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ABSTRACT. Fragmentation and growth-fragmentation equations is a family of
problems with varied and wide applications. This paper is devoted to the
description of the long-time asymptotics of two critical cases of these equations,
when the division rate is constant and the growth rate is linear or zero. The
study of these cases may be reduced to the study of the following fragmentation
equation:

ot

Using the Mellin transform of the equation, we determine the long-time be-
havior of the solutions. Our results show in particular the strong dependence
of this asymptotic behavior with respect to the initial data.

9 ity ) + ult,z) = 7ko (g) u(t,y)dy.

1. Introduction. Fragmentation and growth-fragmentation equations is a family
of problems with varied and wide applications: phase transition, aerosols, polymer-
ization processes, bacterial growth, systems with a chemostat etc. [6, 8, 10, 16, 17].
That explains the continuing interest they meet. This paper is devoted to the de-
scription of the long time asymptotic behavior of two critical cases of these equations
that have been left open in the previous literature.
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Under its general form, the linear growth-fragmentation equation may be written
as follows.

o0
%u(t, x) + %(T(.ﬁ)’u,(t, a:)) + B(x)u(t,x) = /lc(y,x)B(y)u(t,y)dy7 (1)
xr
where u represents the concentration of particles of size x at time ¢, 7 their growth
speed, B(x) the total fragmentation rate of particles of size z, and k(y,x) is the
probability that a particle of size y breaks and leaves a fragment of size x. For the
sake of simplicity, we focus here on binary fragmentation, where each agent splits
into two parts, but generalization to k fragments does not present any difficulty. In
the case where 7 = 0, Equation 1 is the pure linear fragmentation equation.
Existence, uniqueness and asymptotic behaviour have been studied and improved
in many articles, let us refer to [15] for a most recent one, which also presents an
exhaustive review of the literature. Let us indicate only the results most closely
related to our work.

e In the case B(z) = 27 and 7(z) = z¥, existence and uniqueness of a steady
nonnegative profile (U, \) with A > 0, U(z > 0) > 0, U € L*(zdz) and trend
of u(t,z)e~* towards U for an appropriate weighted norm is established in
[14], under the assumption 1+~ — v > 0. This profile ¢/ and A are solutions
of the eigenvalue problem

%(T@)U(@) + (B(z) + MU () = / k(y, ) B(y)U(y)dy, = >0

g (2)
TU(x =0) =0, U(z) >0, / U(z)dz = 1.
0

Though this result may be generalized or refined in different directions
[7, 5], the assumption linking B and 7 for x vanishing or tending to infinity
remains of the same kind: if B(z) ~ 27 and 7(z) ~ z¥, it is necessary
that 1 + v — v > 0. This may be understood as a balance between growth
and division: enough growth is necessary in the neighbourhood of zero to
counterbalance fragmentation, whereas enough division for large x is necessary
to avoid mass loss to infinity. We refer to [7] for more details; in particular,
counter-examples may be given where no steady profile exist if one of the
assumptions is not fulfilled.

e The fragmentation equation, i.e. when 7 = 0,

o0

%U(tvfc)JrB(w)U(t,w) :/k(y,x)B(y)U(t, y)dy, (3)

x

was considered in [9] and [12] for a total fragmentation rate of the form
B(z) = 27 and for

1
k(z,y) = ;ko (%) ; ko is a non negative measure,

1 1 (4)
supp ko C [0, 1], /zko(z)dz =1, /ko(z)dz > 1.
0 0
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(i) When v > 0, it was proved in [9] that for initial data ug in L' (xzdz) the
function zu(t, z) converges to a Dirac measure, and it does so in a self-similar
way. (This term is used here and in all the following in a slightly different way
than in [12], see below in Section 4.1 for its precise meaning.) The self-similar
profiles are solutions of a particular case of Equation (2), with 7(z) = z, so
v =1, and A = 1. The condition 7 > 0 may then be seen asy+1—-v >0
again.

(i) For v < 0, it was shown in [12] that the behaviour is not self-similar
and strongly depends on the initial data wg. The precise convergence in the
sense of measures of suitable rescalings of the solutions was proved for initial
data of compact support or with exponential and algebraic decay at infinity.

In this article, we investigate Equation (1) when v = 0, v = 1 and the function
k(z,y) is still given by (4). This is one critical case where v+ 1 —v = 0. It is
already known that under such conditions, there is no solution to the eigenvalue
problem (2) in the case of homogeneous fragmentation (kg = 2) or if 7(x) = cx and
B(z) = B with two constants ¢, B > 0 and ¢ # B [7]. On the other hand, for the
fragmentation equation, if v = 0 the arguments of [9] based on a suitable scaling
of the variables break down. How can we expect to characterize the asymptotic
behaviour of the population in that case? Our initial remark is that under such
conditions on v and v the growth fragmentation equation and the fragmentation
equation are related by a very simple change of dependent variable. Suppose that

u satisfies
0 7 1 T

u(0,x) = ugp(x), (6)
then the function
v(t, ) = e “u(t, xe™ ") (7)

satisfies

%fu + %(cxv) +u= /éko (:;) v(t,y)dy, v(t =0,2) = ug(x). (8)

From the behaviour of one of them it is then easy to deduce the behaviour of the
other.

The behaviour of Equation (5) has been studied from a probabilistic point of view
in [1] where it is satisfied by the law of a stochastic fragmentation process. A law
of large numbers and a central limit theorem were proved for some modifications
of the empirical distribution of the fragments. As we will see below, the main
novelty of our work is that more accurate asymptotics, pointwise results and some
rates of convergence are given in Theorems 2.1, 2.2 and 2.3 below. It also shows a
strong dependence from the initial data of the asymptotic behaviour and the rates of
convergence. Although the general behaviour of the solutions of (5) was essentially
understood in [1], the present paper is a refinement and complement obtained using
different methods. We shall also see that it is possible to recover, at the level of the
density function u studied here, the asymptotic behaviour in law of the stochastic
probabilities that has been proved in [1] (cf. Corollary 1).
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An important quantity for the solutions of the fragmentation equation (5) is the
following:

M(t) = /O " pu(t,2)dz )

called sometimes the mass of the solution u at time ¢t. After multiplication of
Equation (5) by z, integration on (0, c0) and applying Fubini’s theorem, if all these
operations are well defined, it follows that,

d
dtM(t) =0. (10)
All the solutions of Equation (5) considered in this work satisfy that property (c.f.
Theorem 3.1). Since on the other hand, in the pure fragmentation equation the
particles may only fragment into smaller ones, it is natural to expect zu(t,z) to
converge to a Dirac mass at the origin as ¢ — oco. This property is proved in
Theorem 4.1 below, which states that, under suitable conditions on the initial data,
zu(t, x) converges to M4 in D'(RY) as t — +o0, where M = [ zug(z)dz.

The main objective of this work is to determine how this convergence takes place.

Our initial observation (in Theorem 4.2 below) is that Equation (5) has no solu-
tion of the form w(t,z) = f(t)®(zg(t)) such that ® € L (zdz) N L*(xdx) for some
a > 1. However it has a one parameter family of self-similar solutions that do not
satisfy these conditions, see Remark 5, which are all the functions of the form

’U,S(t,ZL‘> — x—se(K(s)—l)t — e(K(s)—l)t—sloch.

Our main results actually show that the long-time behaviour of the solutions of
System (5)(6) strongly depend on their initial data and make appear this family
of self-similar solutions. It also appears that this dependence is determined by the
measure kg. This is seen by exhibiting a large set of initial data, for which the
solutions to Equation (5) are given by the means of the Mellin transform and where
such a dependence is seen very explicitly.

2. Assumptions and Main Results.

2.1. Representation formula by the means of the Mellin transform. The
solutions of Equation (5) may be explicitly computed for a large class of initial data
by the means of the Mellin transform. Given a function f defined on (0, 00), its
Mellin transform is defined as follows:

oo

M;(s) = /xsflf(x)d:c (11)
0
whenever this integral converges. In the following we denote, for the sake of sim-
plicity
Ul(t,s) := My, (5)-
It is easy to check that if we multiply all the terms of Equation (5) by z°~! and

integrate on (0, 00), assuming that all the integrals converge and Fubini’s theorem
may be applied, we obtain:

%U(t, s)+U(t,s) = K(s) U(t, s) (12)
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where, by (4),
1
K(s) = My, (s /ko )2 tdz (13)
0

is continuous on $e(s) > 1, analytic in Re(s) > 1 with K(2) =1 and K(1) > 1 due
to (4). We have then, formally at least:

Ult,s) = Uy(s)eBEE-11 (14)
Uo(s) = Myy(s). (15)

It only remains, in principle, to invert the Mellin transform to recover u(t,x). As it
is well known, in order to have an explicit formula for the inverse Mellin transform,
some hypothesis on Uy = M,,, and K (s) are needed. If such conditions are fulfilled
then,
1 v+i00
u(t,z) = 5 — / Up(s) e =Dtg=sqg (16)
V—100

for some v € R suitably chosen. Theorem 3.1 in Section 3 below provides a rigor-
ous setting where (16) holds true. Our results on the long-time behaviour of the
solutions to (5) are based on this explicit expression of these solutions.

2.2. Asymptotic formula. We are mainly interested in the asymptotic behaviour
of the solution as ¢ — oo and how it depends on the initial data. This information
will be extracted from the inverse Mellin transform in (16). In order to understand
the long-time behaviour of the function w, it is readily seen on Equation (16) that
a key function is

(s, t,x) = —slog(z) + tK(s). (17)

We are then led to consider different regions of the real half line x > 0, determined
by the different behaviour of the x variable with respect to ¢. It will be divided in
several subdomains that are determined by the relative values of two parameters,
that we shall denote as pg, qo, with respect to a third, that we call s;. The two first,
po and g, only depend on the initial data ug. The third parameter s = sy (¢, )
depends on the kernel ky as well as on ¢ and x. In order to define these three
parameters we need to precise the initial data ug and the kernel ky that we shall
consider.

Our results give a somewhat detailed description of the long-time behaviour of
the solutions u of (5)(6). This behaviour is only true for a certain set of solutions,
and it depends on several parameters of the initial data ug. These must then satisfy
several specific conditions. This may be seen as a drawback of our method.

The initial data ug will be assumed to be a function satisfying the following

conditions
oo

ug > 0, uo(x)(1 + z)dr < 0. (18)
/

By the condition (18), the Mellin transform of the initial data M (0, @) is analytic
on the strip Re(a) € (1,2) at least. Let us denote:

o0

I(up) =< p e R; /uo(ac)a:p_lda: <00 ). (19)
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This is necessarily an interval of R and, by Hypothesis (18), [1,2] C I(ug). We then
define:

po = inf{p; p € I(ug)} € [~o0,1] (20)

qo = sup{q; q € I(up)} € [2, +o<]. (21)

By (18) we have pg < 1 and qp > 2. If g9 = 400 (resp. pg = —o0), Assump-
tions (24)—(26) (resp. (27)—(29)) are meaningless and useless, since Theorems 2.1

and 2.2 (ii) (resp. Theorem 2.2 (i)) are empty: they correspond to an empty domain
of R% for (t,z). Next, we assume:

Vv € (po,qo) : /|u6(x)|z”dz < 00, lir% xup(z) = llm x"ug(z) =0, (22)
T—r x oo
0
Vv € (po,qo) : /|u6’(x)|x1+”dx < oo, lim e g (z) = lim e g (z) = 0.(23)
0

These hypothesis will be used in order to have the explicit expression (16) for the
solution w of System (5), (6). Some of our results on the asymptotic behaviour need
furthermore the following conditions on the initial data.

Jag > 0, Ir > qo; |lug(z) — apz™ | < Crz™", Va > 1, (24)
|ug () + aogoz™® 1 < Cox™" ! Vo > 1 (25)

/ P ’ug(x) —aoqo(qo + 1)30“10_2’ dx < 0o, Yv € (qo,r). (26)
1

by > 0, Ip < po; lup(z) — bz~ 70| < Cix~", Vx € (0,1), (27)
lug () + bopor P2 < Ozt Vo € (0,1) (28)

1
/ 2 |ug () = bopo(po + 1)a 2| dx < 00, Vv € (p,po). (29)
0

for some positive constants Cy, Cs, C1, C5.

These assumptions impose that ug behaves like agz ™% as x — oo and like byz~Po
as x — 0, and give their behaviour up to second order terms =" and =~ *.

We do not know what the results would be under weaker conditions on ug. We
may notice that in Theorems 2.1, 2.2 and 2.3 stated below, the principal parts of the
expansions of the solution u only depend on the parameters pg, o and the function
Up. The properties on the derivatives of uy only appear in the lower order and
remaining terms. It is then conceivable that some convergence of u towards these
principal terms remain true without the conditions (22)-(29), although without
decay rate estimates.

The kernel k(z,y) is defined by (4), from where we already saw that K(s) is
analytic in (1, 00), continuous and strictly decreasing on [1,00). We complete this
assumption by considering, as for ug, the integral I(kg) defined by (19) and define

p1 = inf{p; p € I(ko)}. (30)

The relative position of py and p; is discussed after Theorem 2.2. Under these
conditions on kg, it may be checked that the function K is strictly convex on
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(p1,+00) and that for any ¢t > 0, z € (0,1) there exists a unique s = s (¢, ) such
that

si(t.a) = (1) (2E2). (31)

(c.f. Lemma 6.2 in the appendix).

We may now come to the main results of this work, that is the description of the
long-time behaviour of the solutions u of System (5)(6) given by (16).

In the region x > 1, the behaviour of u may be easily described. That is because
for t > 0 and z > 1, the function ¢(s,t,z) is decreasing with respect to the real
part of s. We have then in that region

Theorem 2.1. Suppose that ug satisfies (18), (22)-(26). Then, for all § > 0
arbitrarily small

ult, ) = ag a0 (K@) =1t (1 e (6<K<r76>7K<qo>>t)) (32)
as t — oo, uniformly for all x > 1.

As it is shown in Lemma 6.2, when x € [0, 1] the behaviour of the function ¢, and
as a consequence that of the solution u(t,x), is not so simple. Let us first describe
the behaviour of the solutions of System (5)(6) in the region where x € [0,1] and
the balance between x and t leads to a result similar to Theorem 2.1.

Theorem 2.2. Suppose that ug satisfies (18), (22), (23), ko satisfies (4), (30).
Define the domains:

D, =A{z € (0,1);s4(t,x) <po} and D} ={x € (0,1);q0 < s4(t, z)}
where sy is defined in (31). Suppose moreover that ug satisfies (27)-(29). Then,

- — b P0 (K (po) 1)t — @0 (5 (1,0)—po)?
(1)  wu(t,x) =box~Poe 1+0 (e )

as t — oo, uniformly in D, .

Suppose moreover that uy satisfies (24)-(26). Then,
(i) u(t,z) = aoquoe(K(qo)*l)t (1 +0 (eml;(qﬂ)(ﬂ(hw)qof)) ,

as t — oo, uniformly in Dy .

Notice that if py < p1, the point (7) of Theorem 2.2 never happens.

Given the results stated in Theorems 2.1 and 2.2, the only region which remains
to study is the region (¢, z) defined by py < sy (t,2) < go. To do so, it is necessary
to distinguish a very particular type of singular discrete measures ko whose support
. satisfies the condition that is defined below.

Condition H. We say that a subset ¥ of (0, 1) satisfies Condition H if:
3L € N* U {+o0o}, 30 € (0,1), I(pr)een, e< CN, 0 <py <pey1VEN, £ < L1,
¥ ={o,€(0,1);00 =0}, (pe)o<e<r are setwise coprime.

Note that the assumption of a coprime and ordered sequence of integers is not a
restriction (we may always order a given sequence of integers, and up to a change
0 to 09°%Pe) | we can choose a coprime sequence). See Propositions 2 to 4 in the
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appendix for more properties of Condition H, which lead to define a number v, and
a set Q) by
27
~log8’
Before we state the last main theorem let us remind that by the Lebesgue decom-
position of a non negative bounded measure, the measure ky may be decomposed
as follows:

Q = v (33)

U

ko(z) = g(x)dx + du + dv

where g € LY(R™), du is a singular continuous measure and dv is a singular discrete
measure (cf. for example [13]).

Theorem 2.3. Suppose that ug satisfies the conditions (18), (22), (23) and let ()
be any function of t such that e(t) — 0 but te(t) — oo as t — .

(a) Suppose that the measure ko has a non zero absolutely continuous part or is
a discrete singular measure, whose support 3 does not contain 1 and does not sat-
isfy Condition H. Then for all 6 > 0 arbitrarily small, there exists two functions
vs(€) and ws(e) such that:

U(t,l‘) = x_s+(tvr)e(K(5+(t,z))_1)t %

Uo(s+(t, ) +ws(e) o trs((t)
( Ul 01(1)+0 ( )) (34)

as t — 0o, uniformly for x such that py + 0 < s1(t,2) < qgo — 0,

o,(t) = (1+0 -5 N (35)
t)y=|1+ —— ||, ast > ©

1 12 (K (40)

where, lim e 2vs(c) = Cs for some constant Cs € (K (q0)/2, K" (po)/2). The
function ws(e), defined in (74), satisfies

|ws(e)] < C(po +d,q0 — 6) (/ | 29001y (2)] dz+
R(e)

1
R(e)
+ [
0

where the constant C(pg + 6,q0 + 0) depends on the integrability properties of ug
(see (62)), R is any function such that R(e) — oo, elog R(¢) — 0 as € — 0.

P00 g (2)| dz + elog R(e)) , (36)

(b)Suppose that the measure ko is a discrete singular measure whose support sat-
isfies Condition H. Then for all § > 0 arbitrarily small, there exists two functions
vs5(g,0) and Ss(e) (where 0 is given by Condition H) such that
—2ink 160 0
ult, x) = a5+ (60) (K (s (b)) =1t Lrez Uo(si)e Toe? ™%
2mtK" (s4)

+

+O,(t,e) + O (e-%@f)) (37)

as t — oo, uniformly for x such that py < si(t,2) < qo



TIME ASYMPTOTICS FOR CRITICAL GROWTH-FRAGMENTATION EQUATIONS 9

where sp = sy + ikv. and v, is defined by (33), lime_oe 2y(g,0) = C for some
constant C in (K" (q0)/2, K" (p0)/2),

oste - (140 [N
2(7576)—( + (&%”(%))) 5(€) (38)

15()] < Clpo + 6,40 — 8) (<a log R(#))L(c) +

L) ( [t de+ [T i) dz) (39)

R(e)
where L, R are any functions of € such that L(e) — oo, R(e) — oo,
1
eL(e)log R(e) — 0, L(¢) <f13<(>€) 200" Lyg(2)dz + [, z”0+51u0(z)dz) — 0 and
eL(e)logR(e) - 0 as e — 0.

Remark 1 (Leading terms of the solution). The two functions ag =% e(/(q0)=1)t
and byxPoeK(Po)=1t that appear in the long-time behaviour of the solution u of
System (5)(6) in Theorem 2.1, and in Theorem 2.2 are self-similar solutions of the
equation (cf. Remark 5).

Since go > 0 and K(gp) < 1, it follows from Theorem 2.1 and from the point (ii)
of Theorem 2.2 that, as t — oo, the leading terms of the solution wu(t,z) decays
exponentially fast uniformly in the domain z > 1 and gy < s4(t,x). Since zu(t, )
converges to a Dirac mass at z = 0, the long-time asymptotic behaviour of the
leading term of u(t,z) for € (0,1) is more involved. In particular in the point
(i) of Theorem 2.2 and Formulas (34) and (37) of Theorem 2.3 some balance exists
between the power law of x and the time exponential term. This is described in
some detail in Sec tion 6. Let us just say here that the scaling law of the Dirac
mass formation in ¢, x variables is of exponential type in all the cases.

The convergence of the solution u to the corresponding self-similar solutions,
ag x~9 e(FK(@0) =1t o1 hg=Po (K (o) =1t given by Theorem 2.1 and Theorem 2.2 takes
place at an exponential rate, uniformly for « in the domains > 1, or z € (0,1)
and sy (t,2) < po — 0 or sy (t,x) > qo + J for any 6 > 0 arbitrarily small.

On the other hand by Theorem 2.3, for any § > 0,

52 L "
u(t,z)Qt, z) — Up(s4(t, 7)) = ws(e(t)) + O (etﬁ*é(s(t)) + e 7K (q")) ,t— 0

(40)
uniformly on po + < s4(¢,x) < go — d where

2t K" (s4 (¢, x)
e(K(s4(tx))—-1)t ~

Q(t,z) = 25+ (o)

By the properties of the function v;5(¢), we have
tys(e) = Cste®(t) + o (te*(t)), ast — oo

and the first summand in the error term of (40) decays exponentially in time. For
the second summand we obtain a decay like e=€*" for some constants C' > 0 and
a > 0 by imposing te%(t) ~ t* as t — oo. Since £(t) — 0, we must have a < 1. But
the decay in time of the term w;(e(t) has no reason to be exponentially fast and we
show in the following proposition that this may be false.
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Proposition 1. There exists a kernel kg, and initial data ug, satisfying the hypothe-
sis of Theorem 2.3, and there exists a constant ¢ > 0 such that Qu(t, x)—Uy(s4 (¢, x))
tends to zero at most algebraically as t — oo along the curve —logx = ct.

Remark 2. The hypothesis on the measure kg stated in Theorem 2.3 are rather
restrictive. The cases where kg has an absolutely continuous part or is a singular
discrete measure without 1 as a limit point are covered, but not the case when the
measure kg has no absolutely continuous part but has a singular continuous one or
where 1 is a limit point.

Remark 3. Condition H may be seen as a generalization of the “mitotic” fragmen-
tation kernel, where ko(x) = 20,_1. Similar assumptions have been found in other
related studies, see [4], Appendlx D Equation (37) can be interpreted in terms of
Fourier series in y = log z, and exhibits a limit which has a log #— periodic part in
y. The Poisson summation formula applied to the function ug(e¥)e®+¥, for s, fixed,
leads at first order to

e(K(s4)—1)t
u(t,z) ~ log ——— ug(0"x).
(t,) ~ log 27rtK"(s+)nz€:Z (")

Corollary 1 relates our results with those contained in [1]. It describes the be-
havior of the two following scalings of w:

r(t,y)dy = te*™u(t, et¥)dy

F(t,2)dz = r(t Yo + i’ﬁ)‘”;;

where yp := K'(2) and o2 := K"(2). These two functions correspond to the laws
of some random measures p;(dy) and p;(dy) respectively, that are considered in [1]
in order to study the fragmentation process, whose law satisfies Equation (5) (see
Section 5.5 for some details). It follows from the convergence in probability proved
in Theorem 1 of [1] that the random measures p;(dy) and p:(dy) converge in law
towards 6_,, and N(0,1) as t — oo0.We show in Corollary 1 how it is possible to
recover this result, from Theorems 2.1, 2.2 and 2.3 in terms of the rescaled functions
r and 7.

and

Corollary 1. Let us define, for allt > 0 and y € R:
oz, O

—)—=
N
with yo := K'(2) and 0% := K"(2). Under the assumptions of Theorems 2.1, 2.2

2

and 2.3 a), r(t,-) = 0g/2yUo(2) and 7#(t,-) — Uo(2)G, with G(z) = %, in the

weak sense of measures: for any bounded continuous function ¢ on R, we have

r(t,y) == te%yu(t,ety), 7(t,z) == r(t,yo + (41)

22
2

Za

+oo
/ o(y)r(t,y)dy — Up(2)p(K'(2)) and / d(2)7(t, 2)dz — Up(2 / o(z

with Up(2 f zug(x)dx the initial mass.

Remark 4. The case 7(z) = 277 and B(z) = 27 may be studied following similar
lines. The two equations (growth fragmentation and pure fragmentation) are not
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related anymore as they were before, when v = 0. If we take Mellin transform in
the pure fragmentation equation we obtain:

0

SU(s) = (1= K($)U (L +7).

A similar calculation may be done for the growth-fragmentation equation. Although
these are not ordinary differential equations anymore, since they are not local with
respect to the s variable, they may still be explicitly solved using a Wiener Hopf
type argument.

It is straightforward to deduce from Theorem 2.1, Theorem 2.2 and Theorem 2.3
the asymptotic behaviour of the solution v of the growth fragmentation equation.
But this has to be done in terms of e“v(t,ze). As it is shown in detail in Sec-
tion 6.2, if the method is unchanged, the shape of the interesting domain is modified.

The plan of the remaining of this article is as follows. In Section 3 we explicitly
solve Equation (5) under suitable conditions on the initial data ug and the kernel
ko, using the Mellin transform. In Section 4 we prove that the solutions u of Equa-
tion (5) obtained in Section 3 are such that zu(t, ) converges to a Dirac mass at the
origin as t — co. We also prove that Equation (5) has no self-similar solutions of the
form wu(t,z) = f(t)®(xg(t)) for ® € L((1 + z)dz). In Section 5 we prove Theorem
2.1, Theorem 2.2, Theorem 2.3, Proposition 1 and Corollary 1. Then, we relate our
results with some of those obtained in [1]. In Section 6, we describe in some detail
the regions of the (z,t) plane where the solutions of the fragmentation equation (5)
and the growth fragmentation equation (8) are concentrated as ¢ increases. We also
present some numerical simulations where such regions may be observed.

3. Explicit solution to the fragmentation equation (5). In this section we
rigorously perform the arguments presented in the introduction leading to the ex-
plicit formula (16).

Of course, it is possible to obtain existence and uniqueness of suitable types of
solutions to the Cauchy problem for the fragmentation equation (5) with kernel
k(x,y) given by (4) under much weaker assumptions than we are assuming in The-
orem 3.1. Tt is easily seen for example that if ug satisfies (18), there exists a unique
mild solution u € C([0,00); L' ((1+z)dx))NC*((0, 00); L*((1+z)dz)). More general
situations are considered in [11]. The conditions (22) and (23) are imposed in order
to have the representation formula (16).

The main result of this section is the following.

Theorem 3.1. Suppose that ug satisfies the condition (18), (22) and (23) Suppose
that the kernel k is of the form given by (4). Then, there exists a unique function u
in C([0,00); LY((1 + x)dx)) N C*((0,00); L*((1 + x)dx)) that satisfies Equation (5)
and the condition (6) for allt > 0 and almost every x > 0. This solution is given
by (16) for all v € (po,qo) and satisfies the property (10).

Proof. Suppose that a function u(t,z) € C([0,00); L*((1 + x)dz)) satisfies Equa-
tion (5). Then, for all ¢ > 0 the Mellin transform of w is well defined for Re(s) € [1, 2]
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and is analytic in Re(s) € (1,2). If we multiply both sides of (5) by 257! and inte-
grate over (0, 00) we obtain:

d o0 oo o0 001
a/u(t,x)xs_ldx—l—/u(t,x)ms_ldac = /xs_l/gko (i) u(t,y)dy
0 0 0 x

s} Yy s} 1
. d
= /u(t,y)/x‘s_lko (I> dz¥ = /u(t,y)ys_ldy/ko(z)zs_ldz.
Y Y
0 0 0 0

In the second step we have applied Fubini’s Theorem, since by hypothesis
ko(2)z*~tu(t,y)y*~t € L1((0,1) x (0,00)). This is nothing but Equation (12) from
which we deduce (14). Since for all ¢ > 0, u(t) is analytic on the strip Re(s) € (1, 2)
we will immediately deduce (16), for all v € (1,2) as soon as we show that

v+1i00

/ ’Ug(s) (K (s)=1)t s
To this end, we notice that, by definition of K(s), K(s) < K(1), Vs € [1,2].
Therefore:

ds < oo, (42)

‘Uo(s) oK (s)=1)t ) —s

< |Uo(5)l‘_y’ e(K(l)—l)i&

Let us check that, under the assumptions made on ug, we actually have
o0
/ |Uo(v + iv)|dv < o0 (43)
—o00

for all v € (po,qo). To this end we write:

o0 . 1 [ :
U . — v—1 zvd — v—1y\/ 1,1;+1d
o(v +iv) /0 uo(z)x" " zdx 5o /0 (ug(x)z” =)z x
= 1V+ o /0 ug(z)x” 2" dr — T /0 (up) (z)z" 2" dx
v—1 ) 1 < ;
= — — v Z’l]d
T iv Up(v + iv) TTiv /0 (o) (z)x” " d,
where we have used (22). Therefore,
. 1 RPN T
— Vi 1
oo+ 0) = == [ (o) (@)
By the same argument, using now (23):
. / v+l 9 ! v+1
lim (uo)" ()" = lim (uo)'(x)x 0,
we obtain:
1 o )
Up(v +iv) = . . o) (z)x TV dz.
o ) (V—|—w)(1+l/+w)/0 (o) ()
We deduce

1
V2 +o) (A +v
and by (23), (43) follows.

|Uo(v +iv)| < — /OOO \(uo) ()| da (44)
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On the other hand, it is easy to check that if ug satisfies (18)-(23), then the
function u defined by (16) satisfies

u € C([0,00); LY((1 + z)dz)) N CH((0,00); LY ((1 + 2)dx))

and solves System (5)(6) for all ¢ > 0 and almost every x > 0. O

4. General convergence results.

4.1. Convergence to a Dirac Mass.
Theorem 4.1. Suppose that, for some € > 0,
u € C([0,00); LY (1 + 2'T)dz)) N C((0,00); LY ((1 + 2'T)dx))

is a solution of Equation (5) with ko satisfying (4). Then:

oo

Vi € Co(RT), hm zu(t, x)p(x)dx = Me(0),

t—o0
0

M:/ zug(z)dx
0

Proof. Multiply Equation (5) by x and integrate between z and oo where z > 0:

where

o0 oo oo

d/xutxd:c—i—/wutxdx—/ /lko ($>u(t,y)dydx
dt Y Y
z x
00 1
:/yu(t,y)/rko (r) drdy. (45)
z z/y

We notice that, if z =0,

&‘Q‘

/ (t,x)d
0
and the initial value M of f zu(t, x)dx is preserved for all time ¢ > 0.

Denoting now F'(z f yko(y)dy, we may see yko(y) as a probability distribution

n (0,1), and F as its cumulatlve distribution function. The inequality (45) may
be written as

d [ d [z
= — — = ;) < 0.
= zu(t, x)dx = dtH(Z t) = /F (:r) zu(t, z)dx := D(z;t) <0

The functions H(z;-) and D(z;+) may then play the role of the entropy and entropy
dissipation functions for Equation (5).

If we consider now any sequence (t,)nen such that ¢, — oo and define u, (¢, z) =
u(t + t,, ), the sequence (uy,)nen is bounded in C1([0,00); Miic). A classical
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argument shows the existence of a subsequence, still denoted as (u,), and a non
negative measure valued function U(t,dz) € C([0,00); Mi4c) such that

zu, — U in (C.([0,T] x [0,+00)))
T up(t) = U(t) in (C([O,-i—oo)))/

/ Ut dz) = M, ¥t > 0
0

and

D(U(t)) = —/F (g) U(t,dz) =0, ¥t >0, Yz > 0.

As soon as kg is not equal to d1(x), the Dirac mass at one (excluded by Assump-
tion (4)), there is a neighbourhood (1—¢,1) of y = 1 around which F(y) is bounded
from below by a strictly positive constant. This implies that for all z > 0, the
integral f[z’ﬁ] U(t,dx) = 0, which is sufficient to ensure that U(¢,dx) = M¢ for

all t > 0. O

Theorem 4.1 does not give any information about how the convergence takes
place. When the fragmentation rate is B(z) = 27, with v > 0, it was proved in [9]
that the convergence to a Dirac mass is self-similar. First it was proved that for
any M > 0 there is a unique non negative integrable solution g € L!(zdx) to:

9(2) + %(29(2)) + B(2)g(2) = W/k‘(P» 2)B(p)g(p)dp
e (46)

/OOO xzg(x)dx = M.

The first equation in (46) is a particular case of Equation (2), with 7(z) = z, so
v=1,and A =1.
Moreover, the solution u of the fragmentation equation with initial data satisfying

Jo~ wuo(x)dx = M is such that

t—o00

lim / ‘u(t, y) — t%g (ﬁy) ’ ydy = 0.
0

The function t3 g (t%y) is a solution of the fragmentation equation, called self-

similar due to its invariance by the natural scaling associated to the equation. We
show in the next section that there is no such type of solutions to Equation (5).

When v < 0 it is well known that the mass M (t) = [ zu(t, z)dz of the solutions
of the fragmentation equation (5) is not constant anymore but, on the contrary,
is a decreasing function of time. The asymptotic behaviour of the solutions of
Equation (5) for v < 0 has been described in [12], and it was proved that it is not
self-similar. It was also shown that such asymptotic behaviour strongly depends on
the initial data ug. For example, if ug has compact support and the measure kg
satisfies:

11—z
/ zko(z)de ~ 27 asz—0
0
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for some 8 € [0,1), then the measure u(t,z), solution of the fragmentation equa-
tion (5) satisfies, for some positive constant C, g only depending on « and /3:

1 1 dz
—u |t 5 — fieo (dz), ast — oo
M(t) ¢, gta=rr Cly gt T=Aa1

in the weak sense of measures, where z i (dx) is a probability distribution on (0, co)
characterized by its moments, see Theorem 1.3. in [12], and where

1-—- 8
M(t) ~ exp (—MFCLf‘ﬁ|a|t<lﬁ>a) , as t — oo.

4.2. No Self similar solutions. The aim of this section is to prove the following

result.

Theorem 4.2. Suppose that the kernel k is of the form given by (4). Then, Equa-
tion (5) has no solution of the form

w(t,z) = f(t)(xg(t)) (47)
where f and g are continuously derivable functions from RT to itself and ® in
LY((1 + x)dx).

Proof. We denote ®(s) = [~ 2°~'®(z)dx, that by hypothesis is well defined for
€ [1,2]. The Mellin transform of u(t) takes now the form:

Mu(t,s) = (9(t)) " f()(s),
and Equation (5) gives

OMy PO O e
5‘t <t78)_ f(t) Mu(t’ ) g(t) Mu(t’ ) ( 1+K( ))My,(t’ )
Therefore: ) (0
(¢ J(t
LR =50 g
and 0
/ g
K ==00

We deduce that K'(s) and % must be constants. Therefore, g(t) = Ae™?, for

some constants A and a, and K(s) = a(s — 1) 4+ 2. Since K(s) > 0 for every s > 1,
we must have @ > 0. Since on the other hand, K (s) is decreasing, we deduce a < 0,
and therefore a = 0. But that is impossible because K (1) > 1 and K(2) =1. O

Remark 5. All the functions of the form

us(t,:z:) — xfse(K(s)fl)t _ 6(K(s)fl)tfslog:n

are pointwise solutions of Equation (5) for all ¢ > 0 and = > 0 since

Oug
ot

wta)- [ Uk, (;) ) = a5l KOV e [Ty, (;) g

1
_ s oK)=t _ e(K(s)—l)tx—s/ ho(2)2*dz = o= EO=DLT _ K (s)).
0

— (K(S) _ 1)3’;_36(K(S)_1)t,
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Such solutions are invariant by the change of variables:

slog())
K(s) ’”)

ux(t,z) =u (t +
since:

log(A slog(M) ) _ ¢
anlt ) = (14 T A ) et MO iy

—teK(s)t—s log

=e = us(t,x).

These solutions are then self-similar. Notice although that they do not belong to
L'(0,00)) nor L' (x dx).

5. Proof of the main results. To study the long-time behaviour of the solutions
u of Equation (5) we use their explicit representation (16), that holds under the
assumptions (18), (22), (23) on the initial data up as shown in Theorem 3.1. In
order to simplify as much as possible the presentation we define the new function:

w(t,x) = e'u(t, ) (48)
that satisfies:
T 1
and, since M, (0, s) = Up(s), it is given by:
1 v+i00 3 K(s)t
w(t,x) = ﬁi/p—ioo x~°Up(s)e ds (50)

for any v € (1, 2).

5.1. Behaviour for x > 1. The long-time behaviour of u for x > 1 is given in
Theorem 2.1. Its proof is based on the following lemma.

Lemma 5.1. Suppose that ug satisfies (18), (22)-(25). Then the function Up(s)
defined by

Uo(s) = | & uo(w)da, (51)
/

that is by hypothesis analytic on the strip Re(s) € (po,qo) may be extended to a
meromorphic function, still denoted Uy(s), on Re(s) € (p,r) forr > 0 given in (24)
and p > 0 given in (27). Moreover,

v+ioco
/ 1Uo(s)|ds < +o0c (52)
for all v € (p,po) U (po, q0) U (qo,7)-

Proof. By (18) we already have that Up(s) is analytic on Re(s) € (po, go). For such
an s we may write:

Uo(s) = /0 x5 g (x)dx + /100 25 ug(z)de = I (s) + In(s).
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The integral I;(s) is analytic on the half plane Re(s) > pg, and then, for the part
(po, 1), it only remains to consider Is. This term may be written as follows

oo o0
I(s) = / ¥ Lagr~ T dx +/ 25 (uo () — apr ™) dx.
1 1

If s € RT and s < gg — 1, we have:
ao

oo
/ 25 N agz ™) dx = ,
1 do — S

and that function has a meromorphic extension to all the complex plane, with a

single pole at s = qq.
On the other hand, by the hypothesis (24),
/ |25~ (ug(z) — agz™%)|dx < C/ g RO gy
1 1

The integral in the right-hand side converges for gy < $e(s) < r. We deduce that

/ ¥ (ug(2) — apr™®)dx
1

is analytic in the strip Re(s) € [qo, 7).

If we define now :
ao - s—1 —dqo

+/ 2% (up(x) — apx™ %) dzx.
1

1
H(s) = / 25 tug(2) —
© = [ & uale) - 2
H is meromorphic in the strip Re(s) € (po, go). By definition of Uy(s) we have, for

all Re(s) € (po, qo):

1 e}
Up(s) = /0 25 tug(z) — . ioqo +/1 25 (ug () — apz™%)dz.

And in the strip Re(s) € (go,r) we have:

ap 1
= / * Lagr~dx
0

S—C]oi

then, if Re(s) € (qo,7):

We have then:
H(s), Vs;%Re(s) € (a,qo)
H(s) = G(s), Vs;Re(s) € (qo,7)

and G(s) is the analytic extension of Uy(s) to Re(s) € (go,r). We still denote Uy (s)
the meromorphic function that is obtained in that way on Re(s) € (po, ).
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We prove now (52) for v € (po,r). By (44) we already know that it holds for
v € (po,qo). For all s = u+ dv in the strip (go,r), we have:

oo
Uo(s) = / 2z (uo(z) — apr™®) da
0
= ;xivﬂx“_l(uo(a:) — agz ™) o —
w41 =0
1 /OO v+1 -2 -

—- 2T (uw— 1)z (up(x) — agz™ %) +

w+1 /g { ( )

+2" 7 ((uo)'(z) + aogoz™ 1) } da.
Since u > qg, and using (22), we have:
|zt (ug(2) — apr™ )| < 2*(Jup(x)| + |agz™%]) — 0 as x — 0.
On the other hand, using that u < r and (24):

|xw+1x“*1(u0(x) —apr~ )| < Ca"" -0 as x — +o0.

Therefore,
1 R
Uo(s) = Tl /0 T (u—1)2" 72 (up(z) — agz™®) +
+2* 1 ((uo)'(¢) + aoqox ™ ") } da
_ 1 > v o u—1 _ —qo
=i /0 2" {(u—1)z""" (uo(x) — apz™ %) +
4zt ((uo)’(x) + aoqozfq"*l) } dx
= Jl(S) + JQ(S).
Since
Ji(s) = _u-ld /oox“’x“ Y (up(z) — apz™ ™) dz
! w41 J 0 0
o u—1 < 3 — a0
= T /0 2! (uo(x) — apz™ %) da
u—1
= Tyl
we have:
w41
—( )J1(8) = J1(8)+J2(S)
u—1
u + v
(U71)J1(S) = _JQ(S)
1 R
= i /0 a™ {x" ((uo)'(x) + aoQin_qO_l)} dx
u—1 ha
) = G haTw / o {a (o) (2) + aogoa~ ")} da
[J1(s)] < v —1| (z) + aoqox_q"_l)‘ dx.
|G+ 1) (u+ i)
Therefore:
-1 R
Uo(s) = m/o 2" {a* ((uo)'(z) + apgoz™ ") } da. (53)
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By (22), (24) and (25), and since u > ¢, the integral in the right-hand side of (53)
is absolutely convergent for all s such that Re(s) € (go, 7).

We may repeat the integration by parts with the integral in the right-hand side
of (53):

J5(s) = /000 2" {2 ((uo) (z) + apgoz™ ") } da (54)

with s = u + v and u € (qo, ). As before,
1 =00

J3(s) = mxwﬂxu ((uo)'(z) + apgoz™® ") -

x=0
/ vt {ux“_l ((uo)’(x) + a()q(]m_qo_l) +
0

+a" ((uo)"(x) — aogolqo + l)quofz) }dx.
By (23) and the fact that u > go we have:

1
w+1

2" ((uo)' (%) + aoqor™ ™) | < 2" (uo)'(x)| + |aolgoz™~* — 0
as * — 0. Using now (25)

| ((uo)'(2) + aogor™ 1) | < Ca*™ 1777 = 0, as @ — oo

Then,
1 Ry
Ts(s) = 3T /0 2" {uz ™ ((uo)' () + aogoz™*71) +
+2* ((u0)" () — aogo(go + 1)z~%~2) } dx

1 1 *

e Ja(s) = — +1 /0 2" ((u)"(x) — aogo(go + 1)a~°~?) da

1 oo
J3(s) = v+ 2 /0 *t ((uo)"(z) — aoqo(go + 1)z~ 7?) dz

- ([ [

The first integral in the right-hand side is absolutely convergent by (23) and because
Re(s)—go—1 > —1. The second integral converges absolutely by the hypothesis (26).
We have then, for Re(s) € (qo,7):

1 > s+1 " _ —qo—2
e () @) — aomla + D) de
and (52) follows for Re(s) € (qo, 7).

A similar argument, using (27), (28) and (29), shows (52) also for Re(s) € (p, po)-
O

Uo(s) =

We may prove now Theorem 2.1.

Proof of Theorem 2.1. Let us consider the function w(t, x) defined in (48) and given
by (50) for all v € (po, o). By Lemma 5.1 we may deform the integration contour
in (50), cross the straight line Re(s) = qo to obtain:
1 v 4ioc0
w(t,z) = Res (Uy(s); s = qo) x~ 2K (@0t 1 o / x5 Uy(s)ef®)tds  (55)
i J,

/—400
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with " € (go, 7). We notice now, for s = v/ +iv :
1 1
K(s) = /x”/cos(vlog(x))kzo(x)dm—|—i/x”/sin(vlog(x))ko(x)da:
0 0

tflx”,cos(vlog(ac))ko(x)dm z'tfx”/sin(vlog(x))ko(x)dac
eK(S)t —=e 0 e O

. 1 /
v +100 t v ( )d
/ 25 U(s)efPtda| < e {2 @z X (56)
’y s 1 /
v tico it [2¥ sin(vlog(x))ko(x)dz
X / x°Up(s)e { s do
+ [ @ sin(vlog(z) ko (x)d
, , oo it [x¥ sin(vlog(z z)dz
) / U (V' +iv)e © R
! 7 +Oo
< g7V etKW) / |Uo (V' + iv)| dv. (57)

Combining (55) and (57) we obtain, for > 1 and ¢t — oo:
w(t, ) = Res (Ug(s); s = qo)x_qOeK(qO)t (1 +0 (x—u’+qoe(K(V')—K(qo))t)) . (58)
O

5.2. = small and t large. In order to understand the long-time behaviour of the
function u, or w, let us recall the definition (17) of the key function ¢ :

(s, t,x) = —slog(z) + tK(s). (59)

Let us consider for a while the function ¢ only for real values of s. When ¢ > 0 and
x > 1, this function is decreasing with respect to the real part of s. That is the key
property that, in Subsection 5.1, makes the rest term to be negligible with respect
to the residue at s = gg, once we have that Uy(s) is integrable for s € (qo,7). If we
maintain ¢ fixed and take x < 1, the function ¢ is now increasing with respect to s.
We could then easily obtain a result similar to Theorem 2.1 for ¢ fixed and x — 0.
But that is not a region particularly interesting. These monotonicity properties
of ¢ do not hold exactly when ¢t is large and = small although that is exactly the
interesting domain to consider for the long-time behaviour of u. Lemma 6.2 shows
the behaviour of ¢(-,t,x) : it is decreasing for s € (p1, s+ (¢,x)) and increasing for
s € (s4(t,x), +00) where sy (t,z) is defined by (95).

Since s; depends on ¢t and z, is an increasing function of ¢ > 0 and an increasing
function of = € (0,1) we have several domains of different long-time asymptotic
behaviour, that correspond to the different points (i) and (ii) of Theorem 2.2 and
Theorem 2.3.

Proof of Theorem 2.2. We only consider in detail the case (i) since the case (ii) is
completely similar. Suppose then that we are in the region where ¢t — oo and x — 0

in such a way that
lo
SJr(tax) ('K/) ! ( gt(x)> > qo
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1 v+ioco
w(t,z) = / Uo(s)e?t7) ds (60)

21 S _ioo

for any v € (po, qo)-
Using Lemma 5.1 we deform the integration contour in (60) towards the right

and cross the pole qg, i.e. that we have:
w(t,z) = e(a0.t,2) (Res (Uo(s);8 = qo) + R)
1 v +ioco

=5 Uo(s)e‘¢(QU’t””)+¢(s’t"”)ds

v —i00
for any v/ € (qo, s4(t,)). Then,
v/ +ico
IR| < / |Uo(s)] 6%5(*45((107t11)+¢(s,t,x))d87

where
Re(—¢(qo.t, ) + ¢(s,1,2)) = Re (= (s — qo) logz + t(K(s) — K(q0)))
= —dlogz + tRe </1 2 Vko(2)dz — /1 29 ko (2)dz
0 0

1 1
= —fdlogz +1t (/ P cos(vlog z)ko(z)dz — / zqolko(z)dz>
0 0

1 1
< —dlogz+1t (/ z”/*lko(z)dz —/ 2907 ko (2)dz
0 0
= _¢(QO7 ta x) + ¢(V/7 ta iC)
By Taylor’s expansion

2
¢(s+(t,a:),t,x) - QS(QOataI) = *%(5+(t7$) - qO)Q%(E,t,I)

for some & € (qo, s+(t,x)). Since K" < 0 we deduce that K"(§) > K" (sy(t,z) >
K" (qo) and then

B(s (6:2)) = Dla) < 5 (51.(t,) — a0t (ao).

It follows that
v +ico
(R < = (s (ta)=00)*4K (a0) / |Uo(s)| ds,

v —io00

and the point (ii) of Theorem 2.2 follows. The proof of the point (i) is similar. O

5.3. Proof of Theorem 2.3. In order to estimate the function w(¢,z) defined
in (50) when s4(t,z) € (po,qo) we take v = sy (t,x) in that formula. Then, we
will use several estimates on Ug(s) and Re(¢(s,t,z)) along the integration curve
Re(s) = 51.(t,x) € (po + 6,90 — 9).
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The estimate on Up(s) follows from (44):

Us(ss +iv)] < 1 | w0 @l ay
V0 (1 s5)2 +02) S0

1
N (TS (ETTEETa

x ( / o)y Py + | |<uo>”<y>|yl+qo-5dy) - (61)

<

‘We then have

U d dv
| 0(8)| e /?R _ X
e(s)= [Sm(s)|>e e(s)=s4 \/( % v2)((1 P0)2 +’l)2)
Re(s S, |m(: P + —|—

x ( / (o) )+ + [ N |<uo>”<y>|y1+qo-5dy) — Colpo + 6,0 — 9). (62)

In order to estimate Re(¢p) we wish to use the method of stationary phase. To this
end we must consider different cases, depending on the measure k.

Lemma 5.2. For all e € (0,1), for allt > 0, x > 0 and all s € C such that
s=sy(t,x)+iv, v ER and |s — sy (t,z)| < e:

Re (K (s)) = K (s (t,x)) - %K”(s+(t, 2)+0 (%) (63)

If ko is a discrete measure whose support ¥ satisfies Condition H, then (63) holds
foralle >0,t>0, z>0 and for all s € s; + iR such that |s — (s4(t,z) +iv)| <e,
for some v € Q.

Proof. By Taylor’s formula

K(5) = K(ss(t.2) + (5 = st ) K (s () + O pens 1, )

+ (S — S+6(t7 x)>3K:/H(C(t, l‘))

for some ((t,z) € C between s and sy (t,x). Since |s — sy (t,2)| < ¢, |C(t,z) —
sy (t,z)] < e. Since sy € [po, qo] it follows that |((¢,z)| < go +&. We have then

1
IK"(Q)] = /0(logz)%o(z)e@—l)logzdz

IN

1
/ |log z|? ko (z)]eRe(¢—D1os 2,
0

IN

1
/ | log z|3|k0(z)|e*(p°+1) logz g,
0

Using that K'(s4) € R, (63) follows.
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Suppose now that kg satisfies Condition H. We have:

x) = Zak(S(x — 0%), Zakak =1

keN keN
$)=> aro; ", K'(s) =Y ax(logo)oy ™"
LeN LeEN
o(s,t,x) = —slogx +t Z apeo; L
LET

Therefore, for all v € Q

1
8++Z’U § agas+ wlogag
£eN

=D aoy e =y oy = Ksy), (64)

LeN LeEN
and for the same reason

K'(sy +iv) = K'(s4), Yv € Q,
K"(sy +iv) = K”(s,), Yo € Q,

from where (63) follows for all s € C such that |s — (s4(¢,x) 4+ iv)| < & for some
v € Q by Taylor’s formula around the point sy (¢,z) + iv. O

We prove now estimates on Re(®) for s far from the points s; = sy + kv, with
v, defined by Equation 33.

Lemma 5.3. Suppose that the measure ko has an absolutely continuous part or is
a singular discrete measure whose support o does not satisfy Condition H. Then,
for all € > 0 there exists v(g) > 0 such that for allt >0 and x > 0:

sup Re (¢(s+ + iv,t,x)) < Re <¢(s+,t,x)> — (o)t

lv|>e
Moreover, lim,_,ge~2~(e) = C for some constant C € (K (q0)/2, K" (po)/2).
Proof. For all v € R:

Re <¢(s+ +iv,t,x) — d(s4, 1, x)) = §Re<—iv log(z) + t(K (sy +iv) — K(s+))>
= tRe(K(sy +iv) — K(s4))

1
= t?Re(/;zcs+ Yo (z )d:):)
0

— /m3+_1k0(m) <cos(vlog(m)) — 1>dx

0
= tGv) <0

The function G(v) is a continuous nonpositive function of v. If kg has an absolutely
continuous part g then:

—

1
Vv e R\{0}, /x5+_1cos(v log z)g(z)dx < /x8+_lg(x)dm,
0 0
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and then, for all v € R\{0}:

1
/$S+_1COS(U10g$)kO(1’)d.’E = z*+~teos(vlog x)(g(x) + dp(x))da
0

1
5+ Hg(2)dz + du(z)) = /xs+_1k0(x)da:.
0

By continuity of the function G(v) it follows that for all R > 0 and € > 0 there
exists 6 > 0 such that

<

o O —_

sup G(v) < —=6.
e<|v|<R

Lemma (5.3) will follow if we prove that the limit of G at infinity is also strictly
negative. To this end let us write G under the form

Gv) = /1 x5+1k0(x)(cos(vlog(x))1>dm

/ e~ kg (e=) (cos(vy) - 1) dy

_ O/ - <cos(vy) - 1) (gw)dy " du(ey))-

By Riemann Lebesgue theorem,

oo

lim /e_ys+cos(vy)g(e_y)dy =0,

v—+00
0

and then

o0

. . Ys4 _ y Y
UBI:EOO G(v) vl}rinoo/e (cos vy) 1) (g e Y)dy + du(e” ))
0

= /e Y+gle™)dy + lim /e ys+ <cos vy) — 1) du(e™)
0 0

v—+oo
00 1
< —/e*y“g(e*y)dy: —/:ﬁ*’lg(x)dx < 0.
0 0

Suppose now that the measure kg is a singular discrete measure whose support
¥ is given by the countable set of points o:

$) = Zaké(x 70[), Zagdz =1

LeN LEN
s) = Zakaj_l, K'(s) = Zak(log o)yt
¢eN ¢eN

O(s,t,z) = —slogx—i—tZakms L
LeN
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By definition of py:
Zagcr,f < 400, Vs; Res > p;.
£eN
Suppose also that the points o, do not satisfy Condition H. Then, for any v # 0,
1 1
/.’BS+71]€0(ZZ’) cos (vlog(z)) < /$S+71k0($) cos (vlog(z)).
0 0
Suppose on the contrary that this is not true. Then, by the definition of kq:
Z aZUZJrf1 cOS (v log Jz) = Z am,f*il,
¢EN £eN
Since ay > 0, oy > 0 and o, we have

cos (vlogoy) =1, VL €N,
or, in other terms,
V¢ e N,3k(¢) € N; vlogoy = 2k(0)r.

But, by Proposition 2 this contradicts the assumption that 3 does not satisfy Con-
dition H. Suppose now once again that there exists a sequence v,, — oo such that
1

/a:“flko(:r) cos (v, log(z)) = Z aga;+_1 cos (v, logay) — Z agaj+_1.

0 ¢eN ¢eN
If ming oy = o4, > 0, for all n there exists w,, € [0,27/logoy,] such that
cos (wy, log ay) = cos (v, logoy) VL.

Then, there exists a subsequence (wy, )nen and wy € [0, 27/ log oy, ] such that w, —
w, as n — o0. By continuity this would imply

Z agaj+_l cos (w* log ag) = Z aga;+_1.
£eN £eN
Since ay > 0 and oy > 0 this implies that:

cos (w* log O'g) =1, VW eN,

which is impossible since the set of the points o, does not satisfies Condition H.
Therefore

1 1
sup / 25+ cos(vlog x)dp, < / 5+ dp,
[v|>e JO 0

and this concludes the proof of Lemma 5.3. As concerns the asymptotic behaviour
when € — 0, it is given by Taylor’s formula of Lemma 5.2, since

0< K (g0) < K (s4) < K (po),
so that y ~ Ce2 with K (¢0)/2 < C < K" (po)/2. O

Remark 6. We do not know whether Lemma 5.3 holds when the absolutely contin-
uous part of the measure kg is zero but its singular continuous part is not zero. For
our purpose it would be enough to know if, given a singular continuous probability
measure dy with support contained in [0, 1]:

1
MU%@/ edu(x) < 1.
0
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Remark 7. As it is seen in the proof of Lemma 5.3, Condition H arises very
naturally when looking for the existence of at least one point v € R such that for
all £ € N there exists k(¢) € Z such that vlogo, = 2mk(¢). For more details see
Proposition 2 in the appendix.

We now consider the case where the measure kg is discrete and its support satisfies
Condition H. Let us first observe the following.

Lemma 5.4. Suppose that kg is a singular discrete measure whose support ¥ sat-
isfies Condition H. Then,

Ve € (0,[logd|™"),3v(s,0) >0, § oo Ce2, C > 0;

Re (gb(s+ + iv,t,x)) < Re (¢(s+,t,x)) — (g, 0)t, (65)
Vv € R\ {0}, such that,d(v, Q) > «. (66)

Proof. Since kg is a discrete measure whose support satisfies Condition H,

Re <¢(s+ + iv, t, x)) = —silogz +tRe (Z amj1>
£eN
= —sylogz+t Z ages+ V108 cog(plog o).
teN

We now apply Proposition (4) with by = ages+—Dlogoe  Then for all € > 0 there
exists v = y(g,0) > 0 such that

Z age(s+—1logar cos(vlogaoy) < Z agels+—Dogoe _
£eN LeN

and therefore
Re <¢(s+ + iv, t, x)) < Re ((i)(er,t, m)) — ~t.

The asymptotic behaviour of (e, ) when € — 0 comes from Taylor’s formula given
in Lemma 5.2. O

We prove now Theorem 2.3.

Proof of Theorem 2.3. We start proving the point (a).
Let us split the integral defining w(¢, x) as follows:

1 s+ (t,x)+ioco
w(t,r) = — Up(s)e?=2) ds
2mi sy (t,z)—ico
1 s+ (t,x)+ie
= — Up(s)e?h%) ds +
2mi sy (t,x)—ie
1
+— Up(s)e?=t2) ds. (67)

2mi Re(s)=s1,|Im(s)|>e
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We estimate the two integrals in the right hand side of (67) using Lemma 5.2
and Lemma 5.3. First of all we consider the integral near s, and write:

1 sy (t,x)+ie L U, sy (t,x)+ie ]
Uo(s)e(b(é’t’”“)ds = 70(8,” / e®b®) dg + (68)

% sy (t,x)—ie 2mi +(t,x)—ie

1 sy (t,x)+ie $(s.0.2)

g | () =T s (69)
s+ (t,x)—ie

-1, + 1, (70)

By Lemma 5.2, for all e € (0,1), « > 0,¢t >0 and s = sy + v
such that |s — sy (t,2)] <&,

s —sy(t,))?
Re(d(s,t,2)) = Re(d(s4 (¢, 2),t,x)) + ¢ (“MK"(er(t, z))+ O (53)> .

2
(71)
and
st (tw)+ie s+ (t,z)+ie t(i“*”;””?K”<s+(t,z)>+0<e3))
/ cP(510) gg — (s (12),1,) / . ds
sy (t,x)—ie sy (t,x)—ie
Since s = sy (t,x) + iv, then (s — 54 (t,2))? = —v? and
sy (t,x)+ie € - .
/ * ePt0) gy —  jeb(st(ta) ) / e*t(TK (S+(t,r))+<9(s“")) dv
st (t,x)—ie —€

bl ta)ta) IRTGOTOE
= Zi
VEK"(54) J—e\/tK"(s1)+0O(e)

Since s+ € (po,qo0), K"(s4+) € (K"(q0), K" (po)) and e/tK"(s1) + O(e) — oo as
t — oo and € — 0, if we choose them such that eVt = 0o

e 2 dy.

e\/tK" (s4)+0(e) 2 o0 42 00 2
/ 677dy:/ edeny/ e zdy
—e\/tK" (s4)4+0(e) —00 ey/tK" (s4)4+0O(e)
t(e2K" (s )+0(e3 1
:\/271'7267( 3 ( ))XO ,
e\/tK"(s4) + O(e)
ast — 00, e — 0, e/t — 0o and s (¢, ) € (po, qo)-
t(e2 K (s 3
| peslta)rie 1 eblss (b)) o epro(2))

— e?et?) gs =

1+0
54 (tx)—ie V2 K" (sy) eV/tK"(s4) + O(e)

Since K'(s) <0 and sy (t,2) € (po, o), K" (s+) > K"(qo) and then,

211

2tk (q0)

I, =

UO (8+ (t7 x)) e¢(5+(t)$)7t>m) (72)
m

NGz K (54) 1O e\/tK" (q0)
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We consider now Is.

sy (t,x)+ie
/ (Up(s) — Un(s)) et ds| <

+(t,x)—ie
sy (t,x)+ie
< sup |Up(s4+ +iv) — Up(s4)] e?st2)| s,
[v|<e sy (t,x)—ie
As before in Lemma 5.2, if s = s (¢,2) + iv with v € (—¢,¢):
‘€¢u¢x>::e¢w+uwxame—tCéK”@+ax»+0@%)7
and we may then estimate I, as
t 52 (s &3
(51 (,7),t,7) e M
] < w(e)—F——
V2mtK" (sy) e\/tK"(sy) + O(e)
e¢(s+(t,z),t,x) _ 2K (a)
= )———= |14+ 0 | ——— . 73
2t K" (s4) e/tK"(qo) (73)
where w(e) is defined by
u%f):=|S?P|lRKS+-+iv)—-L%(8+)|- (74)
v|<e

Moreover, for R > 1:

[Uo(s4 +iv) = Uo(s+)| =

/ 25+ g (2) (2% — 1)dz

0
R . B .

< [l tu@E - Dlds+ [ @) e - D]+
1 R

R

1

—l—/ﬁ ’zs+_1u0(z)(zi” - 1)‘ dz
R ) ooo
< [l @ = D] de 4z [ e ds +
7

R

1

+2/§ |Zp°+571u0(z)| dz.
0

Since 29007 lyg, 20Ty, € LY(RT), we have [5°|2%07"lug(z)|dz — 0 and
1

JoF |27t ug(2)| dz — 0 as R — <.
On the other hand, for all R > 1 > fixed,

R - R .
/ |ZS+71U0(2)('ZW _ 1)’ dz = / |Zs+flu0(z)(e“) logz _ 1)| dz.

‘We use now that for s € R:
s 1 )
/ e dr / e“”dp‘ < s
0 0

1
lvlogz| < (clog R), Vz € (R,R) ,

(75)

e —1

|eivlogz _ 1|

IN
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and then
R . 0o
/ |25 Ttug (2) (2" = 1)|dz < (EIOgR)/ |2+ o (2)| d2
1 0
< (o) [T (e s
0
We deduce

|w(e)] < C(po+6,go—0) </ | 29070 g (2)] dz + /R | 2P0 L (2)| dz+5logR)
R 0

and (36) follows choosing R = R(e) such that R(¢) — oo and elog R(s) — 0 as
e — 0.
We now estimate the second term of the right hand side in (67). By Lemma (5.3)

and (62):
. B(s. (t.2).t.2) ()t
o | Up(s)eet)ds| < © / Uo(s)] ds
2mi Re(s)=s4,|Sm(s)|>e 27 Re(s)=s4,|Sm(s)|>e
e¢(s+(t,w),t,w)—’y(s)t
< o C(po + 9,90 —0). (76)

This ends the proof of (a).
We prove now the point (b). To this end we split now the integral in (60) as
follows:

: > B 6(s.t,) 1 b(s,t,)
w(t,z) = — / Uo(s)e?'®5% ds + —/ Uo(s)e®'®5® ds(77)
271 o sty —ic 27 Jp.

Ie={sy +iv; |lv—wg| >e Vk€Z}, vy = kv, (78)
where € > 0 is small enough to have that the intervals [si(t, x) — i€, si (¢, z) + i€]
are disjoints. We first estimate the integral over I'c using Lemma 5.4:

/U0(5)€¢(5,t,x)ds < /|Uo(s)‘e§RE¢(s,t,z)ds
T. r.

S +1i00
< e¢(8+,t,m)—'yt/ Us(s)| ds,
S

4+ —100
and we conclude as for the point (a) above.
For v € [vg, — &, v, + €] for some k € Z, we write s, = s4 + ivg and

sk (t,@)+i sk (t,)+1i
1 ' ) Uo(s)e?t0) ds = M/ * Ee¢(s,t,x)ds i
S

% sk (t,z)—ie 2mi k(t,@)—ie

1 sk (t,x)+ie .
— (Uo(s) — Up(sp)) e?t7) ds
2mi sk (t,x)—ie

= Ii(k) + I2(k).

Using Lemma (5.2) we may repeat the analysis of the terms I; and I performed
in the proof of the point (a) above to estimate I1(k) and Iy(k) as follows:

t(<2K" (a0)
Uo(sy) e®(sr(t:2),t,2) Lo e—w 7

V2r \JtK"(sy) ! e\/tK"(qo)

I (k)
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t(52K”(q0))

e(b(sk(t,a:),t,a:) e 2
I (k < —— |14+ 0| ——— , 79
| 2( )| = wk(s) \/m €m ( )
wr(e) = sup |Up(sk +iv) — Up(sk)]- (80)

lv|<e

To estimate the sum of I;(k), as we have seen in (64)

2
O(sk,t,x) = —sglogx + tK (s) = d(s4,t,x) — imk

log x.
log 6 o8

We deduce:

2imk -
e(ﬁ(sk(t,x),t,a:) e¢(s+(t,m),t,x)6—logg 10g,17
and therefore

t(e2 K" (po)
e—w e¢(5+(t71)7t71)

1
W(k)=|-—=+0
%I W= Ve O v K" (s+)

x> Uslsie BEF 87 (1)

kez
<2tk (pg)
I — e (s+(t,2),t,2)
ke% eV/tK"(po) | | /2mtK" (sy) ]%
We define y = }gia (or x = 6¥), and first consider the series: »_, Uo(sp)e2mky,
where
Uo(sk) = / ug(z)z*tde = / uo(x)e(SJr*lJrigg)logxdx
0 0

/ ug (09) 0+ =DV 2Ry gy 1og Ody = / g (6Y) 0°+Ye ™Y log Ody.
R R

Since the function g(y) = ug (8Y) 6°+Y is real valued, Uy(s_) = Up(sk), and then
Uo(s_x)e?™ Y = Uy(sy)e=2mky. We first deduce, using (61), that the series is
absolutely convergent. We may then re arrange the series to obtain:

ZUO(Sk)e_zmky = Up(so) + Z (Uo(sk)e‘2i”’“y+W)

kEZ keN*

= Up(ss)+2 Z Re (Uo(sy)e 2™),
keN

where we see that the series is real valued.
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Let us now turn to the sum of Iz(k). We have

L

> sup |Ug(sk +iv) = Un(se)] < D sup [U(sk +iv) — Uo(se)| +
kez‘ﬂﬁf k=—1L |v[<e

+ > sup (|Un(sk + )| + [Un(si)])
ez, k|>L V1=e

L
< sup |Up(sk +iv) — Uo(sk)| +
k—_1 lvI<e
1
+2C1 (po + 6,90 — 8) > e
kEZ,|k|>L k
Since by definition |vy| = 1207;“9 ,
lim 2C) (po + 6,q0 — 8) > 1y
L et bo » 40 o2 =0

kEZ,|k|>L

Moreover, for all L > 0 fixed, all k € Z, |k| < L and R > 1:

Uo(si + i) — Up(sn) = / oLy ) 1)
0
R . .
|Uo (s +iv) — Up(sk)| < / |zs+*1z”’€u0(z)(z“’ — 1)| dz +

1

R
1

+2/ |zq0*571u0(z)| dz + 2/E |Zp“+571u0(z)| dz.
R 0

Arguing as above,

= i
lim (/ {zq°7671u0(2)| dz + / ‘zp°+571u0(z)| dz) =0.
R—o00 R 0

For all R > 1 fixed,

R oo
/ |25+ 712" g (2) (2" — 1)| dz < (elog R) / | (2007 4 29070 g ()] d. (83)
1 0

R
We finally have, for all L > 0, R — oo and € — 0 such that te? — oc:

<2tK" (q0)

S (140 S | | S g
S + b 767
e eVtK"(q0) | | /27K (s)
1
S(L,R,2) < 2C1(po,q0) Y W+
keZ,k|>L | F

+2(elog R)L/ |(7ﬂ”°+6*1 + zq"*‘;*l)uo(z” dz
0

+4L (/ |qu7571u0(2)| dz + /ﬁ ]zp°+571uo(z)| dz) :
0

R
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By Lemma 5.4 and (62) we may estimate now the second integral in the right hand
side of (77) as follows:

1 ¢(S+(tvm)7t7x)77(€)t
1 / Up(s)e?=ta)ds| < © / \Uo(s)] ds
2mi Jr. 2m Re(s)=s.+,|Im(s)|2e
e¢(s+(t7m)7tvm)7'y(€)t
< 5 C(po + 9,90 — 0).
™
This proves the point (b). O

5.4. Proof of Proposition 1.

Proposition 1. Counsider for example an initial data ug whose support lies in (2, 3).
For such initial data py may be taken arbitrarily large and ¢ in such a way that for
allt > 0 and & > 0, we have s (t,z) € (po, go) and we may then apply Theorem 2.3
to the solution u. Let then £(¢) be given by Theorem 2.3, satisfying (¢)v/t — oo

If u is solution of (5)(6), the function w = e'u is written in (67) as the sum
of two terms. The second term in the right-hand side of (67) is proved to be like
e®(+8)62) (1 4 O (e775EM)) (cf. (76)) as t — oo and s4 (¢, 2) € (po + 6,0 — 6).
The first term in the right-hand side of (67) too is decomposed in a sum of two
integrals denoted I; + I given in (70). It is straightforward to see that the error
term in the estimate of I (¢, x) given in (72) is exponentially decaying as ¢ — oo,
uniformlly for all # such that s, (t,2) € (po,qo) since €2(t)t — oo as t — co. We
are then left with the term I that we rewrite as follows:

1 € )
I,=— (Uop(sy +iv) — Up(sy)) e®+Fv:t2) gy
2m J_,
where
1
D(s,t,x) = —slogz +tK(s) = —slogz + t/ ko(y)y* dx
0
1 .
sy +iv,t,2) = —(s4 +iv)logz + t/ ko(y)y* e s vdy
0
1
D(sy +iv,t,x) = —sy logx + t/ ko(y)y*+ ! cos(vlogy)dy —
0
1
—ivlogx + it/ ko (y)y®+ ' sin(vlogy)dy
0
1
D(sq,t,z) = —syloge th/ ko(y)y*+ ~dy.
0
Then
1
O(sq +iv,t,x) = D(sq,t,x) + t/ ko(y)y*+ *(cos(vlogy) — 1)dy +
0
1
+i (—vloga: + t/ ko(y)y*+ ' sin(vlog y)dy)
0
and
‘ 1
ePs+tiv) o P(s4) (cos (—Ulogx—i—t/ ko(y)ws+_1sin(vlogy)dy) +
0

1
+i sin (—v log z + t/ ko(y)y®+ ' sin(vlog y)dy)) .
0
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If we write:

(Uo(sy +iv) — Up(sy)) e?+tivta) — ¢®(54)(A 4 iB)

with A € R and B € R, then

'./ (Uo(s4 +iv) — Up(sy)) e?+ 0000 dy) =

€ £ 1>
’/ e®6+) Ady + z/ e®6+) By / Adv
—€ —€

3
Un(ss +i0) = Un(ss) = [ uolu)y™* " eos(ology) — )y +
2

> 201)

Since

3
+i / uo(y)y*+ " sin(vlog y)dy,
2

the function A is

3
A(v,t,z) = / uo(y)y*+ " (cos(vlogy) — 1)dy x
2
1
X €O (—U logx + t/ ko(y)y®+ ' sin(vlog y)dy)
0

3 1
- / uo(y)y*+ ' sin(vlog y)dy sin(—v log x + t/ ko(y)y*+ ' sin(vlog y)dy) .
2 0

If [v| < e and ¢ — 0, we may approximate the different terms in A, first those
depending on the initial data wug,

1)2

3 2 3
v
/ uo(y)y*+ " (cos(vlogy) — 1)dy ~ - / uo(y)y*+ " (logy)*dy = — 5
2 2

3 3 ,
~tsi - vlo
/ uo(y)y*t ! sin(vlogy)dy ~ / wo(y)y*+ 1 <(v log y) ((;gy)) dy
2 2

~ VK2,

and those depending on the kernel kg
2

1 1
N v -
/ ko(y)y™ 1(COS(vlogy)—1)6111%—5/ ko(y)y™ ' (logy)*dy = —v’ks,
0 0

' 1 313
—lgi Sa— v° log” x
/ ko(y)y™ ™' sin(vlogy)dy = / ko(y)y™ ! <v logy — Gg) dy
0 0

= VK4 — VOKs.

Notice that:
k1 >0, ko >0, kg=K"(s3)>0, ky=K'(s3) <0, r5=K"(s1) <0.
We consider now a curve z = z(t) as follows

—logx
t
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for a constant ¢ > 0 to be chosen. Along this curve the following holds:

s (ta) = (K) ( ) — (K') (~¢)
D(sy(t,x)) = —s4(t,z)logr + tK (sy)
=t (e(K') " (=) + K (K') " (~0))).

We chose then ¢ (it is not difficult to find kernels kg for which this is possible) such
that:

log

o(K") 7 =) + K (K') 7 (~¢)) =0,
then, along the curve —logz = ct,
D (s (t,2)) = 0.
Moreover, along that same curve,
1 1
—vlogx + / ko(y)y** 'sin(vlogy)dy ~ —vlogx + v/ ko(y)y** ' (logy)dy
0 0
= ctv + vkgt — v3/€5t = —1)3/-@515.

Then, if we chose £(t) such that te3(t) — 0 as t — oc:

1
cos <vlogm + t/ ko(y)y®+ ' sin(vlog y)dy) ~ cos(—v3kst) = 1
0

1
sin <1)1ng + t/ ko(y)y®+ ' sin(vlog y)dy) ~ sin(—v’kst) &~ —v kst
0

02
A —?Iﬁl + Korgvit.
€ K_/l € €
/ e®64) Ady ~ ——/ vzdv+n2n5t/ vidv
—€ 2 —e —E&
3 5
K1 e%(t) e°(t)
=2 t=——.
g 3 Ty
This yields
3(t S(t
Ly (t, )| > %6 é L é )
and the proposition follows. O

5.5. Proof of Corollary 1. In this section we prove Corollary 1. As indicated in
the introduction, this result may essentially be obtained from Theorem 1 of [1], in
terms of random measures, using probabilistic methods for fragmentation processes.
Let us recall that fragmentation equations may be seen as deterministic linear rate
equations that describe the mass distribution of the particles involved in a frag-
mentation phenomenon when such phenomenon is described by a “fragmentation”
stochastic process (see [2]). The homogeneous self-similar fragmentation process,
whose associated deterministic rate equation for the mass distribution of particles
is the fragmentation equation (3)(4) with v = 0, has been studied in [1].

The aim is to describe a system of particles that split independently of each other to
give smaller particles and each obtained particle splits in turn, independent of the
past and of other particles etc. To this end a stochastic process, X = (X (¢),¢ > 0),
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is introduced that takes values in the state space denoted as S*(y), the set of all
sequences Y = (y;)ien+ such that the following holds:

oo
Y1 > o 2 Yi > Yiy1 = ... >0 and y:Zyiél-
i=1
Under suitable assumptions on the splitting measure (giving the rate at which a
particle with mass one splits) it is then proved in Theorem 1 (i) of [1] that the
random measure p;(dy) defined by

pi(dy) = 37 Xi(1)51 105 x,1) ()
=1

converges to d_, in probability for some p < oco. Moreover, if p; is the random
measure defined as the image of p; by the map = — /t(x + ) /o, it is proved in
Theorem 1 (ii) that p; converges in probability to the standard normal distribution
N(0,1). We give now the proof of the corresponding result in terms of the density
function u using Theorems 2.1, 2.2 and 2.3.

Corollary 1. We only write the proof of the convergence for 7 (¢, y) since the conver-
gence of 7(t,y) follows from the same arguments. For any continuous and bounded
test function ¢(y) with y € R:

) K'(po) K'(po+d6) K'(q0—9) K'(q0) 400
/aﬁ(y)r(t,y)dy: / + / + / + / + / o(y)r(t, y)dy.
— — K’(po) K'(po+d) K'(q0—96) K’'(qo)

For the first and the last integrals, are estimated using Theorem 2.2 to prove that
they vanish. Consider for example the first. Using property (i) of Theorem 2.2 we
deduce that there exists 7' > 0 such that, for all ¢t > T":

K'(po) K o)t log()
oglx
[ ewrenar= [ e (ED)
0
K’ (po)t
€ 2||¢]] oo |b
<2l [T e = AL, (s
0 2—po

where

Hv)=KWv)+(2-v)K'(v) - 1.
By the hypothesis (4), H(2) = 0. Moreover, since H'(v) = (2 — v)K"(v) and
K"(v) > 0 we deduce that H has a maximum at v = 2 and therefore H(v) < 0 for
all v # 2. In particular, since py < 1: H(pg) < 0. The same argument gives:

oo

$(y)r(t,y)dy < W@H (@), (85)
K'(qo0)
For the third integral, we use Theorem 2.3-a), which gives, for t — +o0, € — 0,
te? — oo:
K'(go—96) K'(go—96)
sWrtody=tents) [ o)
K'(po+9) K'(po+9)

v _TolK )iy
V2t (K1 (y))

(86)
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with ©1(¢,¢) defined in (35) and
U(y) =2y —yK' " (y) + K(K 7 (y) - L.

It is easy to check that ¥ has a unique maximum at yo = K’(2) with ¥(yy) = 0 and

U (y) = ————L1——~. We may then apply Laplace’s method in the right hand
K//(K/—l(y))
side of 86 to obtain:
K'(qo—9)
tim [ o)y = Ua(2)0("(2) (87)
K'(po+9)

with Up(2) = [ zug(z)dz the initial mass.
To bound the second integral (the fourth is similar), we go back to the expression
in z:

K'(po+6) K (po+8)t

o(y)r(t,y)dy = / zu(t, z)¢p <10gt(:”)) da

K’ (po) K/ (o)t

K (po+8)t
<@l (w) / zu(t, z)dz.
0
We now use Formula (16) to write for v € (pg, qo)

v+ioco v+ioco

1 1
lu(t,x)| = 3 / Up(s) e?5t0) =t g S%eﬁew(”’t’x))_t / |Uo(s)|ds.

V—100 V=100
We have by definition ¢(v,t,z) = —vlog(x) + tK(v). We thus have for v € (po, qo)
K (o +8)t K (po+0)t

/ xu(t,x)dx < CetK(l/)—t / xe—l/log(z)daj — C@tK(V)_t€(2_U)K,(p0+6)t.
0 0

Consider now the function
F(v)= K@)+ (2—v)K'(po +9) — 1.
By the hypothesis (4), F(2) = 0. Moreover:
1
F'(V) - K/(l/) _ K/(po 4 5) — / k‘o(x) log = (xu—l _ xp°+5_1) dx
0
and then, if § > 0 is such that pgp +9J — 1 < 1:
1
F'(2) = / ko(x)logz (z — a:p°+‘5_1) dx > 0.
0

There exists therefore 14 € (po, 2) such that F(r1) < 0 and
K/ (po+0)t

/ zu(t,z)dz < CeFt 50, ast — oco. (88)

0
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In order to bound the fourth integral we write:

K'(q0) K (a0)t
log(x
sttt = [ wuitoo(E) as
K’ (qo—9) K/ (a0—8)t

K/ (a0)t
< @l Loe m) / au(t, z)dx.
oK (49— 6)t

Using again Formula (16) we deduce, for v € (2, qp):

K/ (a0)t K/ (a0)t
zu(t,r)de < CetK®—t ze~v18@) gy
K/ (a0 —8)t K/ (a0 —8)t
_ ¢ K (W)t (e(z_u)K’(qo—a)t _ 6(2—V)K/(qo)t>
v—2
< c et K1) =t ,(2=1) K" (q0—0)t
- v—2

We now consider the function

Gw)=Kw)+(2-v)K'(go —6) — 1.
By the hypothesis (4), G(2) = 0 and since K’ is increasing, G'(v) = K'(v) — K'(qo —
9) is positive for v > go — ¢ and negative for v < ¢_§, so if gg — 0 > 2 we have
G(v) <0 for any v € (2,qp — 9). Taking simply v = gg — § we have

K/ (a0)t
G(qo—0)t
zu(t, z)dr < ¢ (g0 =0)~t 2= a0+ K (a0=0)t Ger o (89)
’ T qo—0—2 qo—0-2"
eK'(ag—9d)t
and the right-hand side vanishes exponentially when ¢ — oo. O

Remark 8. Notice that (84), (85), (88) and (89) give rates of convergence to zero
as t — o0o. A careful application of Laplace’s method to the third integral would
also give a rate of convergence in the limit (87) under suitable assumptions on the

function
U (K"~ (y))dy
2 K" (K’*l (y))

in a neighborhood of yq. For example, if for some o > 0:

he(y) = he(yo) + O((y — yo)*) as y — vo,

he(y) = ¢(y)

then
K'(q0—9)
atl

d(y)r(t, y)dy = Ug(2)d(K'(2)) + Ot~ "2 +t71) ast — oc.

K’(po+96)
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6. Further remarks on the asymptotic results.

6.1. Study of the different regions of asymptotic behaviour. It is proved in
Theorem 4.1 that if u is a solution of the fragmentation equation (5) with suitable
integrability properties, zu(t, ) converges to a Dirac mass at the origin as t — +oo.
The formation of that Dirac mass may be followed using the descriptions of the long-
time behaviour of u in Theorem 2.1 and Theorem 2.2. As already said, Theorem
2.1 implies a uniform time exponential decay for x > 1.

In this section we give some indications about the domain where, following Theo-
rem 2.2, the function zu(t, x) concentrates towards a Dirac measure, as t increases.

All the cases of Theorem 2.2 may be described, roughly speaking, as giving a
formula for zu(t,z) of the form

zu(t,z) ~ A(t, o)z HeE (@)=t (90)

with A = ap and ¢ = ¢g in Theorem 2.1 and Theorem 2.2 part (ii), A = by and
Uo(s+)

\V2mtK! (s4)
part (iii).

Since A is either a constant or a function bounded by a power law of ¢, the

long-time behaviour is essentially given by the (exponential) behaviour of the term
x70+16(K(0)71)t'

o = pg in Theorem 2.2 (i), and o = s4.(¢, ), A(t,s4) = in Theorem 2.2

In order to understand the behaviour of the function zu(t,z) as t increases we
may consider the curves C, in the plane (z,t) defined by sy (t,z) = r for any
constant € R. The curve C, also correspond to the set of the points (z,t) where
x = X' (Mt Since moreover, the function K’ is negative and increasing, it is then
easy to understand the behaviour of the function 27 T1e(K (@)=t 4]ong such curves.

Let us begin by the case of Theorem 2.3 when py < s < go: we may rewrite (90)
as

zu(t,z) ~ A(t, s4 et (s+2)
where we define F' by
F(s)=K(s)—1—(s—1)K'(s). (91)
Let us now turn to the cases sy > ¢qo and s; < pg. Equation (90) becomes
zu(t,z) = A(p)e!CPs+)
with p = pg or p = go and G defined by
G(p,s) = K(p) —1—(p— DK'(5). (92)

The behaviour of the signs of the functions G and F', which determine the exponen-
tial growth or decay of zu(t, x) along the lines 2 = e®'(5+) is given in the following
lemma. Its proof is given in the appendix (Lemma 6.3).

Lemma 6.1. The function F(p) defined by (91) has two zeros p € (p1,1) and
q € (2,00). It is negative on (p1,p) N (g, o0) and positive on (P, q).

If po < P, the function G(po,s) defined by (92) is negative for s € (p1,po). If
D < po, the function G(po,-) has a unique zero 5(po) € (p1,p0), so that G(p,s) is
negative for s < §(pg) and positive for 3(pg) < s < po.

Similarly: If qo > q, the function G(qo, s) is negative for s € (go,00). If § > qo,
the function G(qo,-) has a unique zero 5(qo) € (qo,00), so that G(gq,s) is negative
for s > 3(qo) and positive for qo < s < 5(qo).
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The sign of F' implies the exponential growth or decay of zu(t, z) on the domain
where Theorem 2.3 applies.
Let us now use this lemma to follow the behaviour of zu(t,z) along the curves

C,., which correspond to = = etK' (r=s4),

e py < p <1 (resp. 2 < q < qo): G(po,s+) is negative for sy € (p1,po)
(resp. G(qo, $+) is negative for s; € (go,0)), we have an exponential decay
on s4 < po (resp. qo < s4+). For s on the interval (po,2) (resp. (1,qo)), the
behaviour is given by the function F': exponential decay for s € (pg, D) (resp.
s+ € (q,qo)) and exponential growth for sy € (p,2) (resp. sy € (1,7)).

All together, this gives a limit for the zone of exponential growth given on
the left by sy = p (resp. on the right by s = q).

e p < pg <1 (resp. 2 < qo < q): G(po,-) has a unique zero 5(pg) € (p1,po)
(resp. G(qo,-) has a unique zero 5(go) on (go, o)), and we have an exponential
decay for sy < 5(po) (resp. 5(qo) < s4) and an exponential increase for
5(po) < s4 < po (resp. qo < s4 < 5(qo)). For s € (po,2) (resp. s+ € (1,q0)),
the behaviour is given by the function F: since p < pg (resp. go < ), there is
an exponential growth for s, € (po,2) (resp. s+ € (1,4q0)).

All together, this gives a limit for the zone of exponential growth given on
the left by si = §(po) (resp. on the right by s1 = 5(qo)).

Of course, any combination of these two cases, for the respective positions of p
and pg for ”s; small” and of § and ¢gg for ”sy large” is possible, which finally leads
to four possible situations.

We also notice that for the case of very regular initial data, i.e. py < p and
q < qo, the zone of exponential growth or decay depends only on the fragmentation
kernel properties, which define the values of p and ¢, and endly the dependence on
the initial condition only appears as a correction term (presence or not of %)

Example 1: homogeneous kernel. For the homogeneous kernel, ky = 2 so that
Equation (13) gives K(s) = 2, so that p; = 0 and we have

3+(t7$):\/%;(m)7 K/(5+)=—82%r~

We calculate easily that

PR R Pt B kR JN Gl CRa'0) [ Cnd cR'0))

)

so that p =2 — /2, § =2+ /2, and

p—1

2 —

- 512<82(;_1)+2(p—1)),

so that 5(pg) = 1/%}?{)"”), 5(qo) = \/%. Notice that 3(pg) — 0 = p; when

po — 1, and 8(qp) — oo when go — 2 : the “less regular” the initial data, the largest
the domain of exponential growth.

The values of 7, in the light blue curve and 4, in the green curve in Figure 1
depend on the relative values of gy and § = 2+ v/2 and of py and p = 2 — /2
respectively, as detailed above for the general case.
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FicURE 1. Different curves of the form s = « for different values
of ¥ > 0, so that 2¢t = —y2log x.The function zu(t, x) tends to zero
exponentially fast uniformly out of the shaded region. It tends
to infinity inside that region. As ¢t — oo, the function xu(t,z)

_ 2t 2t
. . 2 ==
concentrates in the interval x € (e e OF )

Example 2: Mitosis kernel. For the mitosis kernel, ky = 2(5z:%: Condition H is
satisfied, and K (s) = 227%, p; = —oo and we have s (t, z)defined by

g - 545 )
22—s+(t,x) _ e(2—s+)log(2) - _ log(x) S+(t JJ) -9 _ o8
tlog(2)’ ’ log(2)

We calculate easily that
F(s) =2%"% =1+ (s — 1) log(2)2%"*,
and p < 1 and ¢ > 2 are defined by F(p/q) = 0, see Figure 2.
G(p,s) = 227" =1+ (p — 1)log(2)2*"*,

= 1 1-22-P0 - 1 1-2%2-9
so that 5(po) = 2 — 55 1°g(<po—1>log<2>>v 5(00) =2~ 5 10g<(¢10—1)10g(2)>'

6.2. The asymptotic behaviour for the growth-fragmentation equation.
The asymptotic behaviour for the growth-fragmentation equation (8) may also be
deduced from Theorems 2.1 and 2.2. Using Formula 7, we know that the solution v
satisfies v(t, ) = e~ u(t, ze™) : we can apply directly the results of Theorems 2.1
and 2.2. It remains to analyse in which part of the plane (z,t) there is an exponential
growth or decay.

First, for x = ae® with a > 1, Theorem 2.1 implies, for a constant C' > 0,

zo(t, z) = au(t, o) ~ Cal 1K) =11

so that there is an exponential decrease for the domain z > e“.
For the domain x < e, the lines where we can follow the mass concentration are
now given by s (t, ze~°) constant, i.e. x = e(TK (5+))t Notice that contrarily to
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FIGURE 2. Function F(s) defined by (91) for ko = 26,_1. We see
the two zeros p < 0 and ¢ > 3.

the fragmentation equation, these lines either go to infinity or to zero, with a limit
case for sy = K'71(—c).

To avoid too long and repetitive considerations, we focus on the case of very
smooth data, where pg < s4 < qo is the main domain of interest in Theorem 2.2.
On that domain, for a constant C > 0,

C

xv(t, gj) = €K,(5+)tu(t’ eK/(5+)t) ~ %e(K/(S)(l_SH‘K(S)_l)t’

where we recognize e (*)t with F' defined by (91). We can thus apply directly the
study done for the fragmentation equation: the domain of exponential growth is for
P < sy(t,we™) < q, with p, 7 defined in Lemma 6.1. This corresponds to curves
x = eltK )t with K'(sy) € (K'(p), K'(7)). What is new here is to investigate
whether these curves go to zero or to infinity in large times. We also notice that
the curve of maximal exponential growth is given for F(s) = F(1) = K(1) — 1. We
have the following cases.

e ¢ > —K'(p) : the zone of exponential growth goes to infinity.

e —K'(7) < ¢ < —K'(p) : the domain of exponential growth covers a wide
range of lines x, going to infinity or to zero. In particular, the line of maximal
growth, given by z = e(*K' (M)t may either go to zero if ¢ < —K’(1) or to
infinity if ¢ > —K'(1).

e ¢ < —K'(q) : the domain of exponential growth goes to zero.

6.3. Numerical illustration. To visualize the long-time behaviour of Equation (5)
as described in the previous results, we choose to simulate it in the log-variable
y = log(x). The equation becomes, for n(t,y) = u(t,z),

o0

%n(t,y) +n(t,y) = /no(z)n(t, Y+ 2)dz, (93)
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where £g(2) = ko(e™*). In the case of the mitosis kernel ko = 25,_1, we have

Dot.) + nlt.) = dn(t.y +log2),  n(0.9) = n"(y). (99

. - ; w-v)® . .
We choose a gaussian for the initial data n*™ = e~ 3¢ , with y = —5, and following

the solution in time we draw the limits of the zone where n(t,y) > 0.1 maxn(t,y).
x

This is given in Figure 3. A linear fit of the form ¢t = a1y + a2 gives excellent results.
t—a
This corresponds to curves x = e e , which are of the predicted shape.

151

—%O -50 -40 -30 -20 -10 0
X

FIGURE 3. The solution of the growth-fragmentation equation in
a log-scale. The two curves in blue and green represent limits for
the major part of the support of u(t,z) : inside these two curves,
the solution u(t, z) is larger than 10% of its maximal value in z at
time £.

Appendix. We give in this appendix the statements and proofs of some important
auxiliary results.

Lemma 6.2. Let kg be defined by (4), K its Mellin transform defined by (13),
p1 € [—00,1) defined by (30), and ¢(s,t,z) defined by (17). Then forxz < 1, ¢(-,t,x)
is convex, it decreases for s € (p1,s4(t,x)) and increases for s € (sy(t,x),+00)
where s4.(t,x) is defined by

si(ta) = () (<5, (95)

t

Proof. We consider the derivative of ¢ with respect to s

%(s, t,r) = —log(x) + tK'(s) = —log(z) + t/(log(z))zs_lko(z)dz.
0

0s

The second derivative of ¢ with respect to s is
1

g%f(s,mx) =tK"(s) = t/(log(z))Zzs_lkO(z)dz >0,

0
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so that ¢(-,t,x) is convex. By definition,

K'(): (p1,00) —> (—00,0),  K'(s) = /(1og(z))zs_lk0(z)dz
0

is an increasing bijective function from (p; < 1,00) to (—00,0). Then, for each
t>0,z>0:

9¢

87(',@%) : (pl,oo) — (_oov_Ing > 0)

S

is also increasing and bijective as a function of s, so that for all x € (0,1), the
function %(J, x) has a unique zero on (py,00) given by (95). O

Since K’ is an increasing function of s, s1 (-, x) is an increasing function of ¢ and

xz € (0,1).

Lemma 6.3 (Lemma 6.1). The function F(p) defined by (91) has two zeros p €
(p1,1) and § € (2,00). It is negative on (p1,P) N (g, 00) and positive on (P, q).

If po < p, the function G(po,s) defined by (92) is negative for s € (p1,po). If
P < po, the function G(pg,-) has a unique zero 3(py) € (p1,po), so that G(p,s) is
negative for s < §(pg) and positive for 5(pg) < s < po.

Similarly: If qo > @, the function G(qo,s) is negative for s € (qo,00). If § > qo,
the function G(qo,-) has a unique zero 3(qo) € (qo,0), so that G(q,s) is negative
for s > 3(qo) and positive for qo < s < 5(qo).

Proof. We first notice that F(p;) = —oo (this may be viewed by going back to
the definition of K, p; and K'), F(1) = K(1)—1 >0, F(2) = —=K'(2) > 0 and
F(+00) = —1, so that by continuity F has at least two zeros p € (p1,1) and

q € (2,00). Since F'(s) = (1 — s)K'(s), F is increasing on (p;, 1) and decreasing on
(1,00) : p and g are its only zeros. This implies that F' is negative on (p1,p)U(g, 00)
and positive on (p, 7).

We notice that G(s, s) = F(s). Considering G as a function of s we have

S G(p.) = (1~ P)K"(s),

so that %G(p, s) >0 for p <1, %G(p, s) <0 forp>1:G(py,-)is an increasing
function of s for py € (p1,1) and G(qo, -) is a decreasing function of s for gg € (2, 00).
Since G(p,p) = F(p) is positive on (p,q) and negative on (p1,p) U (g, 00), and
G(po < 1,p1) = —o0, and G(go > 2,00) = K(go) — 1 < 0, we have two cases for
each part (p1,1) and (2, 00) according to the respective position of p and pg, § and
qo, as stated in the lemma. O

Weak solutions of the fragmentation equation (5).

Definition 6.4. A function u € L®([0,00); L*((1 + z)dz)) is said a weak solution
of the fragmentation equation (5) if for all ¢ € C.(]0,00)) and a.e. t > 0:

/Oo u(t,y)p(y)dy = /Oo uo(y)e(y)dy +
0 0

/Ot /OOO u(s, y) (/01 o(zy)ko(z)dz — @(y)) dyds. (96)

_|_
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If ug € L*((1 + z)dz) we may obtain a weak solution
u € C([0,00); L' ((1 + 2)dx)) N L>([0,00); L' (xda))

of Equation (5) as follows. We first obtain a solution w of the integral equation

w(t,z) = ug +/ / k0< )w(s,y)dyds, a.e.t > 0. (97)

To this end we define:

T(w)(t,7) = uo(w / / ko(x>w(s,y)dyd8.

We claim that 7' is a contraction from C([0,7]; L'((1 + z)dz)) into itself for any
0<7<L

IT@ Bl < ol + / / / k( )|w<s )| dydds
= |UOHL1+// /k0< )w(t y)|dzdyds
— Jluollzs + / / / Kol [w(s, ) dzdyds

luol[rr +7 sup [[w(s)]|r:.
s€(0,7)

IT(@) Ol ety < Nl ey + / / / k( )|w<s y)|dydads
= luollzr waz) + // /:17 k0< )|w(s y)|dxdyds
= ||u0||L1(wdz)+// /Zko(z)ylw(s,y)|dzdyds

0 0 0

[[uollLt (zaey + 7 sup [[w(s)||L1 (zde)-
s€(0,7)

A

IN

N

IN

If wy and wsy are in L'((1 + x)dx) and w = w; — wo:

T () (t) = T(wa) Bl < / / / k:< )|w<s )| dydads
_ // /ko( >w(s ) |dadyds
= // /ko Yw(s,y)|dzdyds
< 71 sup [Jw(s)||r1-

s€(0,7)

Therefore, there is a fixed point w € C([0,7]; L'((1 + x)dz)) of T. Since the time
of existence is independent of the initial data, this procedure may be iterated to
obtain a solution w € C([0,00); L'((1 + x)dx)) of (97) in L'((1 + x)dxz)). We
immediately deduce w € C([0,00); LY((1 + x)dz)) N W,2((0,5); L' ((1 + x)dx)).
Then, the function

u(t,r) = e tw(t,z)
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satisfies, for a.e. t > 0:

1 T
wHu=——e"twte tw+w= eft/ —kq (y) w(t,y)dy
xr

Y
<1
<=>ut+u:/ —ko <x>u(t,y)dy
z Y Y

in L*((1 4+ x)dx). In particular, after multiplication of both sides of the equation
by a test function ¢ € L*°[0,00) we obtain for a.e. t > 0:

/ Oou(t,y)gp(y)dy = / Oouo(y)so(y)dy
0 0

+ /Ot /000 u(s,y) (/01 o(zy)ko(2)dz — w(y)) dyds.

We deduce that u is a weak solution. If we choose ¢(x) = x we obtain for a.e. t > 0:

/0°° yu(t,y)dy = /000 yuo(y)dy + /Ot /000 u(s,y) </01 2yko(2)dz — y) dyds

/0 N yuo(y)dy.

So the mass of u is constant for all ¢ > 0.
Suppose finally that we have two functions u; € L', i = 1,2, satisfying (96).
Then, if u = u; — us:

u(t,z) = — / s:vds—i—// ko( )u(s,y)dy
and,

/Ooo|u(t,a:)|da: < // / k0< >|usydyda:+// u(s, z)|dsdz
= //Ool/k(J( )|usy|dmdy+// u(s, x)|dsdx
= /0/0 lu sy|dy/k0 dz—l—// u(s, x)|dsdx,

and we deduce [;° [u(t, #)|dz = 0 and u1 (t) = ua(t) in L for a. e. t > 0.

Notice finally that if we also impose to the initial data to be non negative, i.e.
ug > 0, then the weak solution w is also non negative. We would first prove the
existence of a non negative fixed point w of T as above since this operator sends
the positive cone of C([0,7]; L*((1 + z)dx)) into itself. The function @ = e~'w is
then a non negative weak solution of (96). By uniqueness of the weak solution it
follows that uw = u > 0.

On the condition H. We present here some useful remarks on Condition H.

Proposition 2. Given a sequence (o¢)een in (0,1), Condition H is a necessary
and sufficient condition in order to have at least one real number v # 0 with the
following property:

Ve e N,3k(0) € N; |vlogoy| = 2k(€)r. (98)
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Proof. Notice that v = 0 satisfies property (98). If Condition H is satisfied, the

number
21

- log 6
has the property (98) since, for all ¢, oy = 67¢ and then,

<0 (99)

Vs

vy log oy = vepplog O = 2pym.
Suppose on the other hand that such a v € R\ {0} exists. Then, for all ¢ # 0:
_ 2mk(€)  2mk(0)

~ll= logo,  logoy
and therefore
LIO) 1\ kO
7=y = (o)
ged(k(0)
and Condition H follows with § = o, *”  and p, = k(¢). O

Proposition 3. Given a sequence (o¢)een of real numbers in (0,1) satisfying Con-
dition H and v, Q defined by (99), the set of real numbers v that satisfy the property
(98) is given by the set Q = v, Z.

Proof. Suppose that v # v, is a real number satisfying (98) and fix £ € N. Then,

vy log oy = 2pem, vlogoy = 2k(L)w (100)
and we must have:
k(¢)
pe
Suppose therefore that
v = Bv*
q

where p/q is irreducible. We deduce from (100) that for any ¢ € N:
vlogoy = Bv* log oy = QBpﬁr =2k(l)m.
q q

and py must be a multiple of ¢ for any ¢. Since, by assumption, 1 is the only common
divisor of all pg, we deduce that ¢ =1 and v € Zv, = Q.
If, on the other hand v € Zuv,, the property (98) is immediate. O

Proposition 4. Suppose that by > 0 for all £ € N and B = ), b < oo . Then,
for all € > 0 there exists 6 > 0 such that:

su Re beettloge | < B(1 — §).
P (Z 0 >_ (1-9)

v, d(v,Q ?EN

Proof. Without lack of generality, we assume B = 1. By definition of @, if v € Q,
there exists ¢y € N such that
vlog oy, 47
2
Then,

Re (Z beet? 103‘”) = by, cos(vlogoy,) + Z by cos(vlogoy)

€eN LeN, 4o
1+ by, (cos(vlogog,) — 1)
1 — by, (1 — cos(vlogay,))

IN
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Since the function v — Re (3, bee™°87¢) is continuous, for all R > 0:

sup Re Zbgewlog” < 1.
dw,Q)>evl<R  \ i

Suppose now that for some sequence v,, — oo,

lim ) e 1087t = 1.
Jm > bee
¢eN
Since o, = 0P¢,
lim Y bee'nPelos? — 1.
Jim > bee
£eN
Since 6 € R and v,, € R for all n, (¢?'»1°8%), .y is bounded in C. Then, there is a

subsequence (vy)ken and A € C such that |A] =1 and
eivn log 0 — 147

and then, for all £ € N:
ei'unpg log 6 —s APt

On the other hand, since v,, € R, py € N and 6 € R:
|bee’onpelos?| < by € 01(N)

and then, by the Lebesgue convergence theorem:

> b AP =1 (101)

£eN

For some o € [0,27), A = €' and since Y, beeP* = 1 the calculation above
implies that o € @, which contradicts the fact that d(v,,Q) > e.
We deduce that

sup Re Zbge“’log‘” < 1.
d(v,Q)>e (EN

O
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