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Abstract

We consider the linear growth and fragmentation equation

a0+ 5 (rlahu) + By =2 [ Blete.p) ) dy

with general coefficients 7, 8 and k. Under suitable conditions (see [17]), the first eigenvalue rep-
resents the asymptotic growth rate of solutions, also called the fitness or Malthus coefficient in
population dynamics. This value is of crucial importance in understanding the long-time behavior
of the population. We investigate the dependence of the dominant eigenvalue and the corresponding
eigenvector on the transport and fragmentation coefficients. We show how it behaves asymptoti-
cally depending on whether transport dominates fragmentation or vice versa. For this purpose we
perform a suitable blow-up analysis of the eigenvalue problem in the limit of a small/large growth
coefficient (resp. fragmentation coefficient). We exhibit a possible non-monotonic dependence on
the parameters, in contrast to what would have been conjectured on the basis of some simple cases.
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Introduction

The growth and division of a population of individuals structured by a quantity conserved in the
division process may be described by the following growth and fragmentation equation:

[ Grutta) + o (ruttn)) + St =2 [ sl utt) s, t20, 230
u(0,x) = up(z), (1)
u(t,0) = 0.

This equation is used in many different areas to model a wide range of phenomena. The quantity u(t, x)
may represent a density of dust [19], polymers [9, 10], bacteria or cells [5, 6]. The structuring variable
x may be the size ([35] and references), the label [2, 3], a protein content [14, 30], a proliferating
parasite content [4]; etc. In the literature, it is referred to as the “size-structured equation”, “growth-
fragmentation equation”, “cell division equation”, “fragmentation-drift equation” or Sinko-Streifer
model.

The growth speed 7 = Cfl—f represents the natural growth of the variable x, for instance by nutrient
uptake or by polymerization, and the rate 5 is called the fragmentation or division rate. Notice that
if 7 is such that % is non integrable at # = 0, then the boundary condition u(¢,0) = 0 is useless.
The so-called fragmentation kernel x(x,y) represents the proportion of individuals of size x < y born
from a given dividing individual of size y; more rigorously we should write x(dz,y), with x(dz,y) a
probability measure with respect to z. For the sake of simplicity however, we retain the notation
k(z,y)dz. The factor “2” in front of the integral term highlights the fact that we consider here binary
fragmentation, namely that the fragmentation process breaks a single individual into two smaller ones.

This physical interpretation leads us to impose the following relations

/ (@, y)de = 1, / en(a, g = ¥, )

so that k(z,y)dz is a probability measure and the total mass is conserved through the fragmentation
process. The method we use in this paper can be extended to more general cases where the mean
number of fragments is ng > 1 (see [17]). The well-posedness of this problem as well as the existence
of eigenelements has been proved in [1, 17]. Here we focus on the first eigenvalue \ associated to the
eigenvector U defined by

S @UE) + (3) + V@) =2 [ B U@y, >0
: ’ (3)

TU(x = 0) =0, U(z) >0 for x >0, JoSU(z)de = 1.

The first eigenvalue A is the asymptotic exponential growth rate of a solution to Problem (1) (see
[33, 34]). It is often called the Malthus parameter or the fitness of the population. Hence it is of
great interest to know how it depends on the coefficients: for given parameters, is it favorable or
unfavorable to increase fragmentation 7 Is it more efficient to modify the transport rate 7 or to
modify the fragmentation rate 5 7 Such concerns may have a deep impact on therapeutic strategy



(see [5, 6, 11, 14]) or on the design of experimental protocols such as PMCA ! (see [29] and references
therein). Moreover, when modeling polymerization processes, Equation (1) is coupled with the density
of monomers V (t), which appears as a multiplier for the polymerization rate (i.e., 7(x) is replaced by
V(t)7(z), and V (t) is governed by one or more ODE - see for instance [10, 25, 29]). The asymptotic
study of such polymerization processes thus closely depends on such a dependence (see [9, 10], where
asymptotic results are obtained under the assumption of a monotonic dependence of A with respect
to the polymerization rate 7).

Based on simple previously studied cases (see [21, 25, 38]), it might be assumed intuitively that the
fitness always increases when polymerization or fragmentation increases. Nevertheless, a closer look
reveals that this is not the case.

To study the dependence of the eigenproblem on its parameters, we fix coefficients 7 and 3, and study
how the problem is modified under the action of a multiplier of either the growth or the fragmentation
rate. We thus consider the two following problems: first,

a%(T(m)Ua(aﬂ)) + (B(z) + Aa) = 2/ By Un (y)dy, x>0, "
Uy (2 =0) =0, Uy (z) >0 for z >0, IS Ua(z)dx =1,

where o > 0 measures the strength of the polymerization (transport) term, as in the prion problem
(see [25]), and second

STV + (@8(0) + AVale) =2 [ B)r@yVal)dy, >0
’ ’ (5)
™Va(x = 0) =0, Va(z) > 0 for z > 0, Iy~ Val(@)da =1,

where a > 0 modulates the fragmentation intensity, as for PMCA or therapeutics applied to the cell
division cycle (see the discussion in Section 3).

To make things clearer, we give some insight into the dependence of A, and A\, on their respective
multipliers a and «a. First of all, one might suspect that if a vanishes or if « tends to infinity, since
transport dominates, the respective eigenvectors U, and V, tend to dilute, and on the other hand
if a tends to infinity or if a vanishes, since fragmentation dominates, they tend to a Dirac mass at
zero (see Figure 1 for an illustration). But what happens to the eigenvalues A\, and A, 7 Integrating

Equation (5), we obtain the relation
Ay = a/ B(x)Va(x) dz
0

which gives the impression that A, is an increasing function of a, which is true if f(z) = [ is a
constant since in this case we obtain Ay, = fa. However, when [ is not a constant, the dependence
of the distribution V4(z) on a comes into account and we cannot conclude so easily. A better idea is
given by integration of Equation (5) against the weight z. Together with Assumption (2), this implies

Ay / Wa(w) do = / (@) Va(e) do

LPMCA, Protein Misfolded Cyclic Amplification, is a protocol designed to amplify the quantity of prion protein
aggregates due to periodic sonication pulses. In this application, u represents the density of protein aggregates and =
their size; the division rate 8 is modulated by ultrasound waves. See Section 3.3 for more details.
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Figure 1: Eigenvectors U, (x) for different values of a when B(z) = 1, r(z,y) = %ﬂogxgy and 7(x) = .

In this case there is an explicit expression U, (z) = 2/« (\/ax + aTmQ) exp <\/ax + O‘Tz’“ﬂ) We can see

that if « vanishes, U, tends to a Dirac mass, whereas it dilutes when a — +o0.

and consequently
x x
inf M <A< supﬂ.
>0 X z>0 T

This last relation highlights the link between the first eigenvalue A, and the growth rate 7(x), or more

precisely % For instance, if @ is bounded, then A, is also bounded, independently of a. Notice

that in the constant case S(x) = f3, there cannot exist a solution to the eigenvalue problem (3) for

@ bounded since we have A, = Sa which contradicts the boundedness of @ In fact we check that,

for  constant, the existence condition (28) in Section 1.2 imposes that % is integrable at * = 0 and

SO @ cannot be bounded.

Similarly, concerning Equation (4), an integration against the weight = reads

N .7

[ alpdz’

which could lead to the (false) idea that A, increases with «, which is in fact true in the limiting case
7(x) = z. A simple integration gives more insight: this leads to

Ao = /ﬁ(m)ua(m) dx, inf B(z) < Ay < sup fB(x).

x>0 >0
This relation connects A, to the fragmentation rate § when the parameter « is in front of the transport
term. Moreover, we have seen that when the growth parameter o tends to zero, for instance, the
distribution U, (x) is expected to concentrate into a Dirac mass in z = 0, so the identity A\, =

| B(x)Us(z) dz indicates that A, should tend to 3(0). Similarly, when « tends to infinity, A, should
behave as ((400).



7(z)

These ideas on the link between —= and A, on the one hand, 8 and A, on the other hand, are
expressed in a rigorous way below. The main assumption is that the coefficients 7(z) and f(x) have
power-like behaviors in the neighborhood of L = 0 or L. = 400, namely that

Jv, y€R such that 7(x) ~ 72, p(z) ~ pa7. (6)

z—L z—L

Theorem 1. Under Assumption (6), Assumptions (2), (14)-(15) on k, and Assumptions (24)-(29)
stated in [17] to ensure the existence and uniqueness of solutions to the eigenproblems (4) and (5), we
have, for L =0 or L = 400,

lim A\, = lim B(x) and lim Ay = lim ﬂ
a—L x—L a—L z—L T

This is an immediate consequence of our main result, stated in Theorem 2 of Section 1.3. As expected
from the previous relations, for Problem (4) the eigenvalue behavior follows from a comparison between
B and 1 in the neighborhood of zero if polymerization vanishes (a« — 0), and in the neighborhood of
infinity if polymerization explodes (o — 00). For Problem (5), it is given by a comparison between 7
and z (in the neighborhood of zero when a — oo or in the neighborhood of infinity when a — 0).

It can be noticed that these behaviors are somewhat symmetrical: it is easy to see that

Aa
A = — = .
<, Vi=lh (7)

Q=
Q=

The first step of our proof is thus to use a properly-chosen rescaling, so that both problems (4) and (5)
can be reduced to a single one, stated in Equation (20). Theorem 2 studies the asymptotic behavior
of this new problem, which allows us to quantify precisely the rates of convergence of the eigenvectors
toward self-similar profiles.

A consequence of these results is the possible non-monotonicity of the first eigenvalue as a function
of a or a. In fact, if lim, o f(x) = lim,_,o B(x) = 0, then the function a +— A, satisfies lim,_0 Ao =

(@) _

T

limy 00 Aa = 0 and is positive on (0,+00), because A\ = [ U, > 0 for @ > 0. If lim, o
7(x)

limg 400 == = 0, we have the same conclusion for a — A, (see Figure 2 for examples).

This article is organised as follows. In Section 1 we state and prove the main result given in
Theorem 2. We first detail the self-similar change of variables that leads to the reformulation of
Problems (4) and (5) in Problem (20), as stated in Lemma 1. We then recall the assumptions for the
existence and uniqueness result of [17]. Here we need these assumptions not only to have well-posed
problems, but also because the main tool to prove Theorem 2 is given by estimates that are based
on them. In Section 2, we give more precise results in the limiting cases, i.e. when lim,_,; 5(z) or
lim, ., @ is finite and positive, and conversely more general results under assumptions weaker than
Assumption (6). Finally, in Section 3 we discuss how the results might be used and interpreted in

various fields of application.
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Figure 2: The dependences of the first eigenvalue on polymerization and fragmentation parameters
for coefficients which satisfy the assumptions of Theorem 1 are plotted. The coefficients are chosen to

obtain non monotonic functions. 2(a): 7(z) = %, (x) = 15}:% and k(z,y) = éﬂogxgy- We have
. . . . 1.8 2
lim, 0 5(2) = limy— 00 B(x) = 0, 50 limy—0 Aq = limy—y00 A = 0. 2(b): 7(z) = 11'4_22%, (x) = 104-11—%
and k(z,y) = %llogxgy. We have lim,_,q @ = lim,_, o % =0, so limg_g Ay = limg_oo Ay = 0.

1 Self-similarity Result

1.1 Self-similar transformation

The main theorem is a self-similar result, in the spirit of [20]. It considers the cases for Equation (4)
or (5), and whether the parameter « or a goes to zero or to infinity. It gathers the asymptotics of
the eigenvalue and possible self-similar behaviors of the eigenvector, when 7 and S have power-like
behavior in the neighborhood of 0 or +00. We first explain in detail how the study of both Equations
(4) and (5) comes down to the study of the asymptotic behavior of a unique problem, as stated in
Lemma 1.

When fragmentation vanishes or polymerization tends to infinity, one expects the eigenvectors U,
and V, to disperse more and more. When fragmentation tends to infinity or polymerization vanishes
on the other hand, we expect them to accumulate towards zero. This leads to the idea of performing
an appropriate scaling of the eigenvector (U, or Vy), so that the rescaled problem converges toward a
steady profile instead of a Dirac mass or an increasingly spread-out distribution.

For given k and [, we define v, or w, by the dilation

Vo (z) = FU (1), we(z) = alVa(alz). (8)

The function v,, satisfies the following equation

o F— (T(akx)va(x)) + ()\a + 5(0/%)) V() = 2/ﬁ(aky)ﬂ;(akx,aky)va(y)dy, 9)

6



and similarly the function w, satisfies

a2 (r(al)ua(@) + (Ae + aB(ele)) wo(z) = 20 [ sttty (10

A vanishing fragmentation or an increasing polymerization will lead the mass to spread more and
more, and thus lead us to consider the behavior of the coefficients 7, 8 around infinity. On the other
hand, a vanishing polymerization or an infinite fragmentation will lead the mass to concentrate near
zero, and we then consider the behavior of the coefficients around zero. This consideration drives our
main assumption (6) on the power-like behavior of the coefficients 7(z) and (z) in the neighborhood
of L =0 and L = +00. We recall this assumption here

Jvr, v € R such that 7(x) ~ 72", B(x) ~ pa’*.

rz—L rz—L

In the class of coefficients satisfying Assumption (6), Assumption (28) of Section 1.2 is equivalent to
70+1_V0>0’ (11)

Assumption (29) coincides with
Yoo + 1 = Voo >0, (12)

and in Assumption (27), the condition linking ¥ to 7(x) becomes
5 4+1 -1 > 0. (13)
For the sake of simplicity, in what follows we omit the indices j.

To preserve the fact that x is a probability measure, we define

k

Kolz,y) == oFr(arz, aFy), Koz, y) = ak(a'z, aly). (14)

For our equations to converge, we also make the following assumption concerning the fragmentation
kernels k. and kKq :

For k>0, Ik st VeeClCT(Ry), /go(x)ﬂa(x,y) de —— | o(x)kr(z,y)dz ae. (15)

a—L

This assumption is the convergence in a distribution sense of k,(.,y) for almost every y. This is true

for instance for fragmentation kernels which can be written in homogeneous form as x(z,y) = lg(z)

Yy \y
In this case k, is equal to  for all o, so kK, = k.
Under Assumption (6), in order to obtain steady profiles, we define

Ta(z) == a M7 (akx), Ta(x) == a "7 (d2), Ba = a M B(akz), Ba:=a"p(dz). (16)

If k£ > 0, it provides local uniform convergences on R* of 7, and 3, : 7, —z Tz¥ and B, —E Bx7.
oa—r oa—r

Equations (9) and (10) divided respectively by o7 and a/~1) can be written as
8 o0
OCH_k(V_l_W/)% <Tava(x)) + (a_k,y)‘oz + 504) Va(z) = 2/5a(y)/€a(xay)va(y)dya (17)

7



% (Tawa(ﬁﬂ)) + (al(lﬂz)Acl + alfl(uflf“{)ﬁa> wa(z) = 9ql-lv—1-7) /5a(y);{a(x,y)wa(y)dy. (18)

In order to cancel the multipliers of 7, and f,, it is natural to define

1 -1

which leads to

8 o0

55 (7al2)0a(2)) + (B + Ba@)vale) =2 [ Ba(w)ra(z p)vav)d, (20)
and -

19}

a_x(Ta(x)wa(w)) + (Ga + /Ba(x))wa(x) = Q/ﬁa(y)ﬁa(xay)wa(y)dya (21)
with _ .

O = a7 Ay, Oy = a7 A,.

The signs of k and [ express the fact that for & > 1 or a < 1, v, and wq are contractions of U, 4, whereas
for a < 1 or a > 1 they are dilations. It is in accordance with our initial idea of the respective roles of
polymerization and fragmentation. Moreover, one notices that if we define a := é, then a! = o, and
so Equations (20) and (21) are identical. By the uniqueness of a solution to this eigenvalue problem,
this implies that 0, = ©1 and v, = wi. We are ready to state this result in the following lemma.

Lemma 1. Eigenproblems (4) and (5) are equivalent to the eigenproblem (20) with k defined by (19),
Bas Ta defined by (16), ko defined by (14), a = é and the following relations linking the different
problems:

v (z) = oF U (F) = FVi (Fx), B0 = QT 7 g = ozli;iVAl. (22)

o

Defining (veo, 0) as the unique solution of the following problem

a [o¢]
ST e @)+ (807 + 0 ve) =2 [ B s ) )y, 20

(23)

TVUso(z = 0) =0, Voo(x) >0 for x >0, I

0 Vso(T)dr =1, 0o > 0,

we expect 0, to converge towards 0 > 0 and v, towards v, when « tends to L, so the expressions
of A, Aq given by (22) will immediately provide their asymptotic behavior. This result is expressed
in Theorem 2.

1.2 Recall of existence results ([17, 31])

The assumptions of the existence and uniqueness theorem for the eigenequation (3) (see [17] for a
complete motivation of these assumptions) also ensure the well-posedness of Problems (4) and (5).
For all y > 0, &(-,y) is a non-negative measure with a support included in [0,y]. We define x on (R, )?
as follows: k(z,y) = 0 for x > y. We assume that for all continuous functions v, the application



fo:y v [Y(x)k(z,y)dz is Lebesgue measurable.
For physical reasons, we have stated Assumption (2), so that f, € LS (R4). Moreover we assume that
the second moment of x is uniformly less than the first one

2
x
/? Kz, y)dr <c<1/2. (24)
For the polymerization and fragmentation rates 7 and 3, we introduce the set

P = {f >0:3pu>0, limsupz #f(x) < oo and lirginfx“f(x) > O}.
T—00 T—00

We consider

B e LL.RL)NP, Jrg > 0s.t. 7€ L2 (Ry,2™dr) NP (25)
satisfying
VK compact of (0,00), 3mg >0 s.t. 7(z),[(x) > mg for ae. v € K, (26)
v T\7 z
3C>0,9>0 st dz < min(1,C0(= d == el 2
>0,7>0 s /0 k(z,y) z_mln( ,C(y) > an @) € Ly (27)

Notice that if Assumption (27) is satisfied for 4 > 0, then Assumption (24) is automatically fulfilled
(see Appendix A in [17]). We assume that growth dominates fragmentation close to L = 0 in the
following sense:
A € Ly :={f, Ja>0, feL'0,a)}. (28)
-
We assume that fragmentation dominates growth close to L = 400 in the following sense:

lim zB(z)

r— 400 T(x)

= +00. (29)

Under these assumptions, we have the existence and uniqueness of a solution to the first eigenvalue
problem (see [17, 31]).

Theorem [17]. Under Assumptions (2), (24)-(29), for 0 < a, a < oo, there exists a unique solution
(A, U), respectively, to the eigenproblems (3), (4) and (5), and we have
A >0,
'tU € LP(Ry), Vr> -5, Vpe][l, o0,
o'tU € WHHRL), Vr>0.

We also recall the following corollary (first proved in [31]). We shall use it at some step of our
blow-up analysis.

Corollary [17, 31]. LetT > 0,3 > 0, v, v € R such that 14+vy—v > 0, and k1, satisfy Assumptions (2),

(24) and (27). Then there ezists a unique (0, Vo) solution to the eigenproblem (3) with 7(x) = Ta"
and B(z) = Ba”.

In this particular case, assumptions of the above existence theorem are immediate, and as already
said both assumptions (28) and (29) are satisfied if and only if 1 +~v —v > 0.



1.3 Main result

Based on the previous sections, we can now state our main result.

Theorem 2. Let 7, 5 and k satisfy Assumptions (2), (24)-(29). Let L =0 or L = 400, and 7 and
satisfy also Assumption (6). Let ko, defined by (14) with k defined by (19) satisfy Assumption (15). Let
(v, ba) be the unique solution to the eigenproblem (21). We have the following asymptotic behaviors

"0 (2) —— 2 veo(2) strongly in L' for all v >0, and 6, —— 0o
a—L a—L
Theorem 1 stated in the introduction immediately follows from Theorem 2 and the expression of A,
and A4 given by (22).

Proof. 1t is straightforward to prove that r, satisfies Assumptions (2), (24) and (27) with the same

constants ¢ and C' as «, thus independent of a. We have local uniform convergences in R 7, —E T
oa—r

and (3, H Bx7, if Assumption (6) holds, for L = 0 as well as L = oo.

The proof is based on uniform estimates on v, and 0, independent of «, in the same spirit as in the
proof of the existence theorem (see [17]). Once they are sufficient to bring compactness in L'(R),
we shall extract a converging subsequence, which will be a weak solution of Equation (23) ; the global
convergence result will then be a consequence of the uniqueness of a solution to Equation (23).

The first step is to ensure that f,, 7o and K, satisfy Assumptions (25), (27)-(29) uniformly for all
«. In fact, they were defined for this very purpose. The reader may refer to Lemmas 4, 5 and 6 in the
appendix for precise statements of these uniform properties (we do not include them here since they
do not present any major difficulty).

The delicate point here is to obtain fine estimates. This relies on successive and increasingly elaborate
steps, which make great use of the link between 7 and  given by Assumptions (27), (28) and (29) to
go back and forth from the transport term to the fragmentation terms.

The first estimate: L'bound for x"ve, » > 0. For r > 2, we have by definition and due to Assump-

tion (24)

Y o Y 22

—ko(x,y)dr < / —kalx,y)dx
/0 y" (@:3) 0 Y2 (@)

A

aky 232

k

= ——k(z,a"y)dx < c.
/0 (aky)?

So, multiplying the equation (20) on v, by " and then integrating on [0, 00), we find
/(1 —20)x" Ba(x)vg(x)de < r/wrlTa(x)va(x) dx
= 7‘/ 2" o (2)ve () do + 7’/ " g (x)va(x) dr.  (30)
z<A z>A

In (30), we choose A = Ar as defined in Lemma 4 (see the appendix) with w < 1 — 2¢, so that for all

x > A and independently of «, we have ra” 17, (2)va(z) < wz"Ba(2)ve(x). We obtain

7 SUP(0 A ){xr_lTa}

/ 2" Ba(@)ea(e) de < ———2

10




and the right hand side is uniformly bounded for » — 1 > max(rg, —v) when o« — L, due to Lemma 5
in the appendix. Finally

Vr > max(2,1+rg,1 —v), 3C,, /xrﬂa(x)va(x) dx < C,. (31)

Moreover for all a we have [v,dx = 1. So, once again using Lemma 5 with 37! (z) = O(z™7) instead
of 771(z) = O(x7"), we conclude that uniformly in o — L

v, € LY(Ry), Vr > 0. (32)

The second estimate: 6, upper bound. The next step is to prove the same estimate as (31) for 0 <
r < max(2,1+rg, 1 —v) and for this we first establish a bound on 7,v,. Let m = max (2,1 + ro,1 — v),
then, using € and p < % defined in Lemma 6 of the appendix and integrating (20) between 0 and z < ¢,
we find (noticing that the quantity 7, (z)ve(z) is well-defined because Theorem [17] ensures that 7,v,
is continuous)

ra(@)ta(z) < 2 /0 ) / Ba(y)va (a2, y) dy dz

IN
[\
5
=
4
Q
—~
<
~—
U
<

‘ /Ba(y) m > m
< 2sup{7—ava} dy + 2¢ Yy 5a(y)va(y) dy
(0,e) 0 Toz(y)
< 2psup{Tava} + 267" Chy.
(0,8)
Consequently, we obtain
14 2C,e™™
sup 7o (z)ve(x) < L+ 2Cme ™ = C. (33)
2€(0,¢) 1=2p

Then we can write for any 0 <7 <m

[aBa@n()ds = / 5" Bal)va() do + /°° 5" B va() d
< ¢ sup{rava}/ fala d +e' m/:o 2" Bo(2) v () dx

(0,e)
< Cpe"+ Cpe™™:=0C

Finally we have

Yr >0, 3C,, /xrﬂa(x)va(x) dx < C, (34)

and so

004 = /5047)04 < CO- (35)

11



The third estimate: L>®bound for = 7T,v,. First, integrating equation (20) between 0 and x we find
To(z)vo (x) < 2/5a(y)va(y) dy =20, < 2Cy, Vx> 0. (36)

It remains to prove that 2~ 77,v, is bounded in a neighborhood of zero.
Let us define fy : & = supg ;) Tava- If We integrate (3) between 0 and 2’ < x, we find

(@ )va (') < 2 /0 ) [ awawatz) dydz <2 /0 ) [ Ba@ao)atz) dyd:

and so for all =

falw) <2 [ [ Bawraloymatz ) dyd

Considering € and p from Lemma 6 in the appendix and using (27), for all x < ¢ we have
fal) < 2 [ [ Balw)oa(ualen) dy s
= 2 [ Buwnl) | wolen)dzdy
& . o\ 7
< 2/ Ba(y)va(y) mln(l, C’<—) ) dy
x T\
= / /801 dy+20/ /8& Ucv (Q) d’y+20/ /8& Ucv( )(;) dy

IBa 5 Ba(y) a(y)va(y) T\Y
= 2 Ta Y (y) dy + 2Cx7 dy +2C 504 ) (y dy
(1) (y) i () - ()
5a(y fy fy
< 2fu(x 7 (0) dy + 2Cx7 d +2Ce7 | Bavallpiz?.
If we set Vo(z) = 277 fo(z), when o — L we obtain
>
(1= 20Valw) < K420 [ 220y, ()
T Ta(y)
2Cp
. Ksel_Qp .
and, from Gronwall’s lemma, we find that V,(x) < T 9, Finally we get
—2p
P
_ 1-2
sup{a 7o (2)va(2)} < S (37)
(0e) 1=2p

The bound (36) with Assumption (26) and the bound (37) with Lemma 6 (in which we replace S, ()
by x7) ensure that the family {v,} is uniformly integrable. Along with the first estimate, this result
ensures that {v,} belongs to a compact set in L'-weak due to the Dunford-Pettis theorem. The
sequence {6} also belongs to a compact interval of R, so there is a subsequence of {(v,, 0,)} which
converges in L'-weak x R. The limit is a solution to (23), but such a solution is unique, so the sequence
converges. To have convergence in L!-strong, we need one more estimate.

12



The fourth estimate: Wtbound for x"r,vs, 7 > 0. First, the estimates (32) and (37) ensure that
2" ToUq is uniformly bounded in L! for any » > —1. Then, Equation (20) ensures that

/‘%(mrm(x)va(x))\ dz < T/xr_lTa(x)’Uoc(x) dz + 6o + 3/504(95)”04(95) (38)

is also uniformly bounded. For r» = 0, the same computation works and finally x"7,v, is bounded in
WHL(R,) for any 7 > 0.

Due to the Rellich-Kondrachov theorem, the consequence is that {z"7,v,} is compact in L'-strong
and so converges strongly to 72" v (). Then, using Lemma 5 and estimate (37), we can write

/wr\va(x) — Voo ()] dx

IN

/06 2" va () = voo(x)| d + /:O 2" |va () — Voo (2)| daz

IN

¢ [ Eirr [Tt @) d
——dx + 2" 1 () Ve () — T Vo ()| dax.
0 Ta(x) €

The first term is small for € small and the second term is small for « close to L due to the strong L'
convergence of {x"7,(z)vy(x)}. This proves the strong convergence of {x"v,(z)} and ends the proof
of Theorem 2.

U

2 Further Results

In this section we examine two ways of going beyond our main result of Theorem 2: either by more
refined assumptions than Assumption (6), and this leads to Corollary 1, or by direct estimates that
do not use self-similarity, and this leads to Theorem 3. A third possible direction is to closely examine
Assumption (6) in order to generalize Theorem 2; this is done in the Appendix by Proposition 1 (we
included it to the appendix since it only slightly improves our result).

2.1 Critical case
7(x)

When lim,_,o 8(x) or lim, o —— is a positive constant, we can enhance the result of Theorem 1 if

we know the higher order term in the series expansion. Assumptions (39) and (41) of Corollary 1
are stronger than Assumption (6), but provide a more precise result on the asymptotic behavior of
Aoy Mg

Corollary 1. If 8 admits an expansion of the form

B(x) = Bo + frz™ + $go(9ﬁw)7 m>0 (39)

with By > 0 and [y # 0, then for A the following expansion holds

a—0

Ao = Bo + (ﬁl /x“voo(:c) dm) afn4 o (O/“WI). (40)

13



In the same way, if T admits an expansion of the form

7(z) = 10w + T2 + 00(33”1), vy >1 (41)
T—
with 79 > 0 and 71 # 0, then
_ J 2" vso(z) do (1 —1) I(v1—1)
o=+ (W a0 o (@), (42)

Proof. First we assume that  admits an expansion of the form (39) and we want to prove (40). By
integrating Equation (20) we know that A\, [vadx = [ Ba(2)va(z) dz and so multiplying by a=*7t we
obtain

a M\, — Bo) = /oz_]WI (Ba(x) = Bo)va(z) dz.

Now the proof is complete if we prove the convergence

a” ) — Bo)va(x) dr — T Moo () dx. 3
[ 6ala) = fo)uate)de — [ a7 un(a)d (43)
For this we use Expansion (39) which provides, for all = > 0,
Balz) = Bo+ a4 o(afM). (44)
a—

Let m > 71 such that limsupz™"3(x) < co (see Assumption (25)) and define

T—r00

a1 (Ba(@) — o)

fa x> .

TN 4™
511-’YI
Due to (44) we know that f,(z) —5 e
a—r €T €T

(" + ™), (x) — (27" + 2™)veo(x) in LY. So we simply need to prove that f, is uniformly
a—r
bounded to get (43) (see Section 5.2 in [24]). Due to (39) and to the fact that limsupx™"8(z) < oo

T—00

for all . Moreover, due to Theorem 2 we have

with m > ~; > 0, we know that there exists a constant C' such that

1B(y) — Bo| < C(y" +4y™), Vy>0,

and so, because o — 0,
a_kyl |18(y) - /80| S C(O[_k’YIy’YI + a—k‘mym)

which implies, for z = oy,
a M1 |B(arz) - Bol < C(a™ + 2™)

and this proves f,(z) < C.

The same method allows us to prove the result on A,, starting from the identity

(ha = 70) [ wuna)do = [ (ra) = roan(o) d
and using the fact that (41) provides the expansion

Ta(x) ajoo Tox + 7'1$V1al(yl_1) + O(Cll(yl_l)),

14



2.2 Generalized case

In this section, we discard Assumption (6) and give some results regarding the asymptotic behavior
of the first eigenvalues for general coefficients. The techniques used are completely different to the
self-similar ones, but the results still provide comparisons between A\, and §(x), and between A, and

(@)
xT
Theorem 3. 1. Polymerization dependence.
0o (o : 7() , ,
If p € Ly, (RY) and limsup —= < oo,  then limsup, g\, < limsup,_,oB(z). (45)

T—00 x

1
If-e Ly:={f, 3a>0, f€L'(0,a)}, then liminf, oo Aq > liminf, .o B(z).  (46)

2. Fragmentation dependence.

If B € Ly, (Ry), then there exists r >0  such that limsup Ay < rlimsup M (47)
a—0 T—00 x
1
If liminf B(x) > 0, and if — € L}, then lim A, = +oc. (48)
T—00 T a—00

We first state a lemma which links the moments of the eigenvector, the eigenvalue and the polymer-
ization rate.

Lemma 2. Let (U, \) solution to the eigenproblem (3). For any r > 0 we have

/ 2"U(z) do < g / &L (2)U(2) d. (49)

Proof. Integrating Equation (3) against " we find

- [ U de [ e e+ [ 25 i

_ / / By ()dydm—Q/B /ny%(m,y)dxdy

2 / Byl (y)y /O ’ rk(z,y) drdy = / Y By)U(y) dy.

IN

O

Proof of Theorem 3.1.(45). We only have to consider the case limsup,_,,3(z) < oco. In this case,
B € L. (R4 ) since it is assumed that 8 € Ly, (R%). So for € > 0, we can define . := sup g ) 8(x) < o0

loc

and, due to Assumption (25), there exist positive constants C. and r such that 3(z) < Cz" for almost
every x > e. As a consequence, by integration of Equation (4) we get

/ﬁ dx<BE+C/ 2" Uy (z) da.

We can consider that » > r¢o 4+ 1, with ro defined in Assumption (25), and thus Lemma 2 and
T

Assumption limsup,_, TT) < oo lead to

/ 2 U d:c<—/ )dx<EC<1+/:crUa(x)d:c>
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for a new constant C. Combining these two inequalities we obtain

1 1
a < 1+ ) < 1 — ).
)\ a0< + fmrua(x) d.%'> ac< + )\a _/8€>

Then, either A\, < B, or by multiplication by A, — 3- > 0 we obtain

N — (B- 4+ aC)\y — (1 = B-)aC <0,

and so

Ao < <E+a0+\/ﬁ2+4ac+a202>.

N |

Finally we have
limsup Ao < B2
a—0
and this is true for any £ > 0, so
limsup A\, < limsup ().

a—0 z—0
O
Proof of Theorem 3.1.(46). Let A > 0 and define 54 := inf(4 o) B. Since % € L(l) and due to Assump-
tion (26) we can define I4 := OA % < 00. Then, by integration of Equation (4) we get

o0

Ao = /5(1/)%(@/) dy > ﬁ_A/ Un(y) dy = 6_A<1 - /OAUa(y) dy)-

A

We know, by integration of Equation (4) between 0 and z, that for all z > 0, ar(x)Us(z) < 2A,.

Thus we obtain "
Ao > 6A(1 - /0 2Aad—y> - ﬁ_A<1 - %IA)\Q),

at(y)

and letting first & — oo and then A — oo, as for the case (45) above, we obtain (46). O

Proof of Theorem 3.2.(47). The fact that g € L (Ry) from Assumption (25) ensures the existence

loc

of two positive constants C' and 7 such that for almost every z > 0, f(x) < C(1+z"). So, integrating
Equation (5), we have

Ay = a/ﬁ(:c)va(:c) dz < aC <1 + /OOO V() dm) .

To prove (47), we only have to consider the case limsup,_, . @) < . So, for any A > 0, we can

T
define 74 := sup,- 4 % < 00. Due to Lemma 2 and considering r» > ry + 1 where rg is defined in

Assumption (25), we get

/m%(m) dx < ALa /xrlT(x)Va(x) dx < ALa (C—i—ﬁ/wrl}a(ﬂv) dx) .

Combining both inequalities we obtain

M<r(me—C )< T—+a702
.= A JaVe(x)dz ) — AT Na—aC )"



Then, either A, < aC, or multiplication by A, — aC' > 0 leads to

A2 — (72 + a0) A — 1(C — 72)aC < 0,

and so 1
Aa < 5 (17 +aC + V0TAP + 4raC? + @2C?) .
In both cases, letting first @ — 0 and then A — oo, we obtain (47). O
Proof of Theorem 3.(48). Let € > 0. Since liminf, ., S(z) > 0, due to Assumption (26) we have that
Be := inf(. o) B > 0. Since % € L}, due to Assumption (26) we get that I, := 08 Céj‘;) < oo and also
lim._,o I. = 0. By integration of equation (5), we find
A—a/ﬂ dy>aﬁ€/ Va( dy—aﬂg /V dy
We know, as previously, by integration between 0 and z, that for all z > 0, 7(z)V4(x) < 2A4. Thus
we obtain . J
Aa2a55<1—/ 28— ).
_ 0 7(y)
and we get (48) as we previously obtained (46). O

3 Applications

As stated in the introduction, Problem (1) is used to model different kinds of structured populations,
so the way its asymptotic profile depends on the parameters can be of major importance in various
fields. In this section, we investigate several possible consequences of our results. In Section 3.1, we
first present the numerical scheme we used to illustrate these applications. Sections 3.2 and 3.3 focus
on the Prion equation, and Section 3.4 introduces a possible use for therapeutic optimization when
Problem (1) models the cell division cycle.

Before looking at applications, we recall a regularity result whose proof can be found in [32].

Lemma 3. Under the assumptions of Section 1.2, the functions o — A, and a — Ay are well defined
and differentiable on (0, 00).
3.1 Numerical scheme based on Theorem 2

First, we present the method we use to compute numerically the principal eigenvector A without
considering any dependence on parameters. Then we explain how the self-similar change of variable (8)
and the convergence result of Theorem 2 can be used to compute the dependences oo — A, and a — A,
when parameters « and a are very large or very small.

The method used to compute A, the solution to Equation (3), is first to compute a numerical
approximation of the first eigenvector U, and then use the identity

)\:/0 B(x)U(x) dz
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General Relative Entropy (GRE) introduced by [33, 34, 35] provides the long time asymptotic behavior
of any solution to the fragmentation-drift equation (1). For large times, these solutions behave like
U(z)eM where U and X are the eigenelements defined at (3). More precisely we have

/Ooo ‘u(m,t)eﬂ\t —(u(-,t =0),p)U(x)|p(x) dzx m 0,

where ¢ is the dual eigenvector of Equation (3) (see [17, 34] for more details) and (u, ¢) = [ u x)dz.
In [7, 26], it is even proved that this convergence occurs exponentially fast under some assumptlons on
the coefficients. We use this convergence to compute numerically the eigenvector U. We consider, for
ug € L*(R4), an initial function satisfying [, uo(z) dz = 1, the solution u(z,) to the fragmentation-
drift equation (1). Since we do not yet know the value of A, we define the normalized function
(x t)

R TERL

We can easily check that @ satisfies the equation

duie,0) + 0, (1o )+ [ Bt dy) o)+ Boite) =2 [ et )it

(50)
with the boundary condition 7(0)@(0,¢) = 0, and that the convergence occurs
/ |u(z,t) —U(x)|p(z) de — 0. (51)
0 t—r00

The scheme used to compute U is based on the resolution of Equation (50) for large times and the use
of (51) for the stop condition.

Numerically, Equation (50) is solved on a truncated domain [0, R] so the integration bounds have
to be changed and we obtain, for z € [0, R,

R
0o, 1)+ 0, (ryite ) + ([ 500 ) ate 1)+ @i =2 [ 5G9t
(52)
What we lose when we solve this truncated equation are the integral terms [7° f(z)u(x,t)dz and
[= By)k(z,y)a(y,t) dy, and the outgoing flux 7(R)a(R,t) at the boundary 2 = R. To be as close as
possible to the non-truncated solution, we need to choose a sufficiently large R so that these quantities
are small enough. It is proved in [17] that S(z)U(z) and 7(z)U(x) are fast decreasing when = — +o0.
When @ is close to the equilibrium U, the value of R has to be adapted so that 7(x)u(x,t) and
B(x)u(z,t) be smaller than a fixed parameter € for z close to R. Parameter € is expected to be very
small, and it is also used for the stop condition (54).

We assume that [0, R] is divided into N uniform cells and we denote z; = iAx for 0 < ¢ < N with
Ar = %. The time is discretized with the time step At and we denote t" = nAt for n € N. We adopt
the finite difference point of view, namely we compute an approximation @' of @(z;,t"). It remains to
explain how we go from the time " to the time ¢"*!. To enforce that ZN Lar =1 at each time step,
we split the evolution into two steps. First we compute, from (7)i<;<n, a vector (u]*!);<;<n which
is obtained with the formula

—qr Tﬂnﬂ — T-,l’ljn_l N -
e Bt 28 Y B, (53)
7j=1

n+1
Uy
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where 3; = B(x;), 7 = 7(x;) and k;; = k(x;,x;). This is a semi-implicit Euler discretization of
the growth-fragmentation equation (1). We choose this scheme to ensure stability without any CFL
condition, since the scheme is positive. Then we set

n+1
antl = Uy
i T N  ntl
Az )i u)

and the discrete integral of (@*!);<;<n satisfies Ax Zf\il att = Az Zfil @? = 1. Using the L!
convergence (51), we end the algorithm when

A
IS ar - <e (54)

where € < Ax. Then
A~ Az Z Byl

i=1
The semi-implicit scheme (53) is efficient to avoid oscillations on the numerical solution, but it is not
conservative. This scheme has to be avoided if we want to solve Equation (1) for any time. Here we
are only interested in the steady state of Equation (50), so non-conservation does not matter, because
the steady state is the same for an implicit or an explicit scheme.

Now we want to compute A\, and A, for a large range of o and a. According to the discussion in
the introduction, the eigenvectors U, and V, are concentrated at the origin for « small or a large
and, conversely, spread out for « large or a small. Then, to avoid an adaptation of the truncation
parameter R or an adaptation of the discretization size step Az when a and a vary, we compute 6,
defined in Equation (20). To this end, we need to compute the dilated eigenvector v, defined in (8)
which converges to a fixed profile v, when a@ — L, as stated in Theorem 2. This convergence ensures
that the vector v, does neither disperses nor concentrates too much when « varies, and so we can
find a truncation and a size step which work for any o — L. It remains to distinguish L = 0 from
L = +o0 by dividing (0, +00) into two sets: for instance (0, 1] and (1,+o00). For 0 < o < 1, we use

the dilation coefficient k associated to v and « such that 7(x) ~ x¥ and [(z) ~ 7. For a > 1
T—r T—r

we do the dilation associated to v and « such that 7(z) ~ z¥ and S(z) ~ 2. Finally, we use
T—00 T—00

Equation (22) in Lemma 1 to recover A\, or A4 from the numerical value of 6, (see Figure 2 for a
numerical illustration).

All the figures in the paper were obtained using this numerical scheme.

3.2 Steady States of the Prion Equation

To model polymerization processes, Equation (1) can be coupled to an ODE which incorporates the
evolution of the quantity of monomers. The so-called “prion equation” (see [25, 27, 38]) is
av(t o
d—i) =¢—V(t) [5—1—/ T(z)u(z,t) dx} ,
0

Guet) ==V (@) - 56) + u@lule) +2 [ s uody.

ox
u(0,t) =0,
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where the quantity of monomers is denoted by V(). In this model, the monomers are prion proteins,
produced and degraded by the cells with rates £ and §, and attached to polymers of size x with
respect to the rate 7(z). The polymers are fibrils of misfolded pathogenic proteins, which have the
ability to transconform normal proteins (monomers) into abnormal ones by a polymerization process,
which is not yet very well understood. The size distribution of polymers u(z,t) is the solution to the
growth-fragmentation equation (1) in which V(¢) is added as a multiplier for the polymerization rate.
A degradation rate p(x) is also considered for the polymers. For the sake of simplicity, this rate is
assumed to be size-independent in the following study (u(x) = o).

Equation (55) models the proliferation of prion disease. An individual is said to be infected by prion
disease when polymers of misfolded proteins are present, namely when u(-,t) #Z 0 at the time ¢.

The coupling between V' (¢) and u(t,x) appears in the equation for u as a modulation of the poly-
merization rate. One can immediately see the link with the eigenproblem (4) satisfied by Uy : U,
is the principal eigenvector linked to the linearization of the prion equation around a fixed monomer
quantity V' = «. Investigating the dependence of the fitness Ay with respect to the polymerization
and fragmentation coefficients is a first step towards a better understanding of the propagation of the
disease. It has been reported that the course of prion infection in the brain follows heterogeneous pat-
terns. It has been postulated that the neuropathology of prion infection could be related to different
kinetics in different compartments of the brain [13].

Modeling the propagation of prion in the brain requires a good understanding of possible dynamics
(e.g. monostable, bistable etc). Such a study can be done through the dependence of the first
eigenvalue on parameters [22]. In [10, 25], it is shown that, under some conditions, the coexistence of
two steady states can occur (one endemic and one disease-free).

A steady state (Vio, uso(x)) is a solution to

0 =¢&— Vo [5 + /Ooo (@)oo (2) dl} ,

LoUoo () = —VOO%(T(.YJ)UOO(.YJ)) B(2) oo (z +2/ Bly)r(x,y) us (y) dy, (56)

Uso(0) =0.

The disease-free steady state corresponds to the solution without any polymer (V = %,ﬂ = 0) . Other

steady states can exist and are called endemic or disease steady states. They are solutions to Sys-
tem (56) with Voo > 0 and us # 0 nonnegative. To know if such disease steady states exist, we recall
briefly here the method of [9, 10]. A positive steady state u~, can be seen as an eigenvector solution
of (4) with o = V, such that

)\a = )\Voo = Ho- (57)

This shows the crucial importance of a study of the map V +— Ay. Any value V, solution to (57)
provides a size distribution of polymers

Uso (1') - QoouVoo (.%')

The quantity of polymers g, is then prescribed by the equation for monomers and has to satisfy the
relation

vl =6

o0

e = Y [ @)ty () da”

00
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The quantity of polymers has to be positive, which is equivalent to the condition

§ —
Voo < 5= V.
Finally, the disease steady states correspond exactly to the zeros of the map V +— Ay — pg in the
interval (0, V). Due to the different results of Sections 1 and 2, we know that this map is not necessarily
monotonic, as is assumed in [10]. Thus, by continuity of the dependence of A on V' (see Lemma 3),
there can exist several disease steady states for a well-chosen 9 and a large enough V = %. This point
is illustrated in the example below, where there exist two disease steady states.
We can investigate the stability of the disease-free steady state through the results obtained in [9, 10].
For this, we introduce the dual eigenvector @ of the growth-fragmentation operator with the transport
term V

_ 0 z
—Vr(2)5 (@) + (B(z) + Ap(e) = Qﬁ(w)/ k(y, 2)p(y)dy, >0,
0 (58)
B(x) >0,  [5T Pla)lhy(z)de = 1.
We assume that we have a case when there exist two constants K; and K5 such that
0
T(m)%a(w) < Kip(z), and 7(z) < K2p(). (59)

This assumption generally holds true when @ is bounded because © grows linearly at infinity accord-

ing to general properties proved in [17, 31, 35, 36]. Then we can reformulate the theorems of [9, 10].

Theorem [10] (Local stability). Suppose that assumption (59) holds true and that Ay < pg. Then
the steady state (V,0) is locally non-linearly stable.

Theorem [9] (Persistence). Suppose that assumption (59) holds, V(0) <V, [7°(1 + z)u(t,z)dr is
uniformly bounded, and that N\yz > po. Then the system remains away from the steady state (V,0).
More precisely we have:

o
lim inf/ ?(z)u(z,t)de > 0.
t—o0 0

Ezample. Let us consider the same coefficients as in Figure 2(a). We can choose a small enough 1y
to ensure the existence of two values V; < Vj, such that A\y; = Ay, = po. As a consequence, we know
due to the previous study that there exists no disease steady state if V' < Vi, one if V; < V < Va,
and two if V' > V5. Concerning the stability of the disease-free steady state, we first notice that the
fragmentation rate [(x) satisfies the assumption 5(z) < A + Bz, which is sufficient to ensure that
JoS (1 + z)u(t, z) dz is uniformly bounded (see [9] Theorem 2.1). Thus we can apply the previous
theorems so that (V,0) is stable if V' < Vj, unstable if V3 < V' < V5, and recovers its (local) stability if
V > Vs. In Figure 3, the graph of the negative fitness V + g — Ay is plotted (because the quantity of
polymers influences the evolution of V (t) with a negative contribution) and the zones of stability and
unstability for V are pointed out. The non intuitive conclusion is that an increase in the production
rate £ or a decrease in the death rate ¢ can stabilize the disease-free steady state. In this situation,
what happens is that the largest polymers are the most stable since lim,_,+, S(x) = 0 (this situation is
biologically relevant, see for instance [39]). When the number of polymers is large, the polymerization
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is strong and it results in long stable polymers. Because they do not break easily, their number does
not increase very fast, i.e. the fitness of the polymerization-fragmentation equation is small. But the
degradation term is assumed to be size-independent, and then the fitness Ay becomes smaller than
o for a sufficiently large V. This phenomenon stabilizes the disease-free steady state because, when
polymers are injected in a cell, they tend to disappear immediately, since Ay < po.
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Stable
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~0.015 L L L L L L L
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Figure 3: The negative fitness V +— po — Ay is plotted for the same coefficients as in Figure 2(a). The
zeros V1 and Vs correspond to disease steady states and separate the areas of stability or unstability
of the disease-free steady state.

As regards the stability of the disease steady states, the study is much more complicated. Nev-
ertheless, we can imagine that V) is stable and V5 unstable. This postulate is based on Figure 3,
on stability results for similar problems [22] and on the results obtained in [18, 38] in a case where
System (55) can be reduced to a system of ODEs. For the coefficients considered in [18, 38], V — Ay
is an increasing squareroot function so there is only one value V such that Ay, = pp. Moreover, the
dynamics of the solutions is entirely determined: either V' < V., and the disease-free steady state is
the only steady state and is globally asymptotically stable, or V > V., and the endemic steady state
is globally asymptotically stable. This very strong result means that, if V < Vi, the individual is
resistent to the disease because the misfolded prion proteins ultimately disappear even if a very large
quantity is injected. On the other hand, if V' > V., the individual is very sensitive to the prion disease
because the system converges to the endemic steady state as soon as a minute quantity of misfolded
proteins is injected. This alternative is no longer true in the case of Figure 3 with V' > V5 : in this case,
the disease-free steady state is locally stable but coexists with two endemic steady states (with the
one corresponding to V; which is probably locally stable). So the individual can resist to an injection
of abnormal prion proteins if the quantity is small enough (local stability of V'), but the injection of
a large number of polymers can make the system switch to the endemic equilibrium associated to V.
Such a bistability situation has already been exhibited for other models of prion proliferation (see [28])
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but never for the polymerization model (55).

3.3 Optimization of the PMCA protocol

Prion diseases, briefly described in Section 3.2 (see [29] for more details), are fatal, infectious and
neurodegenerative diseases with a long incubation period. They include bovine spongiform en-
cephalopathies in cattle, scrapie in sheep and Creutzfeldt-Jakob disease in humans. It is therefore
of importance to be able to diagnose infected individuals to avoid the spread of the disease in a pop-
ulation. But the dynamics of proliferation is slow and the amount of prion proteins is low at the
beginning of the disease. Moreover, these proteins are concentrated in vital organs like the brain, and
are present in only minute quantities in tissues like the blood. To be able to detect prions in these
tissues, a solution is to amplify their quantity. A promising recent technique of amplification is PMCA
(Protein Misfolded Cyclic Amplification). Nevertheless, this protocol is not able to amplify prions for
all the prion diseases from tissues with low infectivity. PMCA diagnosis remains to be improved and
mathematical modeling and analysis can help to do so.

PMCA is an in wvitro cyclic process that quickly amplifies very small quantities of prion proteins
present in a sample. In this sample, the pathogenic proteins (polymers) are put in the presence of a
large quantity of normal proteins (monomers). Then the protocol consists in alternating two phases:

- a phase of incubation during which the sample is left to rest and the polymers can attach the
monomers (increasing the size of the polymers),

- a phase of sonication during which waves are sent on the sample in order to break the polymers
into numerous smaller ones (increasing the number of the polymers).

To model this process, we can use the growth-fragmentation equation (1) as in (55). The main
difference is that the PMCA takes place in vitro, and there is no production of monomers. As there
is such a large number of monomers, in order to improve the polymerization, we can neglect their
consumption by the polymerization process and assume that their concentration remains constant
during the PMCA. We now introduce the “sonication” into the equation. Because the sonication phase
increases the fragmentation of polymers, an initial modeling can be to add a time-dependent parameter
a(t) in front of the fragmentation parameter J(x). Then the alternating incubation-sonication phases
correspond to a rectangular function a(¢) which is equal to 1 during the incubation time (since the
sample is left to rest), and a,,,, during the sonication pulse (where a,,4, represents the maximal power
of the sonicator). We obtain the model

(e t) = Vo (r(@)u(e.0) ~ a(3(e)uo ) + 20(0) [ B g) v dy. (60

where u(z,t) still denotes the quantity of polymers of size z at time ¢.

With this model, the problem of PMCA improvement becomes a mathematical optimization prob-
lem: find a control a(t) which maximizes the quantity [ azu(T,z)dz (total mass of pathogenic proteins)
at a fixed final time 7. The answer to this problem is difficult and a first natural simplification is to
consider a control a(t) = a which does not depend on time. In this case the control is a parameter
for Equation (60) and the optimization of the payoff [ zu(T,z)dz for a large time T reduces to the
optimization of the fitness A, of the population. Is a,,4, the best constant to maximize A,? Is there a
compromise aopt € (1, Gz ) to be found? The answer depends on the coefficients 7 and /5 as indicated
by the different theorems presented in this paper. More precisely, Theorem 2 ensures that an optimum
aopt can exist between 1 and a,,,4,, and an example is proposed below.
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Ezample. We consider the same coefficients as in Figure 2(b) and suppose that the sonicator can
multiply by 4 the fragmentation at its maximal power. Then in our model a,,,; = 4 and we can see in
Figure 4 that the best strategy to maximize the fitness with a constant coefficient is not the maximal
power, but an intermediate a,,; between 1 and a,,4z.

Aa A

0.36

0.34 b

0.331 b

0.32 b

0.31F 1

> a

03 L L L L L
1 15 2 aopt 25 3 35 amax

Figure 4: The fitness is plotted as a function of a for the coefficients of Figure 2(b). There is
a sonication value a,,; in the interior of the window [1, ay,4,] Wwhich maximizes this fitness.

This value a,,; should be computed from experimental values of the coefficients, and the correspond-
ing strategy would then consist in a permanent sonication with this optimal power. But, due to the
heat generated by the sonicator, it is not possible to sonicate constantly throughout the entire exper-
iment. This is why the experimentalists use a periodic protocol with "rest” phases during which the
sample cools down. The value a,,; may provide informations on the optimal ratio between the time of
incubation and sonication phases. For instance one could try a rectangular control such that the time
average is equal to a,,;. More generally, the question is whether we can do as well as or even better
than the constant a,, with a periodic control. The Floquet theory (see [35] for instance) provides
a principal eigenvalue for periodic controls. The comparison between the Floquet and the Perron
eigenvalues has to be investigated to optimize the PMCA technique (see [11, 12] for such comparisons
on cell cycle models). The question becomes one of finding a periodic control with an associated
Floquet eigenvalue that is as close as possible to Ag,,,, or even better. This problem is adressed in [§]
for a discrete model, for which the Floquet theory is well established. The link is made between the
eigenvalue optimization problem (for constant and periodic controls) and the optimal control for a
final time T < oo, which is to optimize the total mass [ zu(T,z)dx. Different situations are observed
where a,p is the best control or can be improved using a periodic control.

3.4 Therapeutic optimization for a cell population

When Problem (1) models the evolution of a size-structured cell population (or yet a protein-, label-,
parasite-structured population), T represents the growth rate of the cells and g their division rate. It
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is of great interest to know how a change on these rates can affect the Malthus parameter of the total
population, see for instance [11, 12]. It is possible to act on the growth rate by changing the nutrient
properties - the richer the environment, the faster the growth rate of the cells. We can model such an
influence by Equation (4), and the question is then how to make A, as large (if we want to speed up
the population growth, for instance for tissue regeneration) or as small (in the case of cancerous cells)
as possible.

Plausible assumptions (see [15] for instance for the case of a size-structured population of E. Coli) for
the growth of individual cells is that it is exponential up to a certain threshold, meaning that 7(z) = 7z
in a neighborhood of zero, and tending to a constant (or possibly vanishing) around infinity, meaning
that the cells reach some maximal size or protein-content, leading to 7 T Too < ~+00.

Concerning the division rate 3, it most generally vanishes around zero, either of the form f(x) ~ fx”
with v > 1 or with support [b, 00| with b > 0, and it has a maximum, and then decreases for large x -
and vanishes. Note that for 7, as for 3, very little is known regarding their precise behavior for large
sizes x, since such values are very rarely reached by cells in the real world.

These assumptions allow us to apply our results. Theorem 1 and Corollary 1 lead to vanishing
Malthus parameter A\, either for « — 0 or for a — +00. This means that for cancer drugs, stressing
the cells by diminishing nutrients can be efficient, which is very intuitive and it is known and used
for tumor therapy (by preventing vascularization for instance). What is less intuitive is that forcing
tumor cells to grow too rapidly in size could also reveal an efficient strategy, as soon as it is established
that the division rate decreases for large sizes (this last point could be studied by inverse problem
techniques, see [37, 16, 15]). It recalls the same ideas as for prions, as discussed in Section 3.2.

In contrast, in order to optimize tissue regeneration for instance, these results tend to prove that
there exists an optimal value for a such that the Malthus parameter is maximum. This value can be
established numerically (see Section 3.1 and [23]) as soon as the shape of the division rate is known,
for instance by using the previously-mentioned inverse problem techniques.

Conclusion

The first motivation of our research was to investigate the dependence of the dominant eigenvalue of
Problem (1) upon the coefficients 5 and 7, since a first and erroneous idea, based on simple cases,
was that it should be monotonic (see [10, 9]). By the use of a self-similar change of variables, we
have explored the asymptotic behavior of the first eigenvalue when fragmentation dominates the
transport term or vice versa. This lead us to counter-examples, where the eigenvalue depends on the
coefficients in a non-monotonic way. Moreover, these counter-examples are far from being exotic and
seem perfectly plausible in many applications, as shown in Section 3. A still open problem is thus to
find what would be necessary and sufficient assumptions on 7 and [, or better still on the ratio %,
so that A, or A, would indeed be monotonic with respect to « or a.

Concerning our assumptions, a first glance at the statement of Theorem 1 gives the impression that
only the behavior of the fragmentation rate 5 plays a role in the asymptotic behavior of A\,, and only
the ratio - in the behavior of A,. This seems puzzling and counter-intuitive. In reality, things are
not that simple: to ensure the well-posedness of eigenvalue problems (4) and (5), Assumptions (28)
and (29) strongly link 7 with /3, so that a dependence on [ hides a dependence on 7 and vice versa.
Moreover, the mathematical techniques used here (moment estimates, multiplication by polynomial
weights) force us to restrict ourselves to the space P of functions of polynomial growth or decay. The
questions of how to relax these (already almost optimal, as shown in [17]) assumptions and how, if
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possible, to express them in terms of a pure comparison between 7, k and  like in Assumptions (28)
and (29) are still open.
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Appendix 1: technical lemmas

Here we assume some slight generalizations of Assumption (6), as specified in each lemma, in order
to make it clear where each part of Assumption (6) is necessary. The other assumptions are those of
Theorem 2.

Lemmas 4, 5 and 6 prove, respectively, that (., 7, and k. satisfy Assumption (29), (25) and
(27)-(28) uniformly for all a.

Lemma 4. Suppose

7(z)

dv,yeR st 1+y—v>0, and MmjL O(z"™7). (61)
Then for all r > 0, there exist A, > 0 and N, a neighborhod of L such that
for a.e. x > A, and for all a« € Ny, xﬁoz(ﬂ;) > 7. (62)
Tl

Proof. Let r > 0.
For all o > 0, using Assumption (29) we define

z(x)

at(z)

pa::inf{p: >, fora.e.pr}.

Observe that p, is nondecreasing. Let € > 0. By definition of p,, there exists a sequence {,} with
values in [1 — &,1] such that

gapaﬁ(gapa) <

ar(éapa) (63)

-

Assumptions (25) and (26) ensure — € L7 (R%) so that p, ——— 400 (otherwise, since it is
xﬂ a—+00

nondecreasing, it would tend to a finite limit, which contradicts the definition of p,). We also have

T

— >0 on R so that p, —O> 0. Hence, for some constant C'

x a—r

T(gapa) v—
Bleapa) oSy C6aPa)” (64)

Then, for some absolute constant C, Inequalities (63)-(64) lead to

k
(1 . e)pa < gapa < [Cfapaﬂ(fapa)] < Ck’l“k

oF = ok at(€apa)
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which implies that lim sup p_?; < C*r* is finite. We can define A, by
a—L «

A, =1+ limsup p—i
o

a—L

Then for any > A,., when a — L, we have o*z > p, and so

kCC k
aanci(:x)x) 2
and by definition of 3, and 7, we obtain the desired result. O
Lemma 5. Suppose that
dveR st 7(x) = O@") and Frg>0 st z2"7(x) € L. (Ry). (65)

r—L

Then for all A > 0 and r > max (rg, —v), there exist C > 0 and N1 a neighborhood of L such that
for a.e. x € [0, A] and for all « € N, 2"14(z) < C.
Suppose that

JveR st 72 =, O(z™") and 3Ipu>0 s.t. [ilnf )x“T(x) > 0. (66)
T—r z€|l,+o0

for alle >0 and m > max(u, —v), there exist ¢ > 0 and N a neighborhood of L such that
for a.e. x> ¢ and for all « € N, x™7.(x) > c.

Proof. We treat separately the case L =0 and L = +o0.
Let us start with L = 0. Notice that in this case, if 7(z) = O(z"), then due to Assumption (25),

ro = —v, we obtain (65). Considering r > —v, for some constant C' > 0 it holds
supess (2"7o(z)) =  supess (a Uy r(y))
z€[0,4] ye[0,ak A]
< C sup (a”krHv)yrtvy — cqrty,
a—0 [0,ak A]

For m > max(u, —v) and using Assumption (66), for some constants ¢, cy > 0, we have

infess (¢"74(z)) =  infess (o FMTymr(y))
z€[e,00) ye[ake,00)

> min <inf ess (P ymr (1)) inf ess (oz_k(m+”)y“7'(y))>

[ake1] [1,00)

a—0

[ake,1]

Now we consider L = 400 and r > max (rg, —v). Due to Assumption (65), for some constants
C1,C5 > 0, we have

supess (277 (x)) =  supess (o FHyTr(y)
z€[0,A] ye[0,ak A
< sup ess (a—k(r—f—u)yroT(y)) + sup ess (a—k(r—i-u)er(y))
[0,1] [1,ak A]
< Cla—k(r—i-u) + CQAT—H/.
a—r00
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For m > —v and using Assumption (66), for some ¢ > 0 we obtain

infess (2"74(x)) = infess (a FO"H)ymr(y))
x€[e,00) ye[ake,c0)
> ¢ inf (o RmAVgmAvy — cemty,
a—00 [ake,00)
]
Lemma 6. Suppose that
dv,vyeR st v+1—-v>0, and Blz) = O(z"™). (67)
T(.%') z—L
Then for all p > 0, there exist € > 0 and N a neighborhood of L such that
€
Vo € N, fo() dx < p.
0 Ta(2)
Proof. Due to Assumption (67), for some constant C' > 0, we have
15 1 €Oék 1 EO{IC
Pal@) 1 )y < C—/ 2 Vdz = Chet.
0 Ta(®) aJo  T(x)  aSr o aly
The result follows for € small enough. O

Appendix 2: Relaxed Case

In the same spirit as in Lemmas 4 to 6, we relax Assumption (6) and examine if the asymptotic

behavior of A\, and A, obtained in Theorem 1 remains true. The case we are the most interested in

is the case when the limits are zero (see the applications at Section 3). Is the condition lirri Blx) =
T—

T(x
0 (resp. lim (@)
m—)% €T
proposition gives partial results in the direction of a positive answer to this question. The assumptions
required are weaker, but the results also are weaker. We obtain asymptotic behavior for the eigenvalue,

but cannot say anything yet on the eigenvector behavior.

= 0) necessary and sufficient to have lim A\, = 0 (resp. lim Ay = 0)? The following
a—L a—L

Proposition 1. Let us suppose that all assumptions of Theorem 2 are satisfied except Assumption

(6).

1. If (z) o(z"), f = O(z") and 5($)_1 = O(x™7) with v+ 1 —v > 0, we have

z—0 z—0 T—

if v >0, then lim A\, =0, and more precisely Ao, = o« 1+;/*V),
a—0 a—0

1—v
ifv>1, then lim Ay =0, and more precisely Ay = o(at™—v).
a—00 a—00
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2. If B(z) = o(z") and 7(z)~* = O(x™") withy+1—v >0 and v <0 (so that v < 1), we
have
1-v

lim A, —hmA =0, and more precisely Ao, = 0(a1+3*'f), Ay = o(at+r—v).
a—00 a—r+00 a—0

Remark. In the second assertion of this proposition, we notice that Assumption (29) means
@) — o(B(x)), so the condition f(x) = o(x”) with v < 0 imposes lim,_, @)

T z—oo z
Proof of Proposition 1.1. We perform the dilation defined by (8): v, (z) = o*U, (aFx) with k = H—v%v
Due to the assumption §(z) ! = O(z77) and 7 = O(2"), the conclusions of Lemma 4 and Lemma 5
T—r

still hold true. Hence we have the following bound (see the first estimate in the proof of Theorem 2)

. r sup(07A£)(xr_1Ta)
‘s < w
/x Ba(z)vo(x) de < Ty

where 7,(z) and [, are defined by (16), and the right-hand side is bounded uniformly in « for
r >max (2,1 +rp,1 —v). Let £ > 0 and write

@ TN =00 = [ < [ bul@hale)dn e [T ule)ua(o) o
0 0

r—

17_a)

TSUP(0,A, ) (z
< supfate” =
(076) 1—-2c—w

Thus, since sup z'°7, —> 0, we obtain
(0.Az) a—

limsup 6, < limsupsup 8, < Ce”.
a—0 a—0 (0,¢)
This is true for all ¢ > 0, so Assertion 1 of Proposition 1 is proved (the same proof works with the

fragmentation parameter a).
]

Proof of Proposition 1.2. We perform the dilation defined by (8) va(x) = o*U,(a¥z) with k = M—V
Due to Assumption (67) for L = 400, we still have the conclusion of Lemma 6 and it is sufficient to
bound 7,v, on (0,¢) for € > 0. We refer to the proof of Theorem 2 in Section 1.3, second estimate,
and write

Baly

IN

QSup{Tava}/ d +2/ Bo(t)vee(y

2p Sup{Tava} +2 sup Ba.
(0,¢) (g,400)
1

Taking for instance € small enough so that p < ; in this estimate, and «a large enough so that

SUD (¢, 00) Ba < C, we obtain the boundedness of 7,v, on (0,&¢). Then for € > 0 we write

Ta(T)va ()

IN

OC—H—V%)\& =0, = /5047)04

§ ° o
< Sup Taq — 4+ sup Ba .

(0,6) J0 T (g,00)
—0 y
SC e—0 0
a—r 00
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The latter estimate is a consequence of the assumption f(z) = o(z?).
—

We do the same computations for the parameter a.
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