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Abstract

We study the long-time behaviour of the growth-fragmentation equation, a
nonlocal linear evolution equation describing a wide range of phenomena in struc-
tured population dynamics. We show the existence of a spectral gap under condi-
tions that generalise those in the literature by using a method based on Harris’s
theorem, a result coming from the study of equilibration of Markov processes.
The difficulty posed by the non-conservativeness of the equation is overcome by
performing an h-transform, after solving the dual Perron eigenvalue problem. The
existence of the direct Perron eigenvector is then a consequence of our methods,
which prove exponential contraction of the evolution equation. Moreover the rate
of convergence is explicitly quantifiable in terms of the dual eigenfunction and the
coefficients of the equation.
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1 Introduction and main result

The growth-fragmentation equation is a linear, partial integro-differential equation
which is commonly used in structured population dynamics for modelling various phe-
nomena including the time evolution of cell populations in biology such as in [1, 11,
12, 21, 32, 47, 54, 60, 62], single species populations [63], or carbon content in a
forest [22]; some aggregation and growth phenomena in physics or biophysics as in
[6, 26, 38, 40, 52, 53]; neuroscience in [23, 59| and even TCP/IP communication pro-
tocols such as in [3, 10, 29]. The general form of the growth-fragmentation equation is
given by:

0 oo
gyn(t:0) + 5@t o)) + Bon(t.a) = [ sty onlt. o) dy, 2 >0
n(t,0) = 0, 10, W
n(0,x) = no(z), x>0,

where n(t, z) represents the population density of individuals structured by a variable
x > 0 at a time ¢t > 0. The structuring variable = could be age, size, length, weight,
DNA content, biochemical composition etc. depending on the modelling context. Here
we refer to it as ‘size’ for simplicity. Equation (1) is coupled with an initial condition
no(z) at time ¢ = 0 and a Dirichlet boundary condition which models the fact that
no individuals are newly created at size 0. The function g is the growth rate and B is
the total division/fragmentation rate of individuals of size x > 0. The fragmentation
kernel k(y, ) is the rate at which individuals of size x are obtained as the result of a
fragmentation event of an individual of size y. When fixing x, x(x,-) is a nonnegative
measure on (0, z]. The total fragmentation rate B is always obtained as

B(z) = /Oy %n(m,y) dy, x> 0. (2)

Important particular cases are

2
/‘i(l’, y) = B(Q?)Eé{y:%},

which corresponds to the mitosis process, suitable for modelling of biological cells,
where individuals can only break into two equal fragments; and

2

/ﬂ?(l',y) = B($)57

which is the case with uniform fragment distribution, where fragmentation gives frag-
ments of any size less than the original one with equal probability. This case is used
for example in modelling the dynamics of polymer chains, as in [3§].
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Two opposing dynamics, growth and fragmentation, are balanced through equa-
tion (1). The growth term tends to increase the average size of the population and the
fragmentation term increases the total number of individuals but breaks the population
into smaller sizes. If the growth rate g(x) vanishes, then only fragmentation takes place
and the equation is known as the pure fragmentation equation. Similarly when B and
k are both 0, equation (1) is the pure growth equation.

We are concerned here with the mathematical theory of this equation, and more
precisely with its long-time behaviour as ¢ — +o00. Under suitable conditions on the
coefficients x and ¢, the typical behaviour is that the total population tends to grow
exponentially at a rate e, for some A\ > 0, and the normalised population distribution
tends to approach a universal profile for large times, independently of the initial con-
dition. This has been investigated in a large amount of previous works, of which we
give a short summary. The first mathematical study of this type of equation was done
in 32] for the mitosis case, in a work inspired by some biophysical papers [11, 12, 63].
In [32], the authors considered the mitosis kernel with the size variable in a bounded
interval and proved exponential growth at a rate A, and exponentially fast approach to
the universal profile. In [57|, the authors considered the size variable in (0,4o00) and
introduced the general relative entropy method for several linear PDEs including the
growth-fragmentation equation. They proved relaxation to equilibrium in LP spaces
without an explicit rate. Following [61] and [51], providing an explicit rate of conver-
gence to a universal profile under reasonable assumptions became a topic of research for
many other works. New functional inequalities were proved in |24, 25| in order to obtain
explicit rates of convergence, see also [43]. Some authors provided explicit solutions as
in [66] and [67]; some authors used a semigroup approach as in |2, 5, 7, 15, 37, 44, 58|;
and some authors used a probabilistic approach as in [16, 17, 18, 19, 20, 22, 27, 28, 30].
In this paper we are able to give more general results regarding the speed of convergence
to equilibrium: we obtain constructive results which cover a wide range of bounded and
unbounded fragmentation rates, and which apply both in mitosis and uniform fragmen-
tation situations.

When the equal mitosis kernel is considered, there is a special case with a linear
growth rate where the solutions exhibit oscillatory behaviour in long time. This prop-
erty was first proved mathematically in [44] when the equation is posed in a compact
set. Recently, this result was extended to (0, 400) by the general relative entropy ar-
gument in suitable weighted L? or measure spaces in [13, 42| and by means of Mellin
transform in L' by [65].

An important tool when studying the asymptotic behaviour of (1) is the Perron
eigenvalue problem: finding a positive eigenfunction for the operator which defines the
equation, associated to a simple, real eigenvalue which is also equal to the spectral
radius; see [35, 56| for general existence results. In [4], the authors gave some estimates
on the principal eigenfunctions of the growth-fragmentation operator, giving their first
order behaviour close to 0 and +o0c. Then they proved a spectral gap result by means
of entropy—entropy dissipation inequalities, with tools similar to those of [24, 25]. They
assumed that the growth and the fragmentation coefficients behave asymptotically like
power laws.

In this paper, we use a probabilistic approach, namely Harris’s theorem for showing
the spectral gap property. Application of this type of argument into biological and
kinetic models which can be described as Markov processes is becoming a subject of



many works recently. The predecessor of Harris’s theorem, namely Doeblin’s argument
is used in [41] for proving exponential relaxation of solutions to the equilibrium for the
conservative renewal equation. In [23] and [36], the authors study population models
which describe the dynamics of interacting neurons, structured by elapsed-time in [23]
or by voltage in [36], and existence of a spectral gap property in the ‘no-connectivity
setting is proved by Doeblin’s Theorem. Moreover, there are some recent works for
the extension of this method into the non-conservative setting. In [8], the authors con-
sider several types of linear PDEs including a growth-diffusion model with time-space
varying environment and some renewal equations with time-fluctuating (e.g. periodic)
coefficients. They provide quantitative estimates in total variation distance for the as-
sociated non-conservative and non-homogeneous semigroups by means of generalized
Doeblin’s conditions. The full Harris’s theorem is used in |20, 22| for deriving exponen-
tial convergence to the equilibrium in the conservative form of the growth-fragmentation
equation. In the present work, we are interested in the long time behaviour of the more
challenging non-conservative case, namely when no quantity is preserved along time.
Our method is in the spirit of [9], where a non-conservative version of Harris’s Theorem
is proposed and applied to the growth-fragmentation equation with constant growth
rate g and increasing total division rate B. The difference here is that we first build
a solution to the dual Perron eigenproblem by using Krein-Rutman’s theorem and a
maximum principle. Then we take advantage of the dual eigenfunction to perform a
so-called (Doob) h-transform [33], similarly as in [7, 30|, in order to apply Harris’s
theorem. It allows us to consider very general growth and fragmentation rates. The
drawback is that the spectral gap is given explicitly in terms of the dual eigenfunction,
for which quantitative estimates are in general hard to obtain. However, for certain
specific coefficients that are worth of interest, the dual eigenfunction is known explic-
itly. It is the case of the so-called self-similar fragmentation equation, widely studied
in the literature, for which we provide new quantitative estimates on the spectral gap.

)

The Perron eigenvalue problem consists of finding suitable eigenelements (A, N, ¢)
with A > 0 and N, ¢: (0,4+00) — [0, +00) satisfying the following:

(9N) (2) + (B(x) + N () = | " (. )N () dy,
(gN)(0) =0, N(x)>0, N#0.
—g(@)d (@) + (B(x) + No(z) = / w(2, 9)() dy,
o(x) >0, ¢#0.

If such a triple exists then A is actually the dominant eigenvalue of (1), and the solution
converges to a universal profile whose shape is given by the eigenfunction N(z). The
convergence rate is given by the gap between the dominant eigenvalue A > 0 and the

rest of the spectrum. If we scale the equation by defining m(t,z) = n(t,x)e " we

(3)

(4)



obtain:

9 m(t,2) + ~-(glahmt 2)) + (Ba) + N, ) = / "k aymty)dy, ta >0,
m(t,0) =0, >0,
m(0,z) = no(x), x> 0.

(5)
We remark that N(z) is the stationary solution of (5). Since the existence and unique-
ness of the eigenelements provide useful information about the long time behaviour of
the growth-fragmentation equation (1), it has been a popular topic of research. We
refer to [35] for a general recent result. From now on we consider (5) instead of (1)
since it is more convenient to study the long-time behaviour of the former and we can
easily recover the nature of the latter.

We define a linear operator by

0

L[m|(z) := ~ 5

+00
(g()m(@)) - (Bla) + Nim(a) + [ k(g ahmly) dy,
which describes the evolution of equation (5). We notice that A is the first positive

eigenvalue of £ and N(z) is the corresponding eigenvector. We also define the adjoint
of L by

£ lola) = g(o)g0a) + [ wa)ot)dy - (Bw) + Vo)
Then, we obtain a conserved quantity for (5) since
d ~+o0
T, o(x)m(t,z)dx = 0.

We now list all the assumptions we need throughout the paper.

The first one is a basic requirement that the fragmentation kernel is of self-similar
form:

Hypothesis 1.1. We assume that k(x,y), the fragmenation kernel, is of the self-similar
form such that
Y

w(e) = p(L)B@),  fory> a0,

where p, the “fragment distribution”, is a nonnegative measure on (0, 1] such that zp(z)
15 a probability measure; that 1s,

/ zp(z)dz = 1.
(0,1]

Remark 1.1. Tt is useful to define py, for £ € R, as the k-th moment of p:

1
D ::/ 2Fp(2) dz.
0

With this notation, Hypothesis 1.1 ensures that p; = 1, so the relation (2) is guaranteed.
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Our next hypothesis states that we consider only the two extreme cases of the
fragment distribution, namely the very singular equal mitosis case and the very smooth
uniform fragment distribution. Omne can find conditions for our methods to work in
intermediate cases, but we have preferred to give simple proofs that show both singular
and smooth cases can be treated:

Hypothesis 1.2. We assume that the fragment distribution p is either the one corre-
sponding to the equal mitosis:

p(dz) =26, (d2) (6)

or the uniform fragment distribution:
p(dz) = 2dz. (7)

Remark 1.2. We restrict to these two particular fragmentation kernels because they
naturally appear in the modelling of natural phenomena. They are also good represen-
tatives of two opposite mathematical situations: a very regular, strictly positive case
and a singular case which is positive only at z = 1/2. However, the results which we
prove to be valid for the uniform kernel can be readily extended to self-similar kernels
with p satisfying

p(z) = ¢ >0, (8)

and either
bl
Ppo < 400 if / ——dx < 400,
o 9()
or
dk <0 with pp < 400 i / ——dx = +o0.

In the particular case of the linear growth rate, g(x) = z, it is enough to assume that

dk <1 with pp < 4o00.

Notice that under condition (8), similarly as for (6) and (7), the function k — py is
strictly decreasing on the interval where it takes finite values. (The only case in which
Pk 1s not strictly decreasing is that of p(z) concentrated at z = 1, which actually means
no fragmentation at all is happening.)

Next we have a general assumption on the growth rate g and the total fragmentation
rate B:

Hypothesis 1.3. We assume that g: (0,4+00) — (0, +00 ) is a locally Lipschitz function

such that g(x) = O(z) as x — 400 and g(x) = O(z7¢) as x — 0 for some & > 0.
The total fragmentation rate B: [0,4+00) — [0,400) is a continuous function and the
following holds
'B B B
/ (z) dz < 400, B(2) — 0, zB(z) — +00. (9)
0o 9(x) g(x) =0 g(w) woteo



This assumption is very mild, and is always present in the previous works to ensure
the existence of an equilibrium and a dual eigenfunction. If B behaves like a power of
exponent b and g behaves like a power of exponent a, conditions (9) are equivalent to
the more familiar b —a + 1 > 0. The condition g = O(x) for large x ensures that the
characteristics corresponding to the growth part are defined for all times (i.e., clusters
do not grow to infinite size in finite time). A stronger assumption which is implicit in
Hypothesis 1.3 is that B is bounded above on intervals of the form [0, R] (since it is
continuous there), so we do not allow fragmentation rates B which blow up at 0. This
is used in the proof of Lemma 5.1.

A consequence of Hypothesis 1.3, later we will need the following:

There exists tg > 0 such that B is bounded below by a positive

quantity on any interval of the form [tp, 6] with 6 > tp. (10)

One sees this from the last limit in (9), which implies that for large enough ¢ we have

B(zx) > M
x
This easily implies (10), since g(z)/x is continuous and strictly positive, so bounded

below by some positive quantity on any compact interval.

Our last assumption gives a stronger requirement on the growth rate g when the
mitosis kernel is considered. In this case, some additional requirement is necessary,
since when the linear growth rate with equal mitosis is considered, it is known that
there is no spectral gap [13, 42, 65|. We point out that the sharp assumption of “there
exists a point x > 0 with g(2x) # 2¢g(x)” is enough to show convergence to the profile
N, without a rate and only in particular cases, as proved in |62, Section 6.3.3]. Our
assumption is stronger than this, but also leads to a stronger result:

Hypothesis 1.4. When p is the equal mitosis kernel (6), we assume that the growth
rate g satisfies

wg(z) < g(wx) for allz >0 and w € (0,1),
=1
H(z)::/ ——dr < 400 for all z > 0,
o 9(x)

and also H' (the inverse of H) does not grow too fast, in the sense that for all r > 0
we have -1
i 2 (Z47)

z—too  H71(2) =1 (11)

If we consider just powers, examples of growth and fragmentation rates which satisfy
all of the above are

with:

e any b > 0, —0o < a <1 in the uniform fragment distribution case, excluding the
case (b,a) = (0,1).



e any b > 0, —oo < a < 1 in the mitosis case.

Under Hypothesis 1.1, rescaled growth-fragmentation equation (5) takes the form:

am(t, x)+ %(g(m)m(t, z)) + c(x)m(t,z) = A(t,x), t,x >0,
m(t,0) = 0, t>0, (12)
m(0,z) = ny(z), x> 0.
where
c(x):= B(x) + A
and

A(t, x) == /:OO Mp (E) m(t,y) dy.

Y Y

According to Hypothesis 1.2, we only allow p(z) = 2 or p(z) = 201(z).

1
2

Our main result is given by the following theorem:

Theorem 1.3. Assume that Hypotheses 1.1, 1.2, 1.3, and 1.4 are satisifed. Then there
exists a solution (A, N, @) to the Perron eigenvalue problem (3)-(4) with the normal-
ization [N = [¢N = 1, X > 0, and there exist C,p > 0 such that any solution
n = n(t,x) = nyx) to (1) with initial data given by a nonnegative measure ng with
Inolly < +oo satisfies

e Mn, — </¢n0>N < Ce P |ng — </¢ng)N for all t >0, (13)
v v
where || - ||y is the weighted total variation norm defined by
+oo
Il = [ Vi@l
with
bl
Vi)=1+2" 1+6< K if /—d:c<—i—oo,
o 9(z)
1
1
Vi) =a"+25, -1<k<01+6<K if /—dx:—l—oo.
o 9(z)

In the specific case of g(x) = x, the weight V(x) can be taken to be
V()= +25 -1<k<1<K

It is worth noticing that we obtain a spectral gap in spaces with essentially optimal
weights. Indeed it was proved in [14] that there is no spectral gap in L' weighted with
the dual eigenfunction ¢ when B is bounded (see the estimates in Theorem 2.1 below).

To our knowledge, even the existence of the Perron eigenelements in such generality
is new (allowing a total fragmentation rate with any growth at infinity, and with no



required connectivity condition on its support), and hence so is the existence of a spec-
tral gap. However, since our approach for the existence of the principal eigenfunction
N is a byproduct of the contraction result provided by Harris’s theorem, this precludes
the case of self-similar fragmentation with equal mitosis and growth rate g(z) = x, for
which convergence to a universal profile does not hold, as we already mentioned. In
that case the existence of a Perron eigenfunction has to be tackled with other spectral
methods, as in 35, 48, 50, 56].

Note also that our result is valid for the measure solutions of equation (1), thus
improving drastically the result in [31] where the general relative entropy method is
extended to measure solutions, providing convergence to Malthusian behaviour but
without rate and under restrictive assumptions on the coefficients.

Finally, when ¢ is known explicitly, our methods allow us to derive quantitative
estimates on the spectral gap. It is the case for instance when ¢g(x) = z since then
¢(r) = x. An important particular case is to consider additionally is that B(z) = z°
for some b > 0. This corresponds to the so-called self-similar fragmentation equation,
which appears as a rescaling of the pure fragmentation equation, see e.g. [34, 39]. To
illustrate the quantification of the spectral gap, we prove that for the homogeneous
fragmentation kernel and the choice V(x) = 1 + 2, the inequality (13) holds true for

(0]
e\ T o1 1 20)
2log 2

p= (14)

where
b+3 —2(4R)?/b . 15 %J“%
o = 2log 2 R3¢ 2UR%/b with R:80<7> .

This seems to simplify the computable bound in [58, Proposition 6.7]. It can also be
compared to [43] where the spectral gap in L?(x dz) is proved to be at least %, but only
for b > 2.

This paper is organized as follows: We devote Section 2 to showing existence of the
dual eigenfuction and some bounds on it. In Section 3, we recall some introductory
concepts from the theory of Markov processes and state Harris’s Theorem 3.3 based
on the previous literature. Eventually for the proof of Theorem 1.3 which is given by
applying Harris’s theorem, we need to have two hypotheses (3.2 and 3.3) satisfied for
(12). In Sections 4 and 5, we prove that Hypotheses 3.2 and 3.3 are verified for (12),
respectively. Finally in Section 6 we give the proof of Theorem 1.3 and the computations
leading to (14).

2 Existence of the dual eigenfunction

In this section, we prove the following theorem which implies existence and boundedness
of the dual Perron eigenfunction ¢, a solution to the dual eigenproblem (4):

Theorem 2.1 (Existence and bounds on the eigenfunction ¢). We assume that Hy-
potheses 1.1 and 1.3 hold true and assume also that py < 400. Then there exist a
continuous function ¢ which is a solution to (4) and C' > 0 such that for any k > 1;

0 < ¢(z) < C(1+2 for all z > 0.
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Additionally we have ¢(0) > 0 when fol é < +00 and ¢(0) = 0 when fol é = +00.

Notice that our only assumption on p is that py < +oo (see Remark 1.2). We prove
this theorem at the end of the section.

Following the idea introduced in [61] and also used in [4, 35|, we begin with defining
a truncated version of the dual Perron eigenproblem (4) in an interval [0, R] for some

R>0:

R
_g(x)c%ﬁbza(x) + (B(x) 4+ \g)pr(z) = Bg(gf) /0 ’ (g) o) dy.
or(z) >0 forz e (0,R), dr(R) = 0.

(15)

Now we give some lemmas which will be used in the proof of Theorem 2.1. The
existence of a solution to (15) is a consequence of the Krein-Rutman theorem, see the
appendices in [35] and [4]. Moreover in |4], the authors proved that there exists Ry > 0
large enough such that for all R > Ry we have Az > 0. We thus have the following
result:

Lemma 2.2. For any R > 0, the truncated dual Perron eigenproblem (15) admits a
solution (Agr, r) with ¢r a Lipschitz function. Moreover there exists Ry > 0 such that
Ar >0 for all R > Ry.

Before proving uniform estimates on (Ag, ¢r), we first recall a maximum princi-
ple. We begin by defining an operator Lg, acting on once-differentiable functions

o € CY[0, R]):

Lapla) = ~g(o)g'(2) + O+ B ple) = 2 [ (%) oty

x x
We have the following maximum principle, see [35, Appendix C] or [4, Section 3.2]:

Lemma 2.3. Suppose that ¢(x) > 0 for x € [0, A] for some A € (0, R) with ¢(R) > 0
and Lro(x) >0 on [A, R|. Then p(z) >0 on [0, R].

This maximum principle allows us to get a uniform upper bound on ¢, for a suitable
normalization.

Lemma 2.4. Consider that Hypotheses 1.1 and 1.3 are satisfied, and that py < 400.
For any k > 1, there exists A > 0 such that if ¢r is normalized such that

sup @r(z) =1, (16)
z€[0,4]

then for all R > max{A, Ry} and for all x € (0, R] we have
0 < ¢gr(z) < 1+ k.

Additionally, ¢r(0) > 0 when fol é < +00 and ¢r(0) = 0 when folé = +o00.

10



Proof. For the bound from above we want to use the maximum principle in Lemma 2.3.
Therefore we want to prove that Lrp(z) > 0 for x € (A, R) with A € (0, R) as in
Lemma 2.3. We take o(x) = 1 + 2* for some k > 1. Then for R > R, we have

Laple) = Mal1+ )~ Kg(o)* 4 B(o) (140 = 1 [ (2) a)

— An1 4 %) — hg(e)r ™+ B)(1+ 2 — po — o)
> ¥ (—kg(z) — B(z)z' ™" + (1 — pr) B(z)z) = o(z)

since pp = 2 and 0 < px, < 1 = p; for k£ > 1. Moreover assuming (9) gives that behaviour
of o will be dominated by the positive term (1 —p;)B(z)z* > 0. Therefore, we can find
A(k) > 0 such that for all A(k) < z < R, we have Lrp(z) > 0. We fix such a A > 0
and normalize ¢r by (16). Then by the maximum principle in Lemma 2.3 we obtain
that ¢r(z) < 1+ 2*. The positivity or nullity of ¢r(0) is a direct consequence of [4,
Theorem 1.10]. O

Lemma 2.5. Under Hypotheses 1.1 and 1.3 with py < +00, there exists a constant
C > 0 such that A\g < C for all R > Ry.

Proof. Since ¢r is continuous and by (16), there exists xx € [0, A] such that ¢pg(zgr) = 1.
Notice that necessarily xp > 0 when fol é = 400, since ¢g(0) = 0 is the case. Moreover,
the equation Lrpr = 0 ensures that for all z > 0 we have

(snoren (= [, 255 2)

B[ 245200) [

R

By integrating this from zg to x > xp;

on() exp (— / AR+—B<S)ds) 1

= 9(s)
[ B[ 90) [

By using the upper bound on ¢z we obtain, for R > Ry,

¢r(z)exp <— /: Ar+ Bls) dg)

a 9(s)

o [ B ([ 2550) [1(5) v

oo [ ([ o

Since ¢r(R) = 0 we deduce that for all R > Ry,

/: l;((;/)) P (_ /; AR;(—S;(S) ds) (po +pry*) dy > 1, (17)

11



and this enforces A\g to be bounded from above. Indeed, otherwise, there would exist a
sequence (Ry,),>0 and z, € [0, A] such that

R, — +o0, AR, — +00, TR, = Too-

But in that case, since

Lap, Rl (Y

( yxm+?md)@ﬁmw@
< Bl

<o (-, 50 %) oo

and the latter function is integrable on [0, +00) (carry out an integration by parts and
use (9)), the dominated convergence theorem ensures that

R B Y Agr, + B(s
/ ) exp —/ Rn—() ds (po +pkyk) dy — 0,
x TRy,

e 9 9(s)
which contradicts (17). O

Lemma 2.6. Under Hypotheses 1.1 and 1.3 with py < 400, |dx(x)| is uniformly
bounded on compact intervals for all R > Ry.

Proof. By the equation Lrogr(z) = 0 and bounds on ¢g(z) and A\r we obtain

)26 Lo

()] =

)
AR 2 B(z) 2k 1 " ’ Yy
s T ‘” (00 [ () dy’
LR " B(z) zF — 1 T")x
<g@%L%)+gx>b+ xa+ M apg
)‘_R ok B(z) _
_g@%1+ )+g@)ﬂ pol,

which gives a bound on ¢;(x) for all R > Ry, taking into account that Ag is uniformly
bounded for all R > Ry thanks to Lemma 2.5. O

Proof of Theorem 2.1. Lemmas 2.2, 2.4, 2.5 and 2.6 give the proof. Since there exists a
solution to the truncated dual Perron eigenproblem (15) for any R > 0 by Lemma 2.2,
it only remains to prove that the terms are bounded in order to pass to the limit as
R — +00. We show the bounds on ¢r, Ag and ¢, by Lemmas 2.4, 2.5, 2.6 respectively.
These bounds ensure that we can extract a subsequence of (Ag) which converges to
A > 0 and a subsequence of (¢r) which converges locally uniformly to a limit ¢ which
satisfies 0 < ¢(z) < 1+2*. Clearly (), ¢) is the solution to the dual Perron eigenproblem
(4), and ¢ # 0 since sup,¢(y 4) ¢(x) = 1. Similarly, the proof of the positivity or nullity
of ¢(0) is a direct consequence of |4, Theorem 1.10]. O
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3 Harris’s Theorem

In this section, we state Harris’s theorem based on [45] and [46]. The original idea
comes from the study of discrete-time Markov processes and dates back to Doeblin
and [49] where conditions of existence and uniqueness of having an equilibrium (or an
invariant measure) for a Markov process are investigated. It is a probabilistic method
which relies on both a minorisation property and a drift condition (also called Foster-
Lyapunov condition), which we describe below.

We use Harris’s theorem applied to continuous-time Markov processes in order to
show that solutions to rescaled growth-fragmentation equation (12), under suitable
assumptions, converge towards a universal profile at an exponential rate.

We assume that €2 is a Polish space and (€2, ) is a measurable space together with
its Borel g-algebra 3, so that €2 endowed with any probability measure is a Lebesgue
space. Moreover we denote the space of finite measures on Q by M(2) and the space
of probability measures on € by P().

A discrete-time Markov process x is defined through a transition probability function.
A linear, measurable function S: 2 x ¥ — P(€) is a transition probability function if
S(z,-) is a probability measure for every z and x +— S(-, A) is a measurable function for
every A € ¥. By using the transition probability function we can define the associated
Markov operator S acting on the space of signed measures on €2 and its adjoint S*
acting on the space of bounded measurable functions ¢ : 2 — [0, +00) in the following
way:

(SM)(A)ZAS(xaA)M(dx)y (3*90)(50)2/990(3/)5(56, dy).

On the other hand, a continuous-time Markov process is no longer described by a single
transition function, but by a family of transition probability functions S; defined for
each time ¢t > 0, with the property that the associated operators S; satisfy

e the semigroup property: S;iy = S:S,
e and & is the identity, or equivalently, Sy(z, ) = d, for all x € Q.

We notice that S; is linear, mass preserving and positivity preserving. An invariant
measure of a continuous-time Markov process (S;)¢>o is a probability measure p on 2
such that S;pu = p for every ¢ > 0, and it is the main concept we need to investigate
when studying the asymptotic behaviour of a Markov process.

Let us state Doeblin’s and Harris’s theorems along with some hypotheses. We always
assume (S)¢>o is a continuous-time Markov semigroup. For their proofs we refer to [55]
or [45, 46].

Hypothesis 3.1 (Doeblin’s condition). There exists a time to > 0, a probability distri-
bution v and a constant a € (0,1) such that for any initial condition xq in the domain
we have:

S0z > Q.

Using this we prove the following theorem:

13



Theorem 3.1 (Doeblin’s Theorem). If we have a Markov semigroup (St)i>o satisfying
Doeblin’s condition (Hypothesis 3.1) then for any two finite measures py and po and
any integer n > 0 we have that

1S5 (1 = 1)y < (1= )" [lpa = przl py -

As a consequence, the semigroup has a unique invariant probability measure ., and for
all probability measures ju:

I1Su(k = )y < Ce™™ [l = pallpy 20,

where . lox(1
> 0, p = M > 0.

C .=
1l—a t()

Harris’s theorem is an extension of Doeblin’s theorem to situations in which one
cannot prove a uniform minorisation condition as in Hypothesis 3.1. This is often the
case when the state space is unbounded. Instead, we use Doeblin’s condition only in
a given region, and then show that the stochastic process will return to that region
often enough. This is established by finding a so-called Lyapunov, or Foster-Lyapunov
function. Both conditions then imply the existence of a spectral gap in a weighted total
variation norm. Precisely, we need the following two hypotheses to be satisfied:

Hypothesis 3.2 (Foster-Lyapunov condition). There exist v € (0,1), K > 0, some
time to > 0 and a measurable function V' : [0, +00) + [1,+00) such that

(SpV)(x) <AV(2) + K, (18)
for all x.

Remark 3.2. When our continuous continuous-time Markov process is obtained by solv-
ing a particular PDE we often denote

(Simo)(x) = m(t, z),

where m is the solution to the PDE with initial condition mg. Then the previous
condition is equivalent to

/ m(to, o)V (z) de < 7/ mo(@)V(z) de + K,
Q Q
to be satisfied for all mg € P(£2). One can verify this by proving the inequality
d oo
E/m(t,x)x/(x) dr < —)\/ m(t, )V (z)de + D
Q 0

for some positive constants D and A, which then implies (18) with v = e *° and
K =D/

The next hypothesis is a minorisation condition like Hypothesis 3.1, but only on a
sufficiently large region:

14



Hypothesis 3.3 (Small set condition). There exist a probability measure v, a constant
a € (0,1) and some time ty > 0 such that

Sto(;a:o 2 av,

for all xq € C, where
C={z:V(x) <R}
for some R > 2K /(1 — ) where K,~ are as in Hypothesis 3.2.

Finally we state Harris’s theorem under these hypotheses:

Theorem 3.3 (Harris’s Theorem). If we have a Markov semigroup (S;)i>o satisfying
Hypotheses 3.2 and 3.3 then there exist f > 0 and & € (0,1) such that

[Stottr = Stopsally 5 < @llpn — pally -

for all nonnegative measure [ py = [ po, where the norm || - ||v,5 s defined by

s =ty = [ (14 6V @)l — el do

Moreover, the semigroup has a unique invariant probability measure ., and there exist
C >0 and XA > 0 (depending only on ty,,v, K, R and () such that

ISe(k = p)llyp < Ce™ [l = pelly 5 for all t > 0.

Ezplicitly if we set o € [y+2K/R,1) for any oy € (0,c) we can chose B = ag/K
and & = max{l —a+ aop, (2+ RB%)/(2+ RSB)}. Then we have C = 1/a and p =
—(log &) /to.

Proofs of Theorems 3.1 and 3.3 can be found for example in [45, 46, 55, 64].

4 Foster-Lyapunov condition

In this section we prove that Hypothesis 3.2 is verified for the semigroup generated
by rescaled growth-fragmentation equation (12), when we consider the evolution of
f(t,x) := p(x)m(t, z). We refer to |9, 42] for a proof of the generation of the semigroup
in spaces of weighted signed measures for general division rates (without any growth
assumption at infinity). We divide the proof of Hypothesis 3.2 into three cases which
require slightly different calculations.

4.1 Linear growth rate

First we treat the linear growth case g(x) = = with a constant fragmentation kernel. (As
remarked before, we do not consider the mitosis kernel when g(x) = x since there is no
spectral gap in that case.) In this case the Perron eigenvalue and the corresponding dual
eigenfunction are known (A = 1 and ¢(z) = ), and the rescaled growth-fragmentation
equation is given by

9 B(y)

gm(t, x) + %(wm(t, x)) = 2/:0 Tm(t,y) dy — (B(x) + 1)m(t, x), (19)

coupled with the usual initial and boundary conditions.
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Lemma 4.1. Assume that Hypotheses 1.1 and 1.3 hold true with a growth rate g(x) = x
and the constant fragment distribution p(z) = 2 for z € (0,1]. Then for any K > 1 >
k > —1 there exist C;,C > 0 such that any nonnegative solution m = m(t,z) to (19)
satisfies

+00 400 +o0o
/ V() f(t7) da < e=Crt / V@) folz)dz+C | fo(x)dz  (20)
0 0 0
for allt >0, where f(t,z) := am(t,x) and V(x) = 2F1 + 251,
Proof. We have

d [t
dt Jo

= —/0 N (Ik +xK) % (xm(t,x)) dz —/0 b (xk +xK) (B(z) + D)m(t,z) dx

+oo +oo B
+ 2/ (2" + ™) / %m(t,y) dy dx
0 T

1 Hoo
= —5(1 - k)/ (" + 25 Ham(t, v) da
0

(2" + 2™) m(t, z) da

+o0
+ / (c1B(x)a" " + 2™ + e3B(2) 2" 4 ) ami(t, ) da
0

where
1-K k+1 1-k k—1
—1<c = <0 =K————>0 =——>0 =—<0.
1 1+K , Co 2 , C3 1+l€ , C4 9
We define
®(z) := 1 B(2)a" ! + cpa™ ™ + e3B(w) 2" 4 gt (21)

Due to Hypothesis 1.3, the total fragmentation rate B: [0,+00) — [0,400) satisfies
B(z) — 0 as x — 0 and B(x) — +00 as x — +oo. Hence in the latter expression
the behaviour as © — +oo is dominated by the first term; thus ®(x) will approach
—oo. Similarly when z — 0, the last term will dominate the behaviour of ®, which is
negative as well. Since B is continuous we can always bound sup,~, ®(x) < Cy with
some positive quantity Cy > 0. Therefore by denoting f(t,z) = xm(t,x) we obtain

d [+

T, (" 2B f(t ) do

“+oo

+oo
—Cy / (" 2B f(t ) do + Cy fo(x) da,
0

0

IN

where Cy = (1 — k)/2 > 0, since [ f(t,x)dz = [ fo(x)dz. Then Gronwall’s lemma
implies (20) with C' = Cy/C}. O

4.2 Sublinear growth rate close to 0

In this section we assume that fol f% < 400, which we sometimes refer to as the case of
sublinear growth rate at x = 0.
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Lemma 4.2. We consider rescaled growth-fragmentation equation (12) under Hypothe-
ses 1.1, 1.3, and folé < +o0. We take K > 1+ &. Then the following holds true for
Cy = X (the first eigenvalue), some Cy > 0, and any nonnegative solution m = m(t,x):

d +oo +oo +00
T eBm(t, z) de < —Cl/ om(t, r)de + Oy o(z)m(t,x)dx,  (22)
0 0 0
for allt > 0.
Proof. We have
d [+
i z5m(t, x) dz
0

+o00 +oo
- _/O xK% (9(z)m(t,z)) do — /0 ™ (B(x) + \)m(t, z) dw
400 X +00 B(y) T
+/0 x ’ Tp (;) m(t,y)dy dx
+00 +o00
- —/\/0 r5m(t, r) dx +/O ((px — 12" B(z) + Kz"g(2)) m(t, z) da.

We define

B(x) = (p — Va" B(x) + Ko g(z)
and notice that sup,-, ®(r) < Cy¢(x) for some Cy > 0 due to Hypothesis 1.3 concerning
the behaviour of xB(z)/g(z) as * — 400 and  — 0, and the fact that ¢(0) > 0 since

fol é < 400 which is a result of Theorem 2.1. OJ

We now give a translation of this lemma in terms of f = ¢m, since this is needed
in order to apply Harris’s theorem to the evolution of f:

Corollary 4.3. We consider rescaled growth-fragmentation equation (12) under Hy-
potheses 1.1, 1.3, and folé < +oo. For V(z) = 1+ (;(—I;) where K > 14 & and

f(t,z) = ¢(x)m(t, z), there exist Cy,C > 0 such that for all t >0
+o0o

+00 +00 B
/0 V(2)f(t,x)de < e /0 V(z)fo(zr)dxe +C fo(z) dz. (23)

0
Proof. By adding ¢(z) of both sides of (22) we obtain

d “+00 “+oo

@), whm(t,x) de = — i (" + ¢(z))m(t, v) dz

—+00

+oo
< - /0 (2% 4 p(z))m(t, ) dz 4 (Cy + Cy) o(x)m(t, x) de.

0
Therefore, we have for f(t,x) = ¢(x)m(t, z);

d +oo :L’K
— 1+ —- t,x)d

¢(x)
+o0 SL’K 400
< —Cl/ (1 + —) ft,x)de + (Cy + Cy) fo(z)dz,
0 () 0
since [ f(t,x)dx = [ fo(z)dx.
Gronwall’s lemma then implies (23) with C' = 1+ Cy/C}. O
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4.3 Superlinear growth rate close to 0

Now we assume that fol 517 = 400, which implies linear or superlinear behaviour for the
growth rate x close 0. This, of course, includes the case g(x) = x from Section 4.1, but
the general result we obtain now is slightly more restrictive. In the case of exact linear
growth, Lemma 4.1 is slightly more precise.

Lemma 4.4. We consider rescaled growth-fragmentation equation (12) under Hypothe-
ses 1.1, 1.3, and fol é = +4o00. We take k <0 and K > 14&. Then the following holds
true for any nonnegative solution m = m(t,x):
+00
@, (2% + 2XYm(t, ) dz

+o0 +oo
< -0 / (2% + 2™)ym(t, z) dz + Cy o(x)m(t, z) dx,
0 0

forallt > 0, where Cy = A > 0 and Cy > 0 is some constant independent of the solution
m.

Proof. We have
d [T

dt Jo

400 +o0
=— /0 (2% + xK)% (g(x)m(t,z)) do — /0 (2% + %) (B(x) + \)m(t, z) da

(2% + 2XYm(t, ) dz

+f m?m@?w |6y e yazay

0

+oo
= —)\/ (2" 4+ 2% )ym(t, z) da
0

+oo
+ / ((pk — 1)2*B(x) + (px — 1) B(z) + ka"'g(z) + Ka:K’lg(x)) m(t,z)dx
0
Similarly to previous proofs, we define
d(z) = (pr — )a*B(x) + (px — D™ B(x) + ka*g(z) + Ka¥g(2)

and notice that sup,., ®(x) < Cy¢(x) for some Cy > 0 due to Hypothesis 1.3 concerning
the behaviour of xB(z)/g(z) as © — 400 and & — 0, and the fact that px —1 < 0 and
kE <. [l

Corollary 4.5. We consider (12) under Hypotheses 1.1, 1.3. For V(z) = II;J(“;K with

k<0, K>1+¢, and f(t,z) := ¢(x)m(t, z), there exist Cy,C > 0 such that for all
t>0:

—+o00o

+o0 00 N
/0 V(2)f(t,x)de < e /0 V(z)fo(z)dx + C fo(x) d. (24)

0

Proof. The inequality in Lemma 4.4 yields, for f(¢,z) := ¢(x)m(t, x),
[t PUSTIPN
dt Jo o(z)

f(t,x)dx

+oo Ik + ZEK +oo
—Cl 5 Cl C(2 )
< /0 @) ft,x)de + (C + Cy) i fo(z) da



since [ f(t,x)dx = [ fo(z)dx.
Then Groénwall’s lemma implies (24) with C' = 1 + Cy/C}. O

5 Minorisation condition

In this section, we show that Hypothesis 3.3 is verified for the semigroup generated by
rescaled growth-fragmentation equation (12). We give the proof in two parts where the
uniform fragment distribution and the equal mitosis are considered separately.

We start by recalling some known results on the solution of the transport part of
(12). Consider the equation

%m(t, x)+ %(g(x)m(t,a:)) = —c(z)m(t, x), t,x >0,
m(t,0) = 0, t>0, (25)
m(0,z) = ny(z), x>0,

which is the same as (12) without the positive part of the fragmentation operator. We
remark that Hypothesis 1.3 ensures that the characteristic ordinary differential equation

d

S5Xila0) = g(Xiao)),

Xo(%) = Ty,

(26)

has a unique solution, defined for ¢ € [0, 400), for any initial condition zy > 0. In fact,
it is defined in some interval (t.(zg), +00), for some t.(zg) < 0. The solution can be
explicitly given in terms of H !, where

1
H(a:)::/ —dy, x> 0.
1 9(y)
We notice that H is strictly increasing with Hy := H(0) = lir% H(x) < 0and lirjp H(z) =
T—r T—r+00

+oo (since g grows sublinearly as x — 400), so that it is invertible as a map from
(0, +00) to (Hp,+00). (We allow Hy = —o0 if 1/g is not integrable close to = = 0.) It
can easily be checked that

Xi(zo) = H Mt + H(zp)) for xo > 0 and t > Hy — H(xy),

so that that the maximal time interval where the solution of (26) is defined is precisely
as (Hy — H(x),+00). Since it will be convenient later, we define
0 if Hy = —
X,(0) = lim X,(zo) =< o= mee
0 H='(t+ H,y) if Hy € (—00,0).

This reflects the fact that the characteristics take a very long time to escape from 0 when
1/g is not integrable close to 0; while they escape in finite time if 1/g is integrable close
to 0. For each ¢ > 0, we have thus defined the flow map X;: (0, +00) — (X;(0), +00),
which is strictly increasing. For negative times, we may consider X_;: (X;(0), +00) —
(0, +00) (where t > 0). Of course, X _; = (X;)~*.
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If ng is a nonnegative measure, it is well known that the unique measure solution to
(25) is given by

mit,z) = Xyttno(z) exp (— /0 (X _.(z)) dT), £>0, 2> X,(0),
m(t,z) =0, t>0, z < X;(0),

(27)

where we abuse notation by evaluating the measures m(t, -) and X;#ng at a point x > 0.
For a Borel measurable map X : (0, +00) — (0, 4+00), the expression X #ng denotes the
transport, or push forward, of the measure ny by the map X, defined by duality through

/O " (o) X o) dar = / " (X (y))noly) dy

for all continuous, compactly supported ¢: (0, +00) — R. We use the notation 7; for
this flow map:
Tino(z) := Xi#no(z), for all t > 0, (28)

so Ty is the semigroup associated to transport equation (25).

If additionally ng is a function and X has a left inverse X ': (a,b) — (0, +00), one
has
no(X @) [E(X)@)| iz € (ab),

0 otherwise.

Xfno(z) = {

Using this for the solution to (25), if ng is a function we may write m in the equivalent
form

mit,z) = no(X_t($))%X_t(x) exp (— /0 t o(X_.(z)) d7> (29)

when ¢ > 0 and z > X,(0), and m(t,z) = 0 otherwise. Using that Y(z) := L X,(z)
satisfies &Y, (z) = ¢/(X;(2))Y;(x), we note for later that

%X_t(x) ~ exp (— /0 (X () dT>, £>0, 2> X,(0). (30)

5.1 Uniform fragment distribution

Let us consider the case of uniform fragment distribution p(z) = 2, corresponding to the
fragmentation kernel of the form s(z,y) = 2B(2)1l{o<s<y}- The growth-fragmentation
equation in this case is widely studied and depending on some assumptions made on
growth and total division rates, existence (in some cases exact values) of eigenelements
are known. The rescaled growth-fragmentation equation in this case becomes

0 0 *B

gt (o) =2 [ 2wy ay - (B@) + Nm, 20

m(t,0) =0, t>0, (31)
m(0,x) = no(z), x>0,

where m = m(t,z) whenever variables are not explicitly written. If we consider a

linear growth g(x) = gor and a power like total division B(z) = byz” with v > 0, and
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Jo, bop > 0, the Perron eigenvalue and the corresponding dual eigenfunction are given by

x
JyN(y)
In this case, eigenelements can be computed explicitly (see for example [35]):

v v

A=gy and ¢(x)=

Moreover, in [4], the authors give the asymptotics of the profile N and accurate bounds
on the dual eigenfunction ¢ in a more general form of the growth-fragmentation equation
where growth and total division rates behave like a power law for large and small z.

Lemma 5.1 (Lower bound for the uniform fragment distribution). Assume Hypotheses
1.1 and 1.3 hold true with a constant distribution of fragments p(z) = 2 for z € (0, 1].
Let (S¢)i>0 be the linear semigroup associated to equation (31). For all0 < n < 6 given,
there exists to > 0 such that for all t >ty and xy € (n,0] it holds that

Si0zy () > C(n,0,1) for all x € I,

where I, in an open interval which depends on n, the time t, and for some quantity
C =C(n,0,t) depending only on n, 0 and t. If in addition we assume that

1
/—da:<—i—oo,
o 9(7)

then the above result also holds when taking n = 0.

Proof. Recall that (7;):>o the semigroup associated to the transport equation

(1, 2) + ~-(glaymlt, ) + e(aym{t,2) = O

where ¢(z) = B(z) + A. By Duhamel’s formula we have
Sino(x) = m(t,x) = Tyno(z / Tir( ) (z) dr,

where A(t,z) :==2 [ %y)m(t,y) dy. Fix 0 <n < 6, and take any zq € (n, §].
If ny = d,,, a simple bound gives

t
Sibus > Tibas = Xodhb, oxp (— [ et dr),
0

where we have used the expression of 7; given in (27) and the fact that the support
of X;#0,, is the single point {X(x¢)}. By Hypothesis 1.3 (in particular since B is
continuous on [0, X;(#)]), for some C; = C1(0,t) which is increasing in ¢, we have

c(z) =B(x)+ A< Cy forall xz € (0, X,(0)].

We deduce that
St5x0 Z Xt#5x06_01t = 5Xt(m0)6_01t- (32)
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Using this we obtain

B(Xi(x0))
Xi(zo)

We use that there is some 5 > 0 for which B is bounded below by a positive quantity

on any interval of the form [zp, R]. There is some ¢tz > 0 such that for t > t5 we have

Xi(zg) > xp for all 2y > n (for this to hold, notice we may take n = 0 in the case that

fol 1/g < 400, but we need 7 > 0 otherwise). Hence, for some Cy = Cy(n, 0,t) which is
decreasing in ¢, we obtain

A(t,z) > Coe=@t  forall t > tp and = < X;(z).

A(t, ) > 2! for all £ > 0 and = < X;(x).

Take now ¢ > tp, which will stay fixed until the end of the proof. The previous bound
shows that

A(r,2) > Co(n,0,7)e O™ > Oy (1, 0, 1)e=C1ODT = Chpe=O17

forall t > tp, tg <7 <tand all z < X, (x). As a consequence, using (29) and (30),

TorAlrn) 2 Coe ey (— ) as) e (- [ T (X)) )

forall tg <7 <tand X; (0) <z < Xy(xp). Since X_4(z) < Xy(zo) in this range, we
can bound this by

5 t—r
Tecdra) 2 Coe*enp (= [ g0 as),
0

again for all tg < 7 <t and X; .(0) < z < Xy(z9). In order to find a lower bound for
the last exponential we restrict to a smaller x interval. Since the bound holds for all x
with

Xi—+(0) <z < Xy(xp),

it holds in particular for all x with
Xiotz(n) <z < Xi(n). (33)

Again this is a point where we need to take n > 0 in the case fol 1/g = 400, since

otherwise this gives an empty range of x. In the case fol 1/g < 400, n = 0 is allowed.
In this range, the quantity X _4(z) inside the exponential satisfies

Xt () < Xos(2) < Xo(n)

Choose § > 0 such that t5 + 6 < t. Then for all = satisfying (33) and all 7 € (tp + 6, 1)
we have
Xs(n) < X_o(2) < Xu().

Using that ¢/(X) < Cj for all X € [Xs(n), X¢(n)] we have
T+ A(T,x) > CoeC17e=0(=7) > (,e=Cst

for all = satisfying (33) and all 7 € (t5 + 0,t). A final integration gives, for x in the
same interval,
¢

¢
/ Ti—r(A(7,))(z)dT > C~'26_C4t/ dr = Coe %t (t — tg — 0).
0

tg+d
Taking tq := tp gives the result. O
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5.2 Equal mitosis

We now consider the fragment distribution p(z) = 25%(,2) which describes the process

of equal mitosis, in which cells of size x split into two equal daughter cells of size x/2.
In (12), we have then A(t, z) := 4B(2z)m(t, 2x) and the rescaled growth-fragmentation
equation takes the form

%m(t x)+ %(g(x)m(t,x)) =4B(2x)m(t,2x) — (B(z) + N)m(t,z), t,xz >0,
m(t,0) =0, t>0, (34)
m(0,z) = no(x), x> 0.

The case where g and B are constant was the subject of numerous works in the past,
most notably [10, 29, 47, 58, 61, 65]. For g(z) = 1 and B(x) = 1, eigenelements are
given by

A=1,  N@) =) (-D"ae " 4(z)=1
n=0
with a,, = =2=a,,_1 and «y > 0 a suitable normalization constant, and the solution

21
m(t,x) converges exponentially fast to the universal profile N(z), which vanishes as

xr — 0 and z — +oo. However, when a linear growth rate g(x) = z is considered
equation (34) exhibits oscillatory behaviour in the long time. This is because instead
of a dominant real eigenvalue, there are nonzero imaginary eigenvalues, so that there
exists a set of dominant eigenvalues. This type of periodic long time behaviour was first
observed in [32] and then it was proved in [44] by using the theory of positive semigroups
combined with spectral analysis to obtain the convergence to a semigroup of rotations.
Since the method relies on some compactness arguments, the authors considered the
equation in a compact subset of (0,+00). Recently in [42], the authors proved the
oscillatory behaviour in the framework of measure solutions for general division rates

n (0,400). The proof relies on a general relative entropy argument combined with
the use of Harris’s theorem on discrete sub-problems. It provides an explicit rate of
convergence in weighted total variation norm. Here we consider a sublinear growth
rate and a more general division rate than those so far considered in the literature.
We exclude of course the case g(x) = x, for which we know the lower bound (and the
exponential convergence) does not hold.

We first need a technical lemma which gives an expression for the time integration
of a measure moving in time:

Lemma 5.2. Lett > 0 and F: [0,t] — R an injective, differentiable function. Then

t
/ Sr(ry (@) dr = (F7) () Liro)y<acr -
0

Proof. Integrating against a smooth test function p(x) we obtain

/0+°°¢<)/5F dex—//+oo 5FT> 2) dz dr

by using the change of variable y = F(7). O
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The following result will ensure a certain sublinearity of the characteristic low X,
which we will need later:

Lemma 5.3. Assume that the growth rate g: (0,400) — (0,+00) is locally Lipschitz
and satisfies
wg(x) < glwx) for all x >0 and w € (0,1).

Then for any t > 0 the characteristic flow X; satisfies

wXi(z) < Xi(wx), for all x >0 and w € (0,1).

Proof. Call hy(t) := wX,(x) and ho(t) := Xi(wz). The second one satisfies the ODE
hy(t) = g(ha(t)),
while the first one satisfies
(1) = wyg(Xy(2)) < g(wXi(x)) = g(ha(t)).

Since they have the same initial condition, this differential inequality implies hy(t) <
ho(t) for all ¢ > 0. O

Our main lower bound for the mitosis case is the following:

Lemma 5.4 (Lower bound for equal mitosis). Assume Hypotheses 1.1, 1.8, 1.4 hold
true with the mitosis kernel p(z) = 25%(2). Let (S;)i>0 be the semigroup associated to

equation (34). For any 6 > 0 there exists ty = to(0) > 0 such that for all t > ty and
xo € (0, 0] it holds that

Si6zy () > Clty,0) for all x € I,

where I; is an open interval which depends on time t, and for some quantity C' = C(t,0)
depending only on t and 6.

Proof. Fix 6 > 0 and take any xy € (0,0]. We follow the same strategy as in the
proof of Lemma 5.1. Here the only different part is A(t, z). We consider the semigroup
(T:)i>0 defined as in (28) and (S;);>¢ defined as the semigroup associated to (34) with
A(t,x) = 4B(2z)m(t,2x). Using (32) we have

_ 1 _
7;5530 (2$> > Xt#(;zo (2‘7:)6 @t = 55%Xt(zo)(x)e Clta
for Cy = C1(6,1), increasing in t. we obtain
A(t,z) > 2¢O B (X, (20)) 01 X,(ap) () forall £ > 0.
We know that there exists some xg > 0 for which B is bounded below by a positive
quantity in each interval of the form [zp, R]|. Take t5 > 0 such that for ¢ > ¢z we have

Xi (zg) > xp for all zyp > 0. Hence, for some Cy = Cy(0,t) > 0, decreasing in ¢,

A(t,z) > C2€—Clt5%Xt(zO)(x) for all t > tp.
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Fix now any t > tg. For tg < 7 <t we have

A(T7 ZL’) Z 02(97 7—)6_01(677—)76%XT($0)("L‘)
2 02(9, t)e_cl(e’t)t(S%XT(xO) (.T) =: CYQQ_Clté%XT(IO) (.7})

Hence using (27) we have

~ t—T1
Ti—r A(T,2) > CQe_Clt(SXtiT(;X (m))(x) exp (—/ (X _s(x)) ds)
2T 0
= 6(267201%&4(%)(7(350))(9‘3)7

for all 7 € (tp,t). Define F(7) := X;_, (3X,()), and notice that it is a strictly
decreasing function, since Lemma 5.3 ensures that for m < 7

Plr) = Xior, (X)) < Ko Xomr, (3% (a0) ) = F(r)

By Lemma 5.2 we obtain

t t ot
/ Ti—r A(T, ) dr > / Ti—r A(T, ) dr > ége_zclt/ 5Xt_7(lX (@ ))(a:) dr
0 tp 27T

tp

> Coe 2 (F(1)) ()1,

where we define | .
I:co = |:§Xt (.730), Xt—tB (éXtB(xO)):| .

Again by Lemma 5.3 we see that this interval is nonempty. Since we need a bound
which is independent of xy, we consider the intersection of all these intervals as zq
moves in the interval (0,6). That intersection is

1 [0 % (50)|

Condition (11) shows that this interval is nonempty for ¢ large enough, since

X, () _ H=(t+0)

= — 1 t — +o0.
Xi, (3X,,(0))  HL(t—t5+ 1X,,(0)) as >

This gives the result. O

6 Proof of the main result

We conclude by giving a proof of Theorem 1.3. It is a direct application of Harris’s
Theorem 3.3. Hypotheses 3.2 and 3.3 need to be verified. We already verified Hypothesis
3.2 (Lyapunov condition) in Section 4 (see the corollary given in each case); in fact,
we have proved that given any ¢ty > 0 we can satisfy Hypothesis 3.2 for any t > t,
with constants v, K which are independent of t (since we can always take v := e~ Cito,

K :=0C).
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Regarding Hypothesis 3.3, the lower bounds we obtained in Section 5 are for m(¢, x)
which is a solution to (12). However we need to satisfy the minorisation condition for
f(t,x) = ¢(x)m(t, z) since the equation on f conserves mass; thus the associated semi-
group is Markovian, and we may apply Harris’s theorem to it. The equation satisfied

by f is

i) + 000 (S50 1(0.0)) + (Bla) + N (e
= ¢(x) /+OO ?p (g) f(t,y) dy, t,x >0, (35)
m(t,0) =0, t>0,
m(0,x) = no(z), x> 0.

We define (F);>¢ as the semigroup associated to (35), or alternatively by the relationship
Fi(png) = ¢Sino,

for any nonnegative measure ny such that ¢ng is a finite measure on (0, +00).

Lemma 6.1 (Minorisation condition for f(t,z)). We assume Hypotheses 1.1, 1.2, 1.3
and 1.4 hold true. Let (Fi)i>0 be the semigroup associated to equation (35). For any
0 > n > 0 there exists to = to(n,0) > 0 such that for all t >ty and xy € [n,0] it holds
that

Fibo(z) > C(n,0,1) for all x € I,

where I; is an open interval which depends on time t, and for some quantity C =
C'(n,0,t) depending only on n, 6 and t. If in addition we assume that

|
/_dx<+oo,
0 g(x)

then the above result also holds when taking n = 0.

Proof. Let (St)i>0 and (F)i>o be the semigroups associated to equation (12) and (35)
respectively. Under the conditions of Lemma 5.1 we have a lower bound for S;d,,(z) >
C(n,0,t). It immediately translates to a lower bound on F; in all cases:

1 If ) oty da = +00, we know from [4] that ¢(z) is bounded in each interval of the
form (0, 6] (since it is continuous and tends to a positive constant at x = 0).

2. If fo 91 dz = +00, then since ¢(x) is continuous there exists constants Cy(1, ),

C’Q(n, 0) > 0 such that C, < o(y) < (s for all y € [n,d].

On the other hand, under the conditions of Lemma 5.4 we know again that ¢(x) is
bounded above and below by positive constants in each interval of the form (0, 6].
Therefore we obtain for zy € [n, 6]:

¢(x) Cy(n, 0) -
Filqzy(x) = S0z (x) > = C(n,0,t) :=C(n,0,t),
102, (7) ) (z) Ga(r.6) (n,0,t) := C(n,0,1)
allowing n = 0 if fol 1/g < +o0. O
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Proof of Theorem 1.53. As remarked above, the semigroup (F;);>o satisfies the Lya-
punov condition in Hypothesis 3.2 in all cases, for ¢ > 1, with a weight V' and constants
v, K which are independent of t. In order to satisfy Hypothesis 3.3 it is enough then
to find any time t > 1 for which we have a uniform lower bound whenever the initial
condition is a delta function supported on a region of the form

C:={z>0]|V(z) <R}

for some R > 2K/(1 — ). Lemma 6.1 gives this in all cases. Notice that in the cases
in which the lower bound is only available for zq € [n, 6] with n > 0, the function V'
we give in Section 4 is unbounded at z = 0, and thus the region C is contained in an
interval of that form. O

Explicit calculations for the self-similar fragmentation case. We recall that
the so-called self-similar fragmentation equation corresponds to a linear growth rate
g(z) = x, a monomial total fragmentation rate B(z) = 2%, b > 0, and a self-similar
kernel (here we take the homogeneous self-similar kernel p(z) = 2). In that case, all the
constants appearing in Harris’s theorem can be quantified. This is due to the explicit
expression ¢(x) = = of the dual eigenfunction when g(z) = x. For the computations
we choose for instance the parameters £k = 0 and K = 2, which correspond to the
Lyapunov function V(x) = (2% + 2%)/¢(z) = 1/2 + 2. We start with Hypothesis 3.2.
Using that B(x) = 2” we can make the proof of Lemma 4.1 more quantitative. Indeed
the function ® defined in (21) reads in the present case
3 I

1
O(z) = —§$b+1 + 5:70 A ix_ .

Treating separately the cases © <1, x > 1, and b < 2, b > 2, we can check that

1 3 15\ t+3
Plr) < ——gbtl 4 2 b-1 <_>
(x) < 336 + 2:6—1-3: <5 5

for all x > 0. So Hypothesis 3.2 is verified for any g > 0 with the constants

15\5+3
y=¢€ 2 and K= 10(?5) o

We now turn to Hypothesis 3.3. We choose

and we notice that since V(z) = 1/z + x
C={z:V(z) <R} C[l/R,R].
For ¢(x) = x and p(z) = 2, equation (35) reads

0

G (t0) 5 wf ) + B f(ta) =2 [ B’ dy
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and we can prove directly on this equation, proceeding similarly as in Lemma 5.1, that
for any to > 0 and all zy € [1/R, R]

Fio0zy > QU

with

bto

Lo, reto] (¥)y dy and a = Rty exp < — 2R’Y%>.

2672250

R

v(dy) =

We are now in position to apply Harris’s theorem. Choosing in Theorem 3.3

« d n 2K
Qg = — an = —
0= 73 Yo =7 R

we obtain

B a 1—vy+H2a

a=max{l——, ———=— .

2 1—-v7+a
Choosing tg = 2log 2 we get
1 15\ 545
7= 5 R = 80(5) "7 a=2log 2RM 2R/

and

_ o o} «
a=maxsl—-—1—-— b =1—-——".
2 2(1 + 2) 2(1+ 2a)

This proves that we can choose p as in (14).
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