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Abstract. We study the mathematical properties of a general model of cell division structured
with several internal variables. We begin with a simpler and specific model with two variables, we
solve the eigenvalue problem with strong or weak assumptions, and deduce from it the long-time
convergence. The main difficulty comes from natural degeneracy of birth terms that we overcome
with a regularization technique. We then extend the results to the case with several parameters and
recall the link between this simplified model and the one presented in [6]; an application to the
non-linear problem is also given, leading to robust subpolynomial growth of the total population.
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1. Introduction

1.1. Presentation of the Model and Link with Other Models

Regulation of the cell division cycle governs the development of all organisms. Understanding it
is central to the study of homeostasis, tumour growth and cancer, but is made particularly difficult
due to the numerous phenomena that can have an influence on it (see for instance [39] and [13], or
[30] for a general presentation of the cell cycle).

For these reasons, several models have been proposed usually structured by a single variable
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M. Doumic Analysis of a population model

(age, size, etc) [16]. But modern biology offers more accurate structuring variables as proteins or
molecular content [35].

In order to investigate qualitatively the long-time behaviour of a cell population, we consider
here a general model structured both in age, represented by the variable a, and in another aggre-
gated variable x. Namely:

In+L2n+ L[ (a,2)n]+ B(a,z)n=0, a>0, x>0,
n(t,a=0,2) =2 [ bla,z,y)n(t, a,y)dy da, (1.1)

[ (a,z=0)n(t,a,x =0)=0 Va= 0.

This variable = can represent one of the various proteins produced (cf. for instance [36] or [6]),
the maturity of the cell (as in [1] and [2] for instance), its size, its DNA content (as in [3] for
instance) etc. Our study can be generalized to the case when x € R}, that is, when several
phenomena influencing the cell cycle are taken into account (see part 4.1.) ; in part 4.3., we also
investigate the possible application of this model to a non linear two cell-compartment model (to
model proliferating and quiescent cells).

We have supposed here that age evolves like time, i.e. 2—‘; = 1. The function I' = g—; represents
the rate at which the = content of a cell increases with age. The function B represents the total
division rate, and b(a, x, y) is the repartition function of a mother cell of y— content to a daugther

cell of z— content. We impose for consistancy (see [6])

B(a,y) = /b(a, r,y)dz, (1.2)

yB(a,y) = 2/$b(a,x, y)dz, b(a,z,y) = bla,y — x,y), bla,z >y,y) =0. (1.3)

It means conservation of the number of cells, conservation in the x variable and symmetry of the
division, when x represents a molecular content.

We have taken the coefficients independent of time (see [14] for a model with time-periodic
coefficients). If we suppose that the coefficients I' and B do not depend on x and that for the
solution I'n vanishes for x = 0 and x = oo, integrating equation (1.1) in z and denoting N (¢, a) =
[ n(t,a,z)dz gives:

IN+EZN+Ba)N =0, a=0,
(1.4)
N(t,a=0)=2 [ B(a)N(t, a)da.
This is the classical linear McKendrick-Von Foerster equation, with a death term which is exactly
half the birth term (see [31] for a complete study of this equation in the case whithout death term,

and [25] for extension of this equation to a non-linear case).
If we suppose that the coefficients I', B and b do not depend on the age variable a, that the

integral N'(¢,z) = [ n(t,a,z)da converges and that lim n(t,a,z) = 0, we can integrate (1.1) in

—
0 a—0o0
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a and find:
SN + Z[C(@)N] + B(x) N (2) =2 [ bz, y)N (t,y)dy,
(1.5)
I'(z=0N(t,xz=0)=0 Vt= 0.

If I' = 1, we find the pure size-structured model, which has been studied in [24], [28], [32], [34]
for instance. In the case I' = 1 or I' = z*, existence of a solution to the eigenvalue problem for a
general 0 is proved in [24] using approximation scheme.

A model describing the dynamics of a cell population divided into proliferative and quiescent
compartments was presented in [6] and [7]. It can be written:

. %p-F %p-ﬁ- %[F(a,x)p] + (B(a,x) +d; + L(a,x))p —G(N(t)g=0, a>0, 2>0,
24+ (G(N(t)) + d2)g = L(a,z)p, a>0, >0,

p(t,a=0,2) =2 [ba,z,y)p(t, a,y)dy da,

( pa20,  [p(ta,x) + q(t,a,x)dvda = N(t).
(1.6)
We will see in part 4.3. how it can be reduced to the study of problem (1.1).

1.2. 'The Eigenvalue Problem

In order to study the asymptotic behaviour of the solution of problem (1.1), we consider the eigen-
value problem (see [6] and [7]): find (Ao, V) solution to

2N+ 2(a,z)N]+ (Ao + B(a,z)) N=0, a>0, z>0,
N(a=0,z) =2 f b(a,x,y)N(a,y)dy da, (1.7)

N >0, [ Ndzda = 1.

This is an original problem which can be seen as a usual Cauchy problem where the initial data is
related to the “future”.
It is useful also to study the adjoint problem:

_%¢ - F(CL, 13)%925 + ()‘0 + B(CL, l’)) ¢ = 2fb(a’7 Y, I)¢<0, y>dy7 a = 07 x z 07
o =0, [ ¢Ndxda = 1.
(1.8)
Here we make the assumptions:

I'(a,z) = 21 (a, ), (1.9)
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with -
['(a,z) >0 foraz~0,
(1.10)
f(a,x) <0 forx > xp.
Then there is no need of boundary condition at z = 0 and conservation in the x variable is enforced
according to the biophysical interpretation, when x represents a molecular content. The fact that
I" becomes negative beyond a maximum value x,; means that the x—content of the cells remains
bounded, but the results can be generalised to the case when I" remains nonnegative everywhere.
As a consequence of condition (1.2), integrating equation (1.7), we have for /N vanishing at
infinity

Ao = /B(a, x)N(a, z)dz da,
(in words, the population number can only grow by cell division). Integrating the equation (1.7)

against the weight x, as soon as lim f xN(a,x)dx = 0, we have, using (1.3)

/\O/xN(a,a:)dx da = /F(a,x)N(a,x)dm da,

(in words, the total molecular content can only increase by the reaction term I'). Integrating the
equation against the weigth a, as soon as lim [ aN(a,z)dz = 0, we have

)\o/aN(a,x)dxda—l—/aB(a,a:)N(a,:v)dxda: 1. (1.11)

Also, we can do as in [24] and for 0 < n < 1, if lim [ e N(a,z)dz = 0, multiplying by e
and integrating, we find

1
VO<n<l, /eko‘"]N(a,x)dxda < T
-n

We can reduce the study to the solutions on the domain (a,z) € R, X [0, x,,]. Indeed, using
the method of characteristics based on the solution to the differential system parametrized by the
Cauchy data (a, z) :

d%X(a,x):F(a,X(a,:c)), a>0, x>0,
(1.12)
X(0,z) =z, x>0,

Cauchy-Lipschitz theorem gives us, as soon as I' € C} (R, x R, ) for instance, the existence and
uniqueness of the flow X (a, x). We denote Y (a, x) the inverse flow, defined by

Y(a,X(a,y)) =v. (1.13)
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We deduce from (1.10) that for all x < xp, forall a > 0, X(a,x) < X(a,zy) < xp. The
formula (1.19), proved below in lemma 1..1, shows that if the solution N verifies N(a = 0, = >
xp) = 0, then N(a >0, x> X(a,mM)) = 0, and in particular N (a,z > x);) = 0. Thus, we
add the following condition to problem (1.7):

N(0,z > ) =0, (1.14)

and it allows us to restrict our study to the compact set [0, z,]. We could also exchange assumption
(1.9) with the following one:

N(@>0,2=0)=0, bla>0,0,y)=0. (1.15)

Contrarily to the solution /N, the solution of the adjoint problem (1.8) does not necessarily have its
support in [0, x|, but we make the following assumption on the support of the function b (cf. the
proof in section 2.3.):

b(a,x,y)X(a,xM)) =0, (1.16)

which implies that b(a,x > x,,y) = 0, and thus, by formula (1.17) proved below, it implies
(1.14).

In all the following, if nothing is specified, we suppose assumptions (1.9), (1.10), (1.2) and
(1.3) are satisfied. We denote X (a, ) the characteristic flow solution of (1.12) and Y (a, ) the
inverse flow defined by (1.13).

1.3. Reformulation of the Problem with the Method of Characteristics
We first give the following formulae, on which the proofs are based.

Lemma 1..1. For T' € CY(R, x [0,x]), under assumption (1.14) a solution N to (1.7) verifies
the following formula (as soon as the integral converges):

oo T m a
N(O’x):2//b(a,x,X(a,y))N(0,y)e‘{{AMB(s’X(S’y))}dsdyda, (1.17)
00
and we can write:
7a o s, X (s,x s, X (s,x S
N(a, X (a,z)) = N(0,z)e J Do g (sxon) e (o ))}d, (1.18)
or also .
— o s, s,Y (a, s, s,Y (a, S
N(a,y) = N(0,Y (a,y))e [Dorgirlox(erion) Jax(orion) oo (1.19)
Under assumption (1.16) a solution ¢ to (1.8) verifies (as soon as the integral converges):
o0 T pm a
#(0,7) = 2//b(a,y,X(a,m))gb(O,y)e_g{/\O+B(S’X(S7I)>}dsdyda, (1.20)
0 0
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and as soon as the integral converges, we can write:

0o Tag

P, 2) :2/ / b5, X (5, (a,2)) )0, g)e 0PN @E
a 0
-~ i 0 2 S, S,T S, S, S
Proof. We set N(a,z) = N(a, X (a, l‘))e({{)\ + 4T (s.X(50) ) +B (s.X(s0)) }d and rewrite equation
(1.7):
0 ~ 0 0 f{Ao+%r(s,X(s,z))+B(s,X(s,x)}ds)
%N(CW’?) = [%NjL%[FN]—l—()\o—i-B) N} (a, X (a, :U))eo ? = 0.

This gives the equalitities (1.18) and (1.19). We can rewrite the boundary condition of problem
(1.7) as:

oo T m a
— O 1r(s,X|(s,Y(a, $,X | s,Y(a, s
N(ij) :2//b(a,x,y)N(0,Y(a,y))e g{)\O‘FaEF( X( Y ( y)))+B< X( Y ( y)))}d dyda’
0 O
—f%F(s,X(s,y))dS 1

or equivalently, changing variables y — Y (a, y) and noting that e
find formula (1.17).
In the same way, we set

= 3,X(ay VC

5(a’ x) _ ¢<a7 X(a7 x))efg {/\0+B(3,X(s,a:)) }ds

and rewrite equation (1.8) as
- ( of {/\o—i—B (s,X(s,x)) }ds)

o — [ 1X0+B|s,X(s,z)) rds
=2 [ bla,y, X(a,2))6(0,p)e [Dorn(exien) dy.

Zdla,x) = [Zo+TEé— (o+ B)¢](a, X(a,2))e

Integrating along @ on R we get formula (1.20), and integrating from 0 to a we then find formula
(1.21). O]

1.4. Some Examples

Case 1: for the function I', we can take for instance I'(a,z) = Cixz(zy — x). We easily
calculate that
T - xpetMO1e

X(a/7 x) — xM + x(exl\lcla o 1)’

so for x &~ 0, one has X (a, r) ~ xe*M“1a,
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Case 2: another possible example is to take ['(a, x) = C12%(z) — x)?, with 0 < a < 1 and
6 > 0. For z > 0, we then have

X(a,r) ~pno (Ca+ xl_a)ﬁ.

Case 3: biological considerations lead [5] and [6] to take for " (case illustrated in fig. 1):

x _ Ca
(Tl — re ‘34“) — Co, ry, r9 > 0, — <71y —7o. (1.22)
1+« c1

M(a,x) =

In this case, z; = %rl —1and I'(0, z9) = 0 with zg = 2—;(7"1 —719) —1>0.

Figure 1: Form of I' defined by (1.22), and its related characteristics.

For the division rate B, we can take
B(a,z) = Cox"lgrgacn,, 721, 0< A <A <oo. (1.23)

To define the repartition function b (see [22], [37] and [38] for biological motivations) we can
choose a uniform repartition:

B(a,
b(CL,ZII,Z/) = ﬂrgy%~

On the opposite, the classical example of equal mitosis is given by

bla,z,y) = 6,=uB(a, y).

It is the case for instance if x represents the DNA-content of the cells. In this last case, formulae
(1.17) and (1.20) of lemma 1..1 are no longer valid; see part 3.3. for an adaptation of the proof.
A study of the link between the repartition function b and the proliferation rate )\, for the pure
size-structured model, can be found in [26].

We can also generalize the uniform repartition by b(a, =, y) =
or take a Poisson distribution for b.

B(a,y)
y(1-2n)

1)y <o<i—n)y With0 < n < %’
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2. Resolution of the Problem in a Regular Case

2.1. Main Results

In this part, we consider regular functions b and B in order to obtain strong compactness and
regular solutions with non extinction, i.e., Ay > 0. We need the following assumptions.

[ € Cy(Ry, C2(RY)). 2.1)

This condition is used to prove the regularity of the solution N (else it can be weakened: see part
3.2).

B € C(Ry x [0,zp]), (%B € C(Ry x [0,zr]), B(a,0)=0, (2.2)
be L*[RY), bla,.,y) €C({z €0,zm]; z<y}). (2.3)

The function b is not necessarily continuous for x € R, since b(a,z > y,y) = 0, but it is necessary
to suppose it is regular for x < y in order to prove strong compactness. On the previous examples,
except the case of equal mitosis, and with v > 1, the function b verifies assumption (2.3).

v JB(s.X(s.2))d
/e o N dx da < 0. 2.4)
0 0

This is a key assumption, which is used to obtain compactness and a solution /N in Ll(Ri). We
can give an equivalent formulation in terms of partial differential equations, as follows.
Let v the solution of the following problem:

2o+ Z[(a,2)v] + Bla,z)v=0, a>0, 2y >z >0,
(2.5)
via=0,2) =1 0<z <z,

then (2.4) means v € L'(R?%). Assumption (2.4) can be replaced by slightly more general ones,
allowing in particular [ B (a, X(a, x)) da to be finite: see for instance paragraph 3.2..
Finally, we need the following two assumptions to prove uniqueness of a solution.

JA; 2 A" >0, VA" <a< A, Vy €]0,zy|, B(a,y) >0, (2.6)

Vo €0, zy[, Yy €]0,2p] /b(a,x,X(a,y))da > 0. 2.7

Assumption (2.7) implies that Supp,(b) is unbounded and that lim X (a,0 <y < ) = zp.
Uniqueness could also be proved under other assumptions than (2.6) and (2.7): see for instance
part 3.1..
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In the previous examples, the function I' verifies assumption (2.1) but we need to regularize B in

order to obtain (2.2), and also to regularize b, in the case of equal mitosis, to ensure (2.3). The

positivity conditions (2.6) and (2.7) stand if A; = +o0 in the definition of B, but assumption

(2.7) is not true in the case of equal mitosis. It remains to check assumption (2.4). If I'(a,z) =
- aC X (s,x)7ds

Cix(xp — x), we have to prove the convergence of [ e ({ ’ dxda, or equivalently of

" e—m’yu e—X'Y
///e_gﬂe dzda = // drdu = // —dXdu.
u u1+;

Since v > 0, this integral converges, which gives us assumption (2.4).
If I'(a, ) ~pn0 Cz® with 0 < a < 1, we have to study the convergence of

7 — a(Cs-&-xl*"‘)ﬁds 7 o
]://e Of dmdazC’/e‘aHl da.
0

Since 1 + = > 0, this integral converges.

Theorem 2..1. Under assumptions (1.14), (2.1)—(2.4), there exists a solution N & C; (Ri) to(1.7)
fora \g > 0. Moreover, N(a,x > X(a,xM)) = 0.

Theorem 2..2. Under the assumptions of theorem 2..1, with the additional assumption (1.16), there
exists a solution ¢ € C}(R2) of (1.8) for a Ay > 0.

Theorem 2..3. Under the assumptions of theorem 2..1 and with the additional assumptions (1.16),
(2.6) and (2.7), the solutions (Ao, N, ¢) of the eigenproblems (1.7) and (1.8) are unique.

2.2. Regularised Problem and Method of Characteristics

In order to apply Krein-Rutman theorem (refer to [15] for instance), we first have to consider a
regularised problem, where the operator is strictly positive. We write

be(a,2,y) = bla,x.y) + —, Bola,y) = Bla,y) + =, 28)
M

for ¢ > 0. The functions b. and B. verify the same relation (1.2) than b and B. We consider the
regularised problem:

2N, + Z[l(a,2)Ne] + (A + Be(a,2)) N- =0, a>0, 0<z<ay,
N.(a=0,2) =2 [b(a,z,y)N.(a,y)dyda, 0<z <z, (2.9)

N. >0, [ Nodzda =1,
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and its adjoint:
—%gbe — F(a,x)%gbe + (/\ + BE(a,x)) b =2 [ ¢:(0,y)b(a,y, x)dy, 0<a, 0<z<ay,

¢ = 0, [ ¢eN.dxda = 1.
(2.10)
We can write the formula (1.17) for this regularised problem:

00 T (_‘Z {A-}-Bs (S,X(S,y)) }ds)

N0, z) :2//be(a,x,X(a,y))Ne(O,y)e dy da. (2.11)
0 0

To find a solution to this equation, we consider the Banach space

d
E=Cy([0,2m)R),  [[flle = [l + [ 7 fll1ee,
and study the linear integral operator G5 defined on £ by:

— sz {)\"l‘Bg (s,X(s,y)) }ds

G:(f)(x) = 2 / b (.2, X (a,9)) f (y)e dy da. 2.12)

Lemma 2..4. Under the assumptions of theorem 2..1, for all ¢ > 0, A\ > 0, the operator G5 is
compact.

Proof. In order to apply the Ascoli theorem, we evaluate, for an arbitrary f € E, || f||g < 1, the

quantities A(z1, 22) = G5(f)(21) — G5 (f) (22) and A (21, 22) = £G5(f) (1) — £G5(f)(2), and
prove they tend to zero uniformally on x, x2 when |x; — x2| tends to zero. Supposing z; < x,
we can write:

] TM

A<2x /‘e({B(s,X(S,y))dS{ / ’b(a,th(a’ y)) — b(a,xQ,X(a,y))|+
0

Y (a,a2)
Y (a,a2)
b(a, x1, X (a, y)) }dyda.
Y (aa1)
For each term, thanks to assumption (2.4) and to the fact that b € L>(IR?), we first restrict
the integral to a < A where A is chosen such that the rest ?be sufficiently small independantly
A

of z1 and x5. The first term may be bounded by C|zx; — z5| thanks to (2.3). The second term
may be bounded as O(|z; — x2|) since Y (a, z) is equicontinuous on [0, A] x [0, z,/]. We evaluate

A’(x1,25) in the same way, with the help of ||-L f HLOO (1))’ This proves the equicontinuity of
»T M

the family G5(f), for f € E and || f||g < 1, therefore G5 is compact.
O
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Lemma 2..5. Foralle > 0 and \ > 0, under the assumptions of theorem 2..1, there exists a unique
tire > 0 and a unique N3, € E, Ny _ > 0, such that

gi(N)(\),s) = NA,€N/(\],€7 ||N)(\),5HE = 1

Moreover, A\ — i) . is a continuous decreasing function, vanishing when X tends to infinity and
taking the value 2 when A = 0.

Proof. The compact operator G5 is strictly positive on E, thanks to the fact that ¢ > 0, so Krein-
Rutman theorem gives existence and uniqueness of i, . > 0 and Ny _ > 0. The function A — i,
decreases because G decreases with \. It is continuous thanks to the uniqueness of the eigenvector
and to the compactness of the family of operators G5. For f € E, f > 0 and ||f||z = 1, we have:

Gi(N)) <2 [ ey do = AHE=E2I00 [ g,

We evaluate this quantity in f = N} _, and integrate in x :

2/[b]] o 9
e < 20 = (2.13)

SO /\lim tre = 0. Integrating in z, we find
— 00

a

— [ Be(s.X () ds

@@ =2 [ s (< Jaa

Integrating by parts, we get:

/ G5 (f)(x)da = 2 / fly)dy —2 / F(y)re O+ 1 B(S’X“’”)dsdy da,

sofor A\ =0, [G5(f)(x)dx =2 [ f(x)dx, s0 po. = 2.

2.3. Proofs of the Main Theorems

Thanks to lemma 2..5, for all ¢ > 0, we can define \. > 0 as being the only A > 0 such that p,_. =
1. We denote N? the associated eigenvector, with || N?||z = 1. Since N? = G5_(N?), the family
(N?)o<e<1 is compact in E. Indeed, as in lemma 2..4, we can show that it is an equicontinuous
family of functions and apply the Ascoli theorem. Thanks to inequality (2.13), we know that . is
bounded so we can extract a subsequence (., N?) tending to (Mg, N°) € R, x E, N° > 0,2 > 0
and || N°||g = 1. We have

NO(z) = 2/{b(a,m7x(a7y))Ng<y> L %N‘g(y)}@_of{A5+a+B<S7X(s7y))}dsdyda‘
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Under assumption (2.4), the second term in this expression vanishes when ¢ — 0, so we have:

N'(w) = G, (N)(w) =2 [ baa X o) N (et L
We define N by
_a o s s,Y (a, s, s,Y (a, S
N(a,y) = aN°(Y(a,y))e of{mawr( K(otan))+5(sx (svtem)) o Ly<X(azr)-  (2.15)

To state that the so-defined function N satisfies (1.7), it remains only to prove that [ Ndadz < oo,
then we choose « such as f Ndadxr = 1. We have

/N(a, y)dady _ a/NO(y)e_Of {>\0+B(S,X(8,y))}dsdyda‘

Thanks to assumption (2.4) and since N° € L>(R,), this integral converges. As seen in part
1.2., integration of equation (1.7) gives \g = | BNdx da > 0, because if it were zero, that would

M
imply [ N°(z)dx = 2 [ BNdxda = 0, so N” = 0, which is absurd since ||[N°||p = 1. The
0

continuity and the continuous derivability of IV at the points y = X (a, x,) come straigthforward
from formulae (2.14) and (2.15), and from the assumptions of regularity (2.1)—(2.3): it ends the
proof of theorem 2..1.

In the same way than for the direct problem, formula (1.20) leads us to study the integral
operator defined on the Banach space E by

00 Tpg _(b;{)\o-t,-B(s,X(S,I))}ds)

6o (f)(x) = 2 / / b(a, . X(a.2)) f(y)e dady.

The previous study for ggo can be carried out in the same way, and we find an eigenvalue \; > 0
and an associated eigenvector ¢° € E for the operator G3*. We choose [[¢°||z = 1, and define
¢(a, z) by the formula (1.21). It satisfies (1.8), and it only remains to check that [ ¢ Ndadz < oo.
We have:

o0 T OO T s

/¢Ndadx:4a////¢0(y)b(87y,X(s,Y(a,x)))e—Ma—Ao(s—a)

s a

NO (Y(a7 x)) e— of B (J,X (U,Y(a,w)))da—of@xF(a,X (U,Y(a,a:)))dcr de ds dy da.

Changing variables © — Y (a, z) as we did in part 2.2. and integrating according to the s—variable
before the a—variable, one gets:

vy —Xos _ p—A1 — SB 0,X(o,x))do
[ovdade=ta [ [ [ 6)n@p(s.p X5 0) (et (oXen)ie
1 — O

0 0 O
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This integral converges since Ay, A\; > 0 (we do not know yet if \y = Aq; if it is the case we
just replace % by se~*%). We choose « such that [ ¢Ndx da = 1. It ends the proof of
theorem 2..2.

For uniqueness, assumption (2.7) implies that for all z € ]0, x|, we have N(0,z) > 0 and
¢(0,2) > 0. Thanks to Fredholm alternative, uniqueness of a solution to problem (1.7) implies
that to problem (1.8), so we only have to prove uniqueness for one of that two problems. Consider
two solutions (A1, N7) and (Ao, ¢) of (1.7) and (1.8). Then we have:

~\ [ Nipdr da = f(a%Nl + 2[I(a,z)N1] + B(a, z) Nl) ¢ dx da
_ f( ¢ ['(a, ) x¢+B(a,x)¢ - 2fgzﬁ(O,y)b(a,y,x)dy)Nﬂxda = —Xo [ Ni¢dz da.

Thanks to assumption (2.7), we have f Ni¢pdx da > 0, and it implies \; = .
Let us now suppose two solutions Ny and N; of problem (1.7) for the same eigenvalue \y. We use
the following lemma (for a proof, we refer to [31], proposition 6.3.)

Lemma 2..6. Let f € S'(R%) be a solution of
0 0
—f+ —[(a,2)f] + (Ao + Bla,z)) f=0, a>0, x>0, (2.16)
da ox

then |f| satisfies the same equation.

We set N = |N — Ni.| According to lemma 2..6, N verifies equation (2.16). We take ¢ as a
test function:

2// ¢ (0,z)b(a,z,y)|N — Ni|(a,y)dx dy da =

/qb()x‘// a,z,y)(N — Ny) aydxdy‘da

Thanks to the fact that ¢(0,z) > 0 on |0, 2], it implies that b(a, =, y) (N — N1)(a, y) is of constant
sign. We integrate in x and find that B(a y)(N — Ny)(a,y) is of constant sign. Using assumption
(2.6), N — N is of constant sign on [A*, A;]x]0, z,/[. Formula of characteristics (1.19) then gives
that (N —N1)(0,]Y (A*,0), Y (A*, xp)]) is of constant sign. Since Y (A*,0) < Oand Y (A", zp) >
xpr, we deduce that it is of constant sign on {0} x]0, x|, thus, using once more the formula of
characteristics, on R? . Since [[(N — Ny)dx da = 0, we deduce N = N;.

3. Various Generalizations of the Results

3.1. Division Rate With Compact Support

We have used previously strong assumptions on the support of b and B. Here we relax it and

suppose:
JA>0, Supp.(b, B) C0,A]. (3.1)
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To illustrate this on a simple example, let us take, for B > 0 constant, B(a,x) = Bl,<a. We
M

integrate formula (2.12) and find, for any f € E such that [ f(z)dx =1:
0

T M Az
0 0 0

It implies that there exists A > 0 such that ) = 1 iff ur—o > 1, thatis iff B > %Log(2).
As seen on this example, we need a condition to ensure that Ay > 0. Namely:

— [ B\s,X(s,z))ds
Jbla,z,y)e ! ( ) d:c<1 (32)
o =su —. .
avg) B(a? y) 2

(We can divide by B(a, y) without loss of generality since B(a,y) = 0 implies b(a, z,y) = 0.)

Such a condition is not surprising and occurs always in structured population equations (see
[31]). We check easily that it generalizes the condition of the example B(a,x) = Bl,<4.

To have uniqueness of a solution and of a A > 0, we need to replace assumption (2.7). In-
deed, we have noticed in part 2.1. that it generally implies Supp,(b) unbounded. If we suppose
X(A,xp) < xpp, for X(Ayzy) Sz < apy,ify < OglinAX(a,xM), then for all 0 < a < A, one

has X (a,y) < X?(A,zy) < X(A,zp) < z, 50 (2.7) cannot be verified. We make the following
restrictive assumption:

Vo<a<zxy, VO0<z<zy, I(azx)>0. (3.3)

Without assumption (3.3), we are unable to prove uniqueness of a solution. Refer to the proof
of theorem 2..3: the fact that [[ N¢dxda > 0 plays a central role, and here we would only be
able to prove that N > 0 on an interval |0, x| and ¢ > 0 on |z, x| where z, is such that
X(A,zp) = z, (this proof can be done recursively on the basis of formulae (1.17) and (1.20)).
We complete assumption (2.6) by an assumption on Supp,(b) :

Va€l0,xy], Vy € [z, zm], A" <a< Ay z,y)da > 0. (3.4)

Theorem 3..1. Under assumptions (1.16), (2.1)—(2.3), (3.1), (3.2), there exists solutions (N, ¢) €
C'(R2) respectively to problems (1.7) (1.8) for a g > 0; and Supp,¢ C [0, A]. Under the addi-
tional assumptions (2.6), (3.3) and (3.4), the solution (\g, N, ¢) of the eigenproblem (1.7)(1.8) is
unique and \y > 0.

Proof. We proceed in the same way than in part 2., so we let the details of the proof to the reader.
We first take ¢ > 0 and consider the following regularization of the parameters, which is the
symmetric of definition (2.8): b.(a,x,y) = b(a,z,y) + o laga, B.(a,y) = B(a,y) + cl,<a.
With this definition, we carry out the same calculations and define the integral operator G5 by the
same formula (2.12).
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Lemma 3..2. Under assumptions (1.16), (2.1)«(2.3), (3.1), for all ¢ > 0, A € R, the operator G5
is compact.

The proof is the same than for lemma 2..4, even simpler since we do not have any difficulty
with the convergence in the a—variable of the integrals. For this reason, we can now let A < 0.

Lemma 3..3. Forall ¢ > 0 and A\ € R, under assumptions of lemma 3..2, there exists a unique
pire > 0 and a unique N _ € E, NY _ > 0, such that G5(N ) = prN3 ., |INY || = 1. What
is more, A\ — i) IS a continuous decreasing function which vanishes when X — +o0o. For A = 0,
under assumption (3.2), we have i > 1 for € small enough.

Proof. The proof is the same than for lemma 2..5, except that we can let A < 0. It only remains to
prove that ;9. > 1. We denote by N&E € L the (unique up to a multiplicative constant) solution
of G§(N§.) = fi0,Ng.. Defining Ny by the characteristic formula (1.19) with N§_, B. and b.
instead of N, B and b, the function N . is then solution to the following problem:

2 Noe + Z[l(a,z)No) + Be(a,2) Nop =0, a>0, x>0,
MO,ENO,E(CL = 07 ZE) =2 f bE(CL, x, y)NO,a(a’J ?J)dy da7 (35)

No. =0, [ Nos(a=0,2)de =1.

Notice that we need € > 0 in order to have convergence of the integral | Ny.dadx : indeed,
Supp, Ny - is not compact. We integrate this equation in a between 0 and A and in z, and find:

/N07€(A,x)da: +(1— 2 )/Bg(a,x)No,E(a,x)dx da = 0.

Ho,e
Since | B.Ny.dx da = 2=, it can be written [ Ny (A, x)dx =1 — £3=.
Hence, po > 1 iff f No:(A,z)dx < % The characteristic formula allows us to write:

- a S S CLZE e\ S, S, a,r S
/NOEA-TCZ-T_/NOEOY((L;E {{ 21 (s, (5, (a0) ) +B2 (5. (¢ )))}ddaj

A
— [ B | 8,X(s,x) ) ds 2 — [ B | 8,X(s,x) ) ds
:/N07E(O,x)e { ( ) dr = /bs(a,x,y)No,e(a,y)e ! ( ) dx dy da.
Ho,e

Under assumption (3.2), which is also verified by b. and B. for ¢ small enough (to be more precise,

ife 4 < 1) itimplies | Ny (A, z)dzx < 28 ;“gs = %, and it ends the proof of lemma 3..3. [

We are now ready to prove theorem 3..1. Lemma 3..3 gives us a unique solution N? and a
unique . > 0 for which py_. = 1 and || N?||p = 1.

The family (N2, \.)o<c<1 is compact, so we can extract a subsequence tending to a solution
(N°, X\o) of the equation

—)\Oa—z B <57X(s7y)) ds

Noz) = 2/b(a,x,X(a,y))N0(y)e dy da.
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Defining N by (1.19), it remains to check that Ao > 0, which will imply [ Ndzda < oo.
Since N° > 0 and N° # 0, we have [ N°(z)dx =2 [[ B(a,z)N(a,z)dxz da > 0, so integrating
equation (1.7) in x, and in a from 0 to A, one gets:

/ N (A, 2)dz + Ao /A 71N(a,a:)dxda _ / / Bla, z)N(a, z)dz da.

Using the preceding calculation done for [ Ny (A, z)dz and assumption (3.2), we deduce:

A xp

—)\oA—fB<s,X(s,a:))ds
)xo//N(a,x)dxda:/ B(a,y)—2/b(a,x,y)e 0 dz | N(a,y)dy da > 0,
0 0

which implies Ag > 0. To prove uniqueness, and to find a solution for problem (1.8), the proof is
identical to the one of part 2.3., so we need to prove [ N¢ dx da > 0.

Since N # 0, there exists y; €]0, 2] such that N(0,y;) > 0. Formula (1.19) and assumption
(3.4) implies then N (0,z) > 0 for z < X (A;,y). Recursively, it stands for x < X™(A;,y) for all
n € N. Under assumption (3.3), X is increasing, so the sequence X" (A1, y) tends to a limit [ that
verifies X (A1) =1,s0] =2y and N(0 < z < x)7) > 0. Hence, [ N¢dxda > 0. O

3.2. Weak Theory When b(a, x, y) is Continuous in the x— Variable

In this section, we extend the previous results to a larger class of parameters. First, we can relax
assumption (2.4), and replace it by the two following conditions.

Co(x) = / / b(a, =, X (a,y)) ¢~ I BEXE0DE dady € ([0, 20]). (3.6)
— N

death term

birth term

This assumption is necessary to obtain compactness, independently of € > 0, and to apply Ascoli
theorem in E = C°([0, z]).

/OO B(s, X (s,y))ds > In(2), Yy €]0,zy]. 3.7)
0

This condition means that there is enough birth along the characteristic curves. We check as in
paragraph 2.1. that it is verified by the given examples of part 1.4.. It is used to prove, with the
preceding notations, that the eigenvalue 9. > 1 (as in paragraph 3.1. it is no more necessarily
equal to 2) and hence that the eigenvalue )\ > 0.

We also relax the regularity assumptions on the coefficients, and we suppose:

B e L2 (RY), I'e WH(R2). (3.8)

We obtain the following theorems.
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Theorem 3..4. Under assumptions (1.16), (3.6)—(3.8), with the positivity assumptions (2.6) and
(2.7), there exists unique solutions (Ao, N, ¢) to the eigenproblems (1.7) (1.8), and Ay > 0.
Moreover, for all 0 < n <1, Ne* and ¢ " € LY (R, x [0, 2p]).

Theorem 3..5. Under assumptions (1.16), (3.1) and (3.2), (3.6)—(3.8), with the positivity assump-
tions (3.3) and (3.4), there exists unique solutions (\g, N, ¢) to the eigenproblems (1.7) (1.8),
and Ng > 0. Moreover, for all 0 < n < 1, Ne*™ € LYRy x [0,2y]) and ¢ € L>(R2),
Suppag C [0, A] x [0, 2]).

Proof. Refer to proofs of theorems 2..1, 2..2, 2.3 and 3..1. OJ

3.3. Case of Equal Repartition After Division

In this section, we consider the case
b(a,z,y) = b,y B(a.y). (3.9)

With B € C(R2) and I" verifying the Cauchy-Lipschitz conditions, B(a,x > ) = 0. Our proof
can be extended to the cases of unequal mitosis, i.e. if b is a sum of Dirac measures. We cannot
use lemma 1..1 since its formulae are not verified anymore, but the method remains. To make the
details easier to understand, we also make the following assumptions (which is reasonable if we
follow [6]):

VO<ao< B, Va>0, I(az)>0,

(3.10)
{(a,z) € Ry x]0,zp[; s.t. T(a,z) =0} :=zo(a) is an increasing curve.

We make assumption (1.10) with r regular. It allows us to divide I' by x and obtain a smooth
function. We first establish the following lemma, which replaces lemma 1..1 and on which is
based the proof.

Lemma 3..6. Let B € C,(R%), b defined by (3.9) and I" € C'(R?) verifying assumption (3.10). If
N is solution of problem (1.7)(1.14) then the two following identities stand:
N(0,z) =4 / B(a,2z)N(0,Y (a,2z))e

()

—Xoa— a(t?zFJrB) $,X(s,Y(a,22)))ds
] ( ) da, (3.11)

where o(x) is defined by o(z) = ]nf{a >0, Y(a,2x)< x—f}

M
2

M'in(zTM,Qx

)
N(0,2>0) =4 / ?é;é;‘;ﬁ;;ﬁ;N(o a)e

where f(.,2x) is the inverse function of Y (., 2x) and is so defined by f(Y (a,2x),2x) = a.
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Proof. By the method of characteristics previously used, we obtain by straightforward calculation:

N(0,z) = 4/B(a, 2¢)N(0,Y (a,2z))e

0

—A a—a(aml"—l-B) $,X(s,Y(a,22)))ds
" ( o (3.13)

The flow Y (a, ) can be defined also by the following differential system equivalent to (1.12):

— aaxr $,X(s,Y(a,z)))ds
LY (a,z) = —T'(a,z)e { ( ) , a=0,2z2>0,
@ (3.14)

Y(0,2) =2, x>0.

For x > #3f, it implies that d%Y(a, 2¢) > 0so Y(a,2x) > 2z > x). Since we are looking
for solutions verifying (1.14), formula (3.11) implies that N(0,z > ’gﬂ) = (. Hence, in formula
(3.13) the integral can be reduced to a such that Y (a, 2z) < xM , and we find formula (3.11).

For x < #2, assumption (3.10) implies that Y (a, 2z) is decreasing with the @ variable, so Y (a, 2r) <
#L, a(xr) = 0. We make the change of variables @ — o' = Y (a,2r). When a = 0, ¢’ = 2z and
when a = +00, @’ tends to a limit [ < 0, since for { > 0 one has I'(a, 1) > 0 so Y (a, 1) < 0. For-

. J — [T (5.X(s, (a,20))) ds
mula (3.12) comes, since we have da = 3-Y (a,2z)da’ = —T'(a,2z)e © da’

For & < x < %, since 2z > “, for a small we have Y(a,2x) > #f, so a(z) > 0, and

the definition of a(x) implies I'(«(z),2x) > 0. Because we made assumption (3.10), I'(a >
a(x),2z) > 0so Y(a > az),2z) is decreasing and we can define once more the change of
variables a — a’ = Y (a,2r). When a = a(x), ' = *}* and when a = +o0, @’ tends to a limit
[ < 0. Formula (3.12) then comes. ]

We now formulate an equivalent condition of assumption (2.4), used to obtain compactness:

o0

/ f% I'+B) (s X(s,Y(a, x)))ds
e o

h(ﬁ) = ]1 Y (a,2)€[0,ZM ] da € ct ([O,I’M]) (3.15)

a(x)

Formulated in terms of partial differential equations, it means that the solution v to (2.5) satisfies
v € C2([0, 2], LL(R,)). For the adjoint problem, we replace assumption (1.16) by:

B(a,z > X(a,zp)) = 0. (3.16)
To have uniqueness, we make the following assumption:

Vxel0,zyl, VaeR,, B(a,x)>0. (3.17)
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Theorem 3..7. Under the assumptions of lemma 3..6 and the supplementary assumption (3.15),
there exists a solution (N, \) to problem (1.7)(1.14) and Ny > 0. Under the supplementary as-
sumption (3.16), which implies (1.14), there is a solution ¢ to the adjoint problem (1.8) related to
an eigenvalue Ny > 0. Under the positivity assumption (3.17), (Ao, N, ¢) are unique.

Proof. We follow the same way than for the proof of theorem 2..1 for instance, so we detail
only the specific points. The main new difficulty is that on formula (3.12), we have divided by
F( f(a,2z), 2:15) on a domain where it is strictly positive, so its inverse is well-defined, but it van-
ishes if x tends to O or % It does not matter however, since when it vanishes, its inverse is
multiplied by N(0,a) which also vanishes. We are then led to use either of formulae (3.11) or

(3.12) according to where x stands.

We first define a regularised operator G. , : X — X on X = C([0, %}£]) by either of the
equivalent formulae:

A
7)\7]1(311‘#»3) $,X(s,Y (a,22)) )ds
Gealg)(x) = 4 / B(a,22)g(Y (a,22))e ( da +¢ /
a(x) 0
Min(ZM 2:c) Fla,22) v
/ )’QI) ( ) —Af(a,2z)— f B(s,X(s,a))d n /
a)e da £
22),22)

The difference with the previous regularisations of parts 2. and 3.1. stands in the fact that we
regularize differently: changing B in B. would not change the value of G(g)(z = 0) which would
remain zero.

Lemma 3..8. Under the assumptions of lemma 3..6 and the supplementary assumption (3.15), for
alle > 0, A\ > 0, the operator G, , : X — X is compact.

Proof. Tt suffices to take ¢ = A = (. The assumptions ensure that the operator G = Gy is well-
defined. To apply Ascoli theorem, let 7 > 0 arbitrarily small, we look for » > 0 such that

T
VgeX, [|glle <1, Vai, IQG[O,TM], 0<z — 2| <v

= A(iUbez) =1G(g9)(x1) — G(g)(x2)| <.

We distinguish three cases: around “J%, around 0, and on the compact subset [9, “3 —§] with § > 0
small enough.

1. For 1, x, close to “3%, we use formula (3.11) to define G, and remark that lim,,_, ou alx) =
oo. Indeed, for x close to #4, T'(0, ) < 0 and under assumption (3.10) the function I'(a, x)
remains negative till a = ao(2x), ap(2z) defined by I'(a¢(2z), 22) = 0. The curve Y (a, 21‘)
defined by (3.14) increases for a < ag(2z), so for a < ag(2z) one has Y (a, 2z) > 2z > 3¢ :
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hence, o(z) > ap(2z). Under assumption (3.10) it is clear that limo, .., ag(2x) = oo, so
limg, s, () = 00.

Assumption (3.15) then implies limy, ., G(f)(z) = 0 uniformally in g, if ||g||e < 1

2. For 1, x3 > 0 close to 0, we have G(g)(0) = 0 since B(a,0) = 0. Since B is uniformally
continuous, and the integral operator is uniformally convergent thanks to assumption (3.15),
we can bound G(g)(z12) uniformally for z; 5 small enough and ||g||s < 1.

3. For§ <z, wyg < #t — 9, we use formula (3.12) to define G. This formula gives a classical
form of G as an integral operator: we know that it is compact as soon as the kernel under the
integral is continuous and bounded. It remains to prove that I'( f (o, 2x), 22) does not vanish.

For z < IO(O) , one has 2x < z4(0) < zo(a) for all @ > 0, so under assumption (3.10) we
have I'(a, 2:17) > () for all a > 0.
m()(O)

For < o < %L, for all o we have proved above that f(o,2x) > a(x) > ay(2x), which
1mphes by definition of ay(z) that I'( f (o, 2x), 22z) > 0.

Since T'(f(0, 2x),2x) > 0 on the compact subset (z,0) € [2, 2 — 8] x [0, Min(2x, 21)],

and I is continuous, it reaches its minimum I'*/ > 0 : this ends the proof of lemma 3..8.

]

Lemma 3..9. Forall ¢ > 0 and A > 0, under the assumptions of lemma 3..8, there exists a unique
pex > 0 and a unique NO/\ € X such that G. )( 8)\) = [l ,\NM, HNO/\HX = 1. Moreover,
A — le x Is a continuous decreasing function, with ji. o = %3 and pi.o = 2 + =L

We let the reader check the proof (equivalent to that of lemma 2..5). We define, as soon as
e*t < 1, aunique A. > 0 such that pi. ., = 1. We denote as before N; O the associated eigenvector
with ||V 0| |x = 1. As in lemma 2..5, it comes from the previous study that the family (N?)o<.<1
is compact, so we extract a subsequence tending to (Ao, N) € R, x E. Under assumption(3.17),
formula (3.12) implies that if N°(z1) > 0 then N°(z €]%, %4[) > 0, so recursively it implies
N°(J0, 5]) > 0.
The resolutlon of the adjoint problem is made as in theorem 2..2. The solution of the adjoint
problem (1.8) can be written now as

X(a, {L‘) ) —)xoa—fB(s,X(s,az))ds

/BaXax o( 5 e 0 da.
0

Since ¢ # 0 and (“ 2 < £ there exists 0 < @1 < ¢ where ¢(z1) > 0. So [[ Nodxda > 0,
which implies A\ > O The proof of uniqueness of N and ¢ is the same than for theorem 2..3. [
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4. Extensions

4.1. Resolution of a Model With Multiple Cyclins

As already mentioned, there is a whole variety of proteins and cyclin/CDK complexes which play
arole in the cell cycle, and we can also want to structure the model by the DN A content or the size
of the cells, etc. Hence, that would be useful to include in the model the action of several variables.

Let us suppose that we have n variables playing a role in the cell cycle, and denote them by z;

n
with 1 < <n. Wewrite x = (21, ...,2,), I =(T1,....T,), |x|=,/> 2%
i=1

and we define an order on R" thanks to the cone R} by x >y — V1< i <
n, Ti2=Y;.
The model (1.7) may be generalised by:

2 N(a,x) + Vx - [[(a,x)N(a,x] + (Ao + B(a,x)) N(a,x) =0, a>0, x>0,

N(a=0,x) =2 [b(a,x,y)N(a,y)dady,

=
\Y

0, [ Ndadx = 1.
4.1)
In the same way, the adjoint problem becomes:

—%Qb - F(CL, X) ’ vx¢ + ()‘0 + B(CL, X)) ¢ =2 f ¢(07 Y)b(a’a Yy, X)dY7 a = 07 X = 07
¢ =0, [ ¢Ndadx = 1.
We use the notation T’ = (T';)<;<,, and suppose that T';(a, x) = ;1;(a, x), with

I(a,x) >0 forx~0,
4.3)

I'(a,x) <0 forx>xpy = (Tipr, -, Tnnr)

Concerning division, we have the same relations (1.2) and (1.3) than previously seen. Character-
istics and their inverse flow are still defined by (1.12) and (1.13). Assumption (4.3) implies that
forall 0 < x < x37, X(a,x) < Xy, so we add the same conditions (1.14) and (1.16) to problem
4.1).

Theorem 4..1. Replacing v,y € Ry by x and 'y € RY, replacing BF by V -T', and y* by H (T

with v; > 1, all the preceding theorems 2..1, 2..2, 2..3, 3..1 and 3..7 extend to the n— dlmenszonal
case under the equivalent assumptions in n dimensions.
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4.2. Asymptotic Behaviour of the Linear Evolution Problem

Having solved the eigenvalue problem, we are now able to characterize the asymptotic behaviour of
the solution 7 to the time-dependent problem (1.1). First, we establish a General Relative Entropy
Inequality, using the same formalism than in [27] and [28].

Proposition 4..2. Let p(t,a, z) > 0, n(t, a, x) smooth solutions of problem (1.1) and ®(t,a,z) > 0
smooth solution of the adjoint problem:

_%(I) - %Cb - F(a,l’)%@ + B(CL,ZL‘) = 2fq)<t707y) b(a7yax) dy, az0,z20,

> 0.
4.4)
Then we have, for any function H :

%H(%)(t) =4 [p(t,a,z)0(t, a,2) Dyt 00)20H (> t”))dadx =2 [p(t,a,x)®(t,0,y)b(a,y,x)

p(t,a,z)

H (5555 Leo20 — H (528 Lgamyzo + ' (SE52) D00 (e — 259 | dadady.

p(t,a,x) p(t,0,y) p(t,a,x) p(t,0,y)

i) If p > O never vanishes, for H convex, we get H( )(t) <0,
and if H is strictly convex, dtH( )(t) =0iff n = Cp on Supp(b) with C = 0 constant.
i) If p > 0, for H convex, positive and non-decreasing, we also get 5 H( )(t) < 0.

Proof. 1f p > 0 everywhere, 1,y = 1 and we have by straightforward computation:
0 0

5 GPH) + 5L (poH(C) + (D, opeH ()] = <20 (%) [ 0(2.0,1)b(0,y,2)dy.

Integrating this identity and denoting H(%)(t) = [ p(t,a, z)®(t, a, 2)H (2222 dadr, we get:

p(t,a,z)
(ZZ = Z/p(t,a,w)@(t,O,y)b(a,y,x) [H(%) — H(%)
,(n(t,0,y)\ n(ta,z)  n(t0,y) udi
*H%waw”mﬂw>zaww”dd@’

because we have noticed that

! n(t’o’y) n(t,a,:p) . n(ta Ovy) a. T a r)daax =
/H(p(t,o,y))[p(t,a,l’) p(t,(),y)}p(t’ ) )@(t,o,y)b( Y, )d dz dy = 0.

If p > 0, we replace H(!) by H ()1, in the calculation, since

9. (poH (g)ﬂpﬂ) = 1200, (poH (g))
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n(t,0,y) n(t,a,x n(t,0,y)
/H/(Ty))]lp(t,o,y);éo [p(lf - (t 0 y }p(taaax)(I)(t?O)y)b(a?ywr) da dx dy = 0.

]

Theorem 4..3. Let ng € L'(R' ¢(a, z)dzda), Supp(ng) C Ry x [0, 2], T satisfying the Cauchy-
Lipschitz conditions and B € L™ (R?).
There exists a unique solutionn € C (R+; L (Ri)) of the following problem:

S+ 2n+ 2T (a,2)n] + (Bla,z) + X)) =0, a>0, x>0,
n(t,a=0,2) =2 [bla,z,y)n(t, a,y)dy da, 4.5)
n(t=0,a,z) =na,xz).

Moreover, we have the following inequalities, if |n°(a, z)| < CoN(a, ),

(i)Vt>=0, |n(t az)<CoN(a,x),

(iii) Tﬁ(t, z)p(a, z)dzda = [ n’(a, x)¢(a, x)dzda,
0 0

(iv) }O|ﬁ(t,x)|gz5(a, x)dadr = }O|n0(a, x)|p(a, x)dxda.
0 0

Theorem 4..4. Under the assumptions of theorem 4..3, and if we suppose also that n° satisfies
In%(a, )| < N(a,z), |0.n°(a,z)+ 0,(T'n°)(a,x)| < CiN(a,r),
the solution to (4.5) satisfies also |0yn(t, a, x)| < (Cy + Ao + ||B||=)N(a, ).

Theorem 4..5. Under the assumptions of theorem 4..3, and either those of theorem 3..4 or of
theorem 3..5, defining m® = [ n°(a, x)¢(a, x)dx da, the solution to (4.5) satisfies:

/ a(t,a,x) — m°N(a,z)|¢(a,z)drda | 0 as t— oo.

Proof. Since the proofs are the adaptation to our model of those of theorems 3.1, 3.2 and 3.4. of
[31] or of theorems 4.3 and 3.2 of [28], we let the reader check them. OJ

4.3. Application to a Two Phase Model

As previously seen in part 1.1., equation (1.7) can be considered as a simplification of the linearised
eigenvalue problem for the two-compartment model described in [6]:
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( %P—l—%[f‘(a,az)P]#—()\+B(a,x)+d1+L(a,z))P—éQ:0, a>0,z>0,
A+ G+dy)Q = L(a,z)P, a>0, x>0,

Pla=0,z) =2 [ba,z,y)P(a,y)dyda,

L P, Q>0, [P+ Qdrda=1.
(4.6)
The adjoint problem is:

—8%925 —T'(a, x)% + ()\ + B(a,z) + d; + L(a, x)) ¢ — L(a,z)Y =2 [ $(0,y)b(a,y, x) dy,
A+G+d)p=Gp, a>0, 23>0,

o, ¥ =0, [ ¢P + ¢Qdxda = 1.

@
Here P and () denote respectively the proliferative and quiescent populations of cells, G is the
recruitement function, L(a,x) the number of cells going from the proliferative to the quiescent
compartment, and d;, do are the death rates of each population. For the sake of simplicity, we have
limited our study here to the case when L is constant, and we make the following assumptions for

the coefficients. _
d >0, do>0, L(a,x)=L>0, G=0. (4.8)

Theorem 4..6. Under the assumptions of theorem 2..3, and with the supplementary assumption
(4.8), there exists unique solutions (P,Q) € E?, (¢,v) € E? to problem (4.6) and (4.7) for a
unique \ € R. Moreover, denoting )\, the eigenvalue of problem (1.7) and (1.8), we have:

A+ ds

N=A+di+L———F— >0, 4.9)
A+ G+ ds

or also, defining G, = G+ do,dy =dy —Nand Ly = L+d; — Ao :

o (G L) + (G, ZL”Q —4d.Ge ¥ L) (4.10)

The following estimate stands for \, with L; = L + d; :

1
A> )= 5 (—(G+ + L) +/(Gy + Li)? — 4(d1 G4 + Ldz)). (4.11)
Proof. We reduce the system to a single equation on P, since we can write ) = —Z— P. Writing

MG
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>\0:/\+d1+L/\’\jgi,weﬁnd:

2P+ Z[[(a,2)P]+ (Ao + Bla,z)) P=0, a>0, z>0,
P(a=0,2) =2 [ ba,z,y)P(a,y)dy da, 4.12)

P>0,  [P(1+fr)deda=1.

We only have to change the normalization and the previous study applies to this case: theorems 2..1
to 2..3 give us a unique solution (P, @, ¢, 1, Ay > 0). We denote the eigenvalue Ay = f(\) where
f is a continuous increasing function with a unique singularity for A = —G;.. Since ) = ﬁP,
we need to have A > —\, so for each \y € R, there exists a unique convenient A\ €] — G4, +0o0]

which is given by formula (4.10). The term under the square root is always nonnegative since
(Gy+ L) —4d Gy +dyL) > (Gy + Ly)? =40, Gy = (Gy — Ly)? 2 0.
The inequality (2.13) is given by the fact A > Ay where f(\y) = 0. N

5. Discussion

From theorem 4..6 we deduce as in theorem 4..5 the long-time convergence of the solution of the
linearised problem (1.6) towards (P, Q)e*. However, what is experimentally observed is either
convergence towards a steady state or exponential growth but only in the early stages (Gompertzian
growth: cf. [20] and references therein). In [8] polynomial infinite growth for 15 cell lines is
shown, and in [17] a single-cell model is built, which is able to exhibit such behaviours. The
linearised problem cannot take into account such phenomena, due to feedback answer or saturation
effect: it can only come from a non-linearity of the model.

But if the linear renewal equation has a relatively simple asymptotic behaviour, the theory for
nonlinear models is much more complicated. Several behaviours are possible: chaotic, periodic,
convergence towards stable steady states (for recent references on nonlinear population models,
see for instance [4], [9], [10], [11], [18], [19], [25], [29] or [33]).

In [6], following [20] and [21], it is proposed that the non linearity comes from the term

G(N(t)) where the weighted total population N () is defined by N (¢) = [ [[¢*(a,z)p(t, a, z) +
0 0

*(a,x)q(t, a,x)|dx da, where ¢*, 1* are given weights. The recruitment function G is taken

equal to

(0%} on + Qo N™
on + Nn ?

To study the behaviour of the model, the method of [6] is inspired of the principles of General Rel-

ative Entropy. It is based on estimates and on the construction of subsolutions and supersolutions

of a quantity

G(N(t)) = 0<ay < a. (5.1)

oo o0

S(t) = / / (6(a, D)p(t,a,) + b(a, 2)a(t, a, 2))dadx,

0 0

145



M. Doumic Analysis of a population model

where (¢,1)) is the solution of the adjoint linearised eigenproblem (4.7) for a proper value of
G=0G (N) (see also [12] for the application of this method to another model). Proposition 2.7. of
[6] shows that unlimited growth can be obtained under the two following conditions.

(H9) For all N < oo, the eigenvalue A(N) corresponding to G = G(V) in (4.6) satisfies A\(IV) > 0.

(H10) For each corresponding solutions to the systems (4.7) with G = G(N), denoted (¢, ¥n),
there exists a uniform constant C), such that ¢* > C,¢n and ¢* > C,¢y.

Proposition 2.5. of [6] shows that subpolynomial growth can be obtained under the following
conditions, if dy > 0 and ay > 0.
(H7) For G = G(00) = ary > 0, the first eigenvalue of (4.6) is A(co) = 0.
(H8) For the corresponding solutions to (4.6) and (4.7), denoted respectively (P, (Q2) and (o, 19),
there exists positive constants Cy and C3 such that C3¢s < ¢* < Ch¢9 and Cihy < 0% < Cothg.

But to obtain exactly (H7), it has been observed in the numerical simulations of [6] that all the
parameters di, ds, L, as, a had to be related and chosen very carefully: a very small change in
one of the parameters implies that A\(co) # 0, and the system either is bounded (if A\(c0) < 0)
or grows exponentially (if A(co) > 0.) This can also be seen by taking a closer look to formula
(4.10): indeed, we can also write it as

—2(Gdy + Ldy)

— : (5.2)
Gy + Ly ++(Gy + Ly)?— 4G dy
Since the denominator of this formula is always positive and bounded, one has A = 0 iff
G+d+ - —Ldg (53)

The simulations carried out in [6] were all done with ds > 0, so this formula is verified punctually,
for special values of the coefficients GG, do, dy, dy and L linked by (5.3).

From a biological point of view, this obligation to have coefficients linked by such a relation
seems hardly justified. But we can also assume ds = 0 : from a biological point of view it can be
verified for some kinds of cell populations - stem cells for instance: in the quiescent compartment
indeed, there is no reason why the cells should die (see [1] or [20], and the references therein).

In this case, and supposing also that A}Lmoo G(N) = 0 (which is indeed realistic) we see that

condition (5.3) will be always verified: we can now obtain a “robust” subpolynomial growth - I call
“robust” a subpolynomial growth which remains true for a whole range of parameters d;, L, n, a;.
This is expressed by the following proposition.

Proposition 5..1. Let us suppose dy = 0, G(N) defined by (5.1) with ay = 0, I'(a, x), B(a,x)
given functions verifying the assumptions of one of the theorems 2..3, 3..1 or 3..7. We denote
Ao > 0 the eigenvalue of (1.7), and suppose that 0 < dy < Ay and that L. > \g — d;. The case
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lim G(N) = G = 0 can be represented by the following system:

N—oo

([ 2P+ E[[(a,2)P] + (B(a,z) +di + L) P, — Q3 =0, a>0, x>0,

Q2:(L+d1_)\O)P27 a>07x207

(5.4)
Py(a=0,z) =2 [bla,z,y)Ps(a,y)dy da,
| P, Q2 20, ng—I—dixda:l.
The adjoint problem is:
—%¢2 —I'(a, x)%% + (B(a,z) +di + L) ¢o — Lips = 2 [ ¢2(0,y)b(a,y, z) dy,
Liby = (L +di — Ao)bs, a>0, 230, (5.5)

G2, P2 2 0, [ 2Py + 12 Qsdada = 1.

Under assumption (H10), and under assumption (H8) adapted for the problems(5.4) (5.5), there
exists a constant C' > 0 such that:

N(t) < Ctn, lim N(f) = +oc.
Proof. Since d; < )\ formula (5.2) with dy = 0 implies that (H9) is verified, so proposition 2.7 of
[6] can be applied and proves unlimited growth.

The proof of the subpolynomial growth is based on the same tools than in [6], proposition 2.5:
the only difference is that since dy = 0, at infinity we have A\(co) = G(0c0) = 0, so the equation
for Q) in (4.6) only expresses that () tends to infinity whereas (A + G)(@ remains finite. We will
obtain a relevant problem by an asymptotic analysis: formula (5.2) can be written, if G, A\ — 0,

A= L + d1 ) . We can replace it in the second equation of (4.6) and find: GQ T d —; = LP.

Noting Q, = GQ, we obtain a problem for the couple (P, Q2) which remains meaningfull if A, G
vanishes, and by choosing an appropriate normalisation its limit is (5.4), which adjoint is (5.5).

We define Sy (¢ f f ba(a, z)p(t, a,x) + o(a, x)q(t, a, x)|dadz, and we calculate

dS dp 0
¥ / / {@ (L B4 GOV )~ 52~ 5L (Tap)] (Lo GV (0)) | doda
d52 // {#2(a, x)—1ps(a, z) }q(t, a, x)dzda = G// Lj_od—qbquxda CGSy(t).
1
Since N (t) > C355(t) thanks to (H8) we obtain
d52<t) a10"
o < CS0 Gay (5.6)

147



M. Doumic Analysis of a population model

Since it has been proved in [6] that X(¢) = a(t + to)%, for a large enough, is a supersolution to
(5.6), so for t, such that 3(0) > S2(0), we have by the comparison principle S (t) < X(t). It ends
the proof. 0

For the numerical simulations (see figure 2), we take the same values of the parameters than in
[6], except that dy = 0 : we define I'(a, z) by (1.22) with ¢; = 0.1, ¢ = 0.075, 1, = 3, ¢4 = 0.4,
ro =1.95. Wetake a; = 8,0 =1n = % with k£ = 1,2, 3 in the definition (5.1). We define L(a, x)
as in [6] by:

A

L(CL, I) = Agmﬂ[A’Jroo[(a), with Yo = 5, Ag =4 Ag =2 A = 18.

We define B(a,z) by B(a,z) = %H[A*m[(a) withky =12 k=15 v =5 A* =23
We obtain polynomial growth by taking for instance d; = 0.01 and it remains true if we make
small changes of any coefficient. But if d; becomes too big, for instance if we take d; = 0.05, we
obtain solutions exponentially vanishing. This is explained by proposition 5..1: indeed, when d;

increases, it becomes bigger than A\ and formula (5.2) shows that it implies A(N) < 0 for all V.

Log(N(t))
Log(hin)

=

45 I I I I I I I I
87 88 8.9 9 9.1 9.2 9.3 94 95 96 9.7
Log(t)

0 I I I I I
3000 4000 5000 6000 7000 3000 a000
t

Figure 2: Evolution of the total cell population [ [ ¢(t, a, z) dz da+ [[ p(t, a, x) dz da for a tumoral
tissue. Left: with d; = 0.01, with different values of n = 1 (lower solid line curve, left), n = 1/2
(medium solid line, left), n = 1/3 (upper solid line, left) at a Log-Log scale, for N (¢) (solid lines)
P(t) (dotted lines) and P(t)/N(t) (dashed lines). Right: with d; = 0.05, we see exponential
decreasing (Log scale, the three curves for N (t) are superimposed).
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6. Conclusion

In this article, we first solved the eigenvalue problem (1.7) under fairly general assumptions, pro-
vided the continuity of the repartition function b or, in the case of equal repartition after division,
of the birth rate B (the generalisation to L? coefficients is a work in progress). Using General
Relative Entropy Inequality, we deduced from it the asymptotic behaviour of problem (1.1).

We then applied these results, in part 4.3., to the study of a non linear two cell-compartment
model given by equation (1.6), model which was first introduced by F. Bekkal Brikci, J. Clairam-
bault and B. Perthame in [6] and [7] to study the action of proteins on the cell cycle (it can also be
considered as a generalisation of the pure size-structured two-compartment models studied by M.
Gyllenberg and G.F. Webb in [20] and [21].)

Finally, we exhibited a case of “robust” polynomial growth, which reveals coherent with the
results of [8] and [17].

This last result could lead to two biological interpretations. First, when the population becomes
larger, the formulation of the eigenvalue problem (5.4) (5.5), where () had to be replaced by Q- the
limit of G(N)(@, seems to show that the number of quiescent cells tends to infinity more rapidly
than the number of proliferating cells: indeed, it seems that P(t) ~ G(N(t))Q(t) ~ t= ™, so
the relative number of proliferating cells, given by R(t) = %, seems to vanish like ¢7". It is
coherent with the results of [20] and it is also confirmed by numerical tests (see figure 2, left
side). From a biological point of view, it seems true in many cases, for instance for stem cells (see
[1]), that most of the cells are quiescent. Second, this qualitative study seems to emphasize the
crucial importance of apoptosis for homeostasis or tumour growth (see [23]): indeed, if d; = A\q is
reached, the number of tumour cells would decrease rapidly instead of growing to infinity.
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