) < 0, the function A — —1/¥(\) is the Laplace transform of the
O-potential of L :

I /+°° YN gy — /+OOIE [EALt} dt — / e /+OO P(L; € dz)dt.
U(A) 0 0 R 0

Therefore, passing to the limit as ¢ . 0 in (2.5)
“+oo
/ P(L; € dz)dt = (@’(O)e—q’@z - W(—z)) dz
0
and plugging this last relation in (4.1), we obtain after inverting the Laplace transforms

/R (%2u2(z) —w(z) — R(z)> <<1>'(0)e—<1><0><x—2> S W(r— x)) dz = u(z) — R(z).

Finally, passing to the limit as © — +o00, we conclude that

lim e?©%y(z) = @'(0)/Re¢(0)z <0—2u2(z) —w(z) — R(z)> dz = k.

z—+00 2
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